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INSIGHTS INTO THE REACTIVATION, REGULATION AND ESSENTIALITY OF 

OXIDATIVE PROTEIN FOLDING PATHWAYS IN ACTINOBACTERIA 

 

 

Belkys Cecilia Sánchez Martinez, M.S. 

 

Advisory Professor: Hung Ton-That, Ph.D. 

 

Accurate disulfide bond formation is important for proper folding, stability and 

function of exported proteins. The process of disulfide bond formation, termed 

oxidative protein folding, is catalyzed by thiol-disulfide oxidoreductase enzymes. 

Oxidative protein folding pathways influence processes essential for bacterial 

physiology and pathogenicity. In the Gram-positive actinobacterial pathogens 

Actinomyces oris and Corynebacterium diphtheriae oxidative protein folding is 

catalyzed by the primary thiol-disulfide oxidoreductase MdbA. MdbA is required for 

assembly of adhesive pilus, which mediate receptor-dependent bacterial interactions, 

or coaggregation, in A. oris. In the first part of this dissertation, I identify components 

of the electron transport chain (ETC) required for pilus assembly, by characterizing 

A. oris Tn5 transposon mutants defective in coaggregation. Analyses of non-polar 

deletion mutants of nuo genes, encoding the NADH-dehydrogenase subunits, and 

ubiE, a menaquinone C-methyltransferase encoding-gene, confirmed defects in 

reactivation of MdbA. Our findings indicate these ETC components are biochemically 

linked to pilus assembly via oxidative protein folding. 
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Because deletion of mdbA causes a temperature-sensitive growth and cell 

division defect in C. diphtheriae, it was postulated that additional oxidoreductase 

enzymes compensate for the loss of mdbA at the permissive temperature. The 

second part of this dissertation focuses on the characterization of an alternate 

oxidoreductase denominated TsdA. I found that mdbA compensatory mutants 

overexpressing TsdA harbor a mutation that creates a sigma factor A extended 

promoter thereby resulting in increased promoter strength. I determined that 

expression of this oxidoreductase is induced at 40C, suggesting a novel role for an 

oxidoreductase in resistance to heat stress. Last, I investigated the requirement of 

MdbA for oxidative folding of cell division factors in C. diphtheriae. Penicillin binding 

proteins (PBPs) synthesize the bacterial cell wall and are key components of the cell 

division machinery. I demonstrated that overexpression of corynebacterial PBPs 

predicted to have disulfide bonds significantly rescues the morphology defects of the 

ΔmdbA strain. Furthermore, MdbA was found to be required for PBP stability and 

function. Overall this dissertation provides insights into novel aspects of the 

reactivation, regulation and requirement for growth of the oxidative protein folding 

pathways in the actinobacterial pathogens A. oris and C. diphtheriae. 
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CHAPTER 1. Introduction 
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1.1. Gram-positive Actinobacteria and their role in human health 

 

The phylum Actinobacteria is constituted by Gram-positive bacteria with high 

(≥50%) content of guanine and cytosine (G+C) nucleotides in their chromosomal 

DNA. Thus, Actinobacteria are commonly referred to as the high G+C Gram‐

positives. The phylum Actinobacteria is large and complex and most of its 

constituents have irregular rod-shape morphology and aerobic or facultative 

metabolism. Most Actinobacteria are free-living microorganisms inhabiting the soil; 

nonetheless human, animal and plant pathogens are also classified within this group 

[1]. Important actinobacterial human pathogens include Actinomyces species, 

Corynebacterium diphtheriae and Mycobacterium tuberculosis [2]. 

The preferred habitat of Actinomyces species are mucosal surfaces including 

the human oral cavity [1, 2]. The essential contributions of Actinomyces species, 

including Actinomyces oris (formerly A. naeslundii genospecies 2), to formation of 

oral biofilm, caries and periodontal disease have been widely characterized [3-7]. In 

fact, A. oris is frequently found in dental plaque [8]. Actinomyces express hair-like 

surface structures called pili that interact with host and microbial molecules. Type I 

pili bind to salivary proline-rich proteins [9], and are important for early attachment of 

Actinomyces to the salivary pellicle on the tooth surface [4, 10]. Associations of 

Actinomyces with other bacterial species within the oral biofilm through 

coaggregation is mediated by type II pili [11-13]. Interactions mediated by 

Actinomyces pili are required for formation of a multi-species biofilm with a compact 

structure [14]. Accumulation of a multi-species biofilm on the enamel surface (i.e. 

dental plaque) is an essential step in the development of dental caries and periodontal 
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infections [2]. These oral diseases are highly prevalent worldwide and cause a 

significant public health and economic burden [15, 16]. 

C. diphtheriae is the causative agent of diphtheria in humans, a disease 

mediated by a toxin that results in formation of an inflammatory pseudomembrane in 

the upper respiratory tract and potentially death. C. diphtheriae is transmitted by direct 

contact, coughing or sneezing [17]. Once C. diphtheriae enters the host, initial 

adhesion to the upper respiratory tract epithelium is mediated by covalently linked 

SpaA-type pili on the bacterial surface [18]. C. diphtheriae SpaA-type pili are key 

virulence factors constituted by SpaA, SpaB and SpaC pilin subunits [19]. SpaA is 

the main shaft pilin, while SpaB and SpaC are minor pilin subunits that mediate 

binding to human pharyngeal cells [19-21]. Another key virulence factor of C. 

diphtheriae is the potent diphtheriae toxin, encoded by the prophage corynephage 

beta which is integrated into the chromosome of C. diphtheriae toxigenic strains 

[22]. Diphtheriae toxin is an AB toxin, constituted by the catalytic domain A and the 

receptor-binding domain B [23]. The B domain binds to the heparin-binding EGF-like 

growth factor (HB-EGF) on human epithelial cells and facilitates toxin internalization 

into the cell by receptor-mediated endocytosis [24]. Once in the cytoplasm, the 

catalytically active domain A inhibits protein synthesis by ADPribosylating translation 

elongation factor 2 (EF-2) which results in cell death [24, 25]. Furthermore, diphtheria 

toxin can enter the systemic circulation damaging distant organs such as the heart 

and the central nervous system [17]. C. diphtheriae infections have decreased 

dramatically worldwide after widespread use of Diphtheria-toxoid based immunization 

established in 1974. However, outbreaks of respiratory diphtheria continue to emerge 
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in countries with poor vaccination coverage where a mortality rate exceeding 10% 

has been reported (www.who.int). Importantly, C. diphtheriae can also cause 

cutaneous infections [17], and an increased emergence in invasive infections such 

as endocarditis and osteomyelitis caused by non-toxigenic C. diphtheriae has been 

observed in the past years [26].  

  

1.2. Oxidative protein folding pathways in bacteria 

 

Disulfide bonds are covalent linkages between two thiol groups of cysteine (Cys) 

residues, and are important for function of many proteins by contributing to the 

structural stability of their active conformations [27].  Disulfide bond formation is an 

oxidative process, thus is commonly referred to as oxidative protein folding [28]. Due 

to the importance of disulfide bonds for protein activity, eukaryotic and prokaryotic 

cells encode specialized machineries that efficiently catalyze disulfide bond formation 

[27]. Eukaryotic cells catalyze disulfide bond formation in the oxidizing environment 

of the endoplasmic reticulum [29-31]. Similarly, disulfide bond formation in 

prokaryotes rarely occurs in the cytoplasm but localizes to the oxidizing cell envelope 

where proteins with disulfide bonds can be integrated into the cell envelope or 

secreted outside of the cell [32, 33]. 

In Gram-negative bacteria the Dsb thioredoxin-like enzymes mediate folding of 

proteins emerging from the SecYEG secretory machinery into the periplasm [34]. Dsb 

proteins catalyze oxidation reactions that result in native disulfide bonds, as well as 

reduction reactions to correct misformed disulfide bonds [35]. The periplasmic protein 

DsbA is the major thiol-disulfide oxidoreductase enzyme in Gram-negative bacteria 
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[36], and catalyzes disulfide bond formation by donating a reactive disulfide bond 

within its catalytic CysXXCys (CxxC) motif through a thiol-disulfide exchange reaction 

[37]. The disulfide bond formation reaction removes electrons from consecutive pairs 

of cysteines in unfolded substrates, leading to formation of a covalent bond between 

the sulfur atoms of the cysteine residues [34, 38]. This process generates a reduced 

and inactive DsbA. The membrane protein DsbB catalyzes the reoxidation of DsbA 

to restore the active state after disulfide bond formation [32, 39]. DsbB achieves this 

by transferring electrons produced from the DsbA reoxidation reaction to ubiquinone 

under aerobic conditions and menaquinone under anaerobic conditions [40-43]. 

These co-factors can then transfer electrons to final acceptors maintaining the 

disulfide bond-forming machinery in an active state [44, 45]. Because DsbA catalyzes 

disulfide bond formation in unfolded polypeptides as they emerge from the secretory 

SecYEG machinery, incorrect disulfide bonds can form in proteins that have more 

than two cysteines and include nonconsecutive disulfide bonds [34]. The 

isomerization pathway, constituted by DsbC, DsbG and DsbD in Escherichia coli, 

corrects non-native disulfide bonds [46]. DsbC is a periplasmic thioredoxin-like 

homodimer with thiol-disulfide bond isomerase/reductase activity that promotes 

rearrangement of non-native disulfide bonds [47]. In contrast to DsbA, DsbC is active 

in its reduced form and is maintained in the reduced state by its redox partner DsbD 

[38, 48]. 

Gram-positive bacteria differ in that Firmicutes generally avoid exporting disulfide 

bond-containing proteins (70% of their secretome is devoid of cysteine residues), 

while Actinobacteria favor export of proteins that have even numbers of cysteine 
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residues and likely form disulfide bonds [49]. Gram-positive Firmicutes express 

enzymes implicated in oxidative folding of specific substrates and are often encoded 

within an operon with genes encoding these substrates [50, 51]. On the other hand, 

Gram positive Actinobacteria including Actinomyces, Corynebacterium and 

Mycobacterium encode disulfide bond forming machineries with broad substrate 

specificity and their deletion results in growth defects [52-54]. 

The oxidative protein folding machinery in the Gram-positive Actinobacteria A. 

oris, C. diphtheriae and Corynebacterium matruchotii includes homologs of the thiol-

disulfide oxidoreductase MdbA (Monoderm disulfide bond-forming) [52, 55, 56]. 

Actinobacterial MdbAs are transmembrane proteins with little sequence similarity to 

E. coli DsbA, but present characteristic features of DsbA family proteins including a 

thioredoxin-like fold, an extended α-helical domain, and a CxxC motif in the active 

site [52, 56-58].  In contrast to the prototypical E. coli DsbA, which is a periplasmic 

enzyme, MdbA is predicted to have a transmembrane domain and is detected in 

membrane fractions in cell fractionation experiments [55]. Similarly, the M. 

tuberculosis oxidoreductase Mt-DsbA is also predicted to be anchored in the cell 

membrane [59]. 

Reoxidation of A. oris MdbA is mediated by VKOR, a homolog of human vitamin 

K epoxide reductase, which does not share sequence homology with E. coli DsbB 

[55, 60]. VKOR is a transmembrane protein with 5 membrane-spanning domains and 

two extra-cytoplasmic pairs of cysteine residues that mediate MdbA reoxidation [60]. 

The 4 cysteine residues located at the exoplasmic loops of VKOR form redox-reactive 

disulfide bonds implicated in electron shuffling from MdbA to VKOR, which is 
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necessary for reactivation of reduced MdbA after oxidative protein folding [60]. An A. 

oris vkor mutant accumulates reduced MdbA that can be detected by alkylation of 

reduced cysteine residues of the CxxC motif with Mal-PEG, which results in a mobility 

shift of MdbA [55]. It is proposed that electrons resulting from the MdbA reoxidation 

reaction are transferred to components of the electron transport chain which is shown 

in Chapter 3 of this dissertation to be required for reoxidation of A. oris MdbA. A 

VKOR homolog is also proposed to mediate reoxidation of M. tuberculosis Mt-DsbA 

because these enzymes are encoded in an operon and VKOR-derived peptides 

interact with Mt-DsbA in vitro [59]. However, the role of M. tuberculosis VKOR in 

disulfide bond formation has not been explored in vivo. On the other hand, the C. 

diphtheriae MdbA redox partner has not been yet identified. 

 

1.3. Roles of oxidative protein folding in bacterial physiology 

 

Disulfide bond containing proteins have diverse functions in bacteria. 

Consequently, thiol-disulfide oxidoreductases play a role in many important cellular 

processes such as cell division, energy generation, transport of molecules, 

adaptation to environmental conditions, assembly of surface structures and 

pathogenesis. Further details on the role of oxidative protein folding pathways in 

bacterial processes relevant to this dissertation are described below. 
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1.3.1. Cell viability 

 

Disulfide bond formation and isomerization are not essential for growth in 

Gram-negative bacteria, since both dsbA and dsbC deletion mutants are viable [36, 

61]. Furthermore, a triple mutant lacking the main oxidoreductase DsbA and the 

disulfide isomerases DsbC and DsbG is also viable [61]. This strongly suggests that 

oxidoreductase pathways are dispensable for folding of essential growth factors in E. 

coli. Nonetheless, it has been observed that growth of E. coli disulfide mutants is 

affected under certain conditions. For example, cells lacking DbsA show a slow 

growth phenotype in nutrient-restricted minimal media [62], and cannot grow in 

anaerobic conditions [63]. In contrast, oxidative protein folding is essential for growth 

in the Actinobacteria Actinomyces and Corynebacterium [52, 55]. Deletion mutants 

of mdbA have not been obtained in A. oris or C. matruchotii despite many attempts, 

however a conditional mdbA deletion mutant is viable in A. oris [52, 55]. C. diphtheriae 

cells lacking mdbA have a temperature-sensitive phenotype and show a strong 

growth and cell division defect when incubated at the non-permissive temperature 

[56]. It is thought that Mt-DsbA and VKOR are also essential in M. tuberculosis, 

however these conjectures are based on growth phenotypes observed in transposon-

insertion mutants of these genes and disruption of VKOR activity by the inhibitor 

warfarin [53, 54]. The study of non-polar in-frame dsbA and vkor deletion mutants of 

M. tuberculosis is warranted to accurately define the essentiality of oxidative protein 

folding pathways in this important human pathogen. Thus far the essentiality of 

oxidative protein folding pathways in Actinobacteria is not completely understood. In 
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chapter 5 of this dissertation, I characterize the role of MdbA in oxidative folding of 

cell division factors in C. diphtheriae.  

 

1.3.2. Resistance to environmental stress 

 

Adaptation of bacteria to modifications of their environment are essential for 

cell survival. Disulfide isomerase enzymes have been demonstrated to be involved in 

resistance to oxidative stress exerted by DTT, H2O2 and copper [64-66]. 

Consequently, it has been shown that mutants of DsbC-family enzymes are more 

sensitive to killing in the presence of DTT, H2O2 and copper compared to wild-type 

strains [64-66]. Interestingly, the disulfide isomerase DsbD, involved in cytochrome 

biogenesis, is also required for bacterial growth above 42C [48]. 

 

1.3.3. Pathogenicity 

The importance of disulfide bond forming pathways in bacterial pathogenicity 

has been extensively described across Gram-negative bacteria and has been 

recently studied by our group in Gram-positive Actinobacteria. Gram-negative 

pathogens including multiple pathogenic E. coli strains, Salmonella enterica, Shigella 

flexneri, Yersinia pestis, Vibrio cholerae, Pseudomona aeruginosa and Bordetella 

pertussis secrete virulence factors that contain disulfide bonds, and mutations in 

disulfide bond forming enzymes frequently result in attenuation of virulence in 

infection models [28]. Similarly, Gram-positive pathogens such as Bacillus anthracis 

and C. diphtheriae require disulfide bond forming pathways to cause disease [50, 67]. 

It is thought that the stability conferred by disulfide bonds is important for resistance 
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of secreted virulence factors to proteases and harsh environmental conditions within 

the host [68]. Disulfide bonds are required for correct folding of adherence factors, 

motility proteins, secretion machineries and toxins involved in different stages of 

infection [65]. 

Adhesive pili are essential for bacterial adhesion, initial colonization and 

establishment of disease. Correct folding of pilin subunits by DsbA contributes to 

adherent phenotypes of the Gram-negative uropathogens Proteus mirabilis and 

Uropathogenic E. coli (UPEC) [28]. In the Actinobacterium A. oris, MdbA is required 

for assembly og type I and type II pilus that mediate bacterial interactions with host 

proteins and biofilm formation, respectively [55]. Similarly, the SpaA shaft pilin subunit 

of C. diphtheriae contains a C-terminal disulfide bond essential for protein stability 

and pilus biogenesis [56]. SpaA-type pilus is a virulence factor that mediates 

adhesion to the respiratory epithelium [21], and mutants devoid of pili are highly 

attenuated for virulence in a guinea pig model of diphtheria [56]. 

After successful colonization, bacterial propagation and survival depends on 

manipulation of the host. This is in many cases achieved by host killing mediated by 

bacterial toxins. The prototypic AB toxin, diphtheria toxin, contains two disulfide 

bonds; the N-terminal disulfide bond covalently links the catalytic domain A and the 

receptor-binding domain B [69]. Disruption of this disulfide bridge by the reducing 

environment of the cytoplasm is important for cytotoxic activity [69]. Thus, a C. 

diphtheriae mutant lacking the major oxidoreductase MdbA, which is deficient in toxin 

production, is highly attenuated for virulence [56]. In Gram-negative bacteria, DsbA 

is required for folding and activity of clinically important AB toxins including cholera 
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toxin of V. cholerae and heat-labile enterotoxin of enterotoxigenic E. coli [65]. Even 

though some known virulence factors in Gram-positive Firmicutes contain disulfide 

bonds, oxidoreductases are not generally important for virulence in this bacterial 

group [50]. One exception is B. anthracis; nonetheless effects of the disulfide bond 

forming pathways in virulence of this pathogen seem to be indirect. B. anthracis 

mutants lacking the thiol-disulfide oxidoreductase CcdA overexpress the master 

virulence regulator AtxA, resulting in increased production of anthrax toxin [70].  

 

1.4. Insights into the regulation of oxidative protein folding in bacteria 

Little is known about the regulation of oxidative protein folding pathways in 

bacteria. Reports available suggest that factors influencing the regulation of disulfide 

bond forming enzymes differ depending on their physiological role. It has been shown 

that activation of the Cpx two-component system in E. coli induces a 5- to 10-fold 

increase in DsbA transcription and synthesis [71]. The Cpx-envelope stress response 

system is comprised of the membrane-bound CpxA sensor kinase, the cytosolic 

CpxR response regulator and the periplasmic inhibitor CpxP [72]. It is proposed that 

regulation of dsbA by the Cpx system is mediated by direct binding of the 

phosphorylated response regulator CpxR upstream of the dsbA transcriptional start 

site [71]. Regulation of dsbA by the Cpx system seems logical, as the Cpx system 

responds to misfolded proteins in the cell envelop and is constitutively activated by 

disruption of the disulfide isomerization pathways [72, 73]. Cell envelope stress 

caused by pH changes and metal ions, which induces the Cpx system, is commonly 

encountered by bacterial pathogens during infection [72, 74]. 
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Nutrient limitation encountered by pathogens within the host [74], has also 

been shown to affect expression of oxidoreductases [75, 76]. In Campylobacter 

jenuni, the dsb genes are organized in two different operons that are regulated by 

iron availability. Expression of the oxidoreductases DsbA1 and DsbA2 is 

downregulated in iron-restricted conditions in a ferric uptake regulator (Fur)-

dependent manner [75]. It was suggested that proteins involved in iron metabolism 

are substrates of the Dsb system, and regulation of the oxidative folding pathways 

can control their abundance in different environmental conditions [75]. Since Fur 

contributes to the regulation of pathogenicity in many bacteria [77, 78], these results 

also emphasize the importance of oxidative protein folding pathways in virulence of 

C. jejuni. Regulation of DsbA by nutrient limitation was also observed in adherent-

invasive E. coli [76]. DsbA expression was upregulated in bacterial cells growing in 

acidic and nutrient-limited media mimicking environmental conditions encountered 

within the phagocytic vacuole of macrophages [76].  

Oxidoreductase enzymes have also been found to be differentially expressed 

in some bacterial species that alternate between different life cycle stages. The Dsb 

system is upregulated in stationary and cyst phases of the intracellular pathogen 

Legionella pneumophila. Increased expression of DsbA2 is explained by the 

requirement of disulfide bond formation for proper folding of the Dot/Icm type IVb 

secretion system (T4SS) which is involved in virulence of the cyst-like form [79]. 

Similarly, expression of the thiol-disulfide oxidoreductase StoA is required for activity 

of the sporulation-specific penicillin binding protein SpoVD, which mediates 

biosynthesis of the cortex peptidoglycan layer during endospore formation in Bacillus 
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subtilis [80-82]. StoA transcription is governed by the developmental sigma factors 

E and G, which control gene expression in the mother cell and the forespore during 

the sporulation process [83, 84]. The studies described in Chapter 4 of this 

dissertation deepen our understanding of the regulation of oxidative folding pathways 

as I investigate a novel mechanism regulating expression of an alternate thiol-

disulfide oxidoreductase in C. diphtheriae.  

1.5. Significance of these studies 

The studies described in this dissertation expand our understanding of diverse 

aspects of the oxidative protein folding pathways in Actinobacteria, which are 

essential for activity of proteins involved in many important cellular processes. In the 

first part of this dissertation, I investigate the link between the oxidative protein folding 

machinery and the electron transport chain, as well as the requirement of the latter 

for reoxidation of MdbA in A. oris.  

In contrast to Gram-positive Firmicutes and Gram-negative bacteria, the 

disulfide bond forming machinery is essential for growth in Actinobacteria.  In the 

second part of this dissertation, I studied the regulation of an alternate oxidoreductase 

that seems to be required for viability of C. diphtheriae in the absence of MdbA. 

Finally, in chapter 5 I investigate MdbA substrates involved in cell division, which 

provides further insights into the requirement of this machinery for bacterial growth.  

The β-lactam antibiotic penicillin is the drug of choice to treat C. diphtheriae 

infections. However, C. diphtheriae resistance to penicillin and other antibiotics has 

been reported in many countries [85]. Another clinically important Actinobacterium, 

multi-drug resistant M. tuberculosis, is a major public health issue world-wide [86]. 
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Development of new antimicrobial strategies or enhancement of currently used 

antibiotics is crucial for treatment of multi-drug resistant pathogens. Knowledge 

provided by this dissertation is valuable to develop antimicrobials that can inhibit the 

disulfide bond forming pathways and thus disrupt virulence and cell growth. Since the 

oxidative protein folding machinery is conserved in Actinobacteria, studies in 

Actinomyces and Corynebacterium have direct contributions to the understanding of 

disulfide bond formation in other actinobacterial pathogens that are difficult to 

genetically manipulate and grow like M. tuberculosis.  
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CHAPTER 2. Materials and Methods. 

This chapter is based in part upon work published in the journal mBio entitled 

“Electron Transport Chain Is Biochemically Linked to Pilus Assembly Required for 

Polymicrobial Interactions and Biofilm Formation in the Gram-Positive 

Actinobacterium Actinomyces oris”. mBio. 2017: 8: e00399-17. Belkys C. Sánchez is 

co-first author of this publication (Belkys C. Sanchez, Chungyu Chang, Chenggang 

Wu, Bryan Tran, Hung Ton-That) and was responsible for preparing the original 

manuscript and conducted the majority of experiments described. Copyright of all 

material published in mBio remains with the authors. 

For additional information about ASM’s permission policies associated with 

commercial reuse of mBio content, see http://mbio.asm.org/site/misc/reprints.xhtml  
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2.1. Bacterial strains, plasmids, media, and cell growth 

The bacterial strains and plasmids used in this study are listed in Table 2.1. A. 

oris cells were grown in heart infusion broth (HIB) or on heart infusion agar (HIA) 

plates at 37°C with 5% CO2. Streptococcus oralis cells were grown in HIB containing 

1% glucose in a Coy anaerobic chamber. C. diphtheriae were grown in HIB or HIA 

plates at 30ºC or 37ºC. E. coli DH5α, BL-21 and S17-1 used for molecular cloning, 

recombinant protein expression and gene deletions, respectively, were grown in Luria 

Broth (LB) at 37ºC. When required, kanamycin or ampicillin was added to the 

bacterial cultures at a final concentration of 35, 50 or 100 μg mL-1. Polyclonal 

antibodies were raised against Pbp1A and Pbp1B by Cocalico Biologicals using 

recombinant proteins provided by our laboratory. Diphtheria toxin A antibody (7F2) 

was purchased from Invitrogen. Reagents were purchased from Sigma unless 

indicated otherwise. 

2.2. Construction of recombinant plasmids  

Recombinant vectors using pCWU10. The nuo promoter and the nuoA coding 

sequence were PCR-amplified with A. oris MG1 genomic DNA as a template using 

the primers Pnuo-F-KpnI/PnuoA-R and nuoA-F/nuoA-R-HindIII (Table 2.2), 

respectively, and Phusion DNA polymerase (New England Biolabs; NEB). 

Overlapping PCR was employed to fuse the two sequences accordingly [87]. The 

fused fragment was cloned into the pCW10 vector [87], and the generated plasmid 

was electroporated into an A. oris nuoA deletion strain. Similarly, an ubiE 
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complementing plasmid was generated and electroporated into an ubiE deletion 

strain (Table 2.1). 

pPtsdA-GFP and pPT2G-GFP. The tsdA promoter was PCR-amplified with C. 

diphtheriae NCTC13129 genomic DNA or ΔmdbA-S1 genomic DNA as a template 

using the primers PtsdA-HindIII-F and PtsdA-GFP-R (Table 2.2) and Phusion DNA 

polymerase (NEB). Similarly, the GFP coding sequence was PCR-amplified with 

pBsk-GFP (Addgene) [88] plasmid DNA as a template using the primers GFP-F and 

GFP-BamHI-R (Table 2.2). Overlapping PCR was employed to fuse the two 

sequences. The fused fragment was cloned into the pCGL0243 vector [89], and the 

generated plasmid was electroporated into C. diphtheriae tsdA. 

Recombinant vectors using pMCSG7. To generate recombinant, His-tagged 

Pbp1A, Pbp1B and TsdA-C129S proteins, primers (Table 2.2) were designed to 

amplify the extracellular-coding regions of each C. diphtheriae protein. The PCR 

products were cloned into pMCSG7 using ligation-independent cloning [90]. The 

resulting plasmids were transformed in E. coli DH5α and then introduced into E. coli 

BL21 (DE3) for protein expression. 

2.3. Gene deletion in A. oris 

All A. oris nonpolar, in-frame deletion mutants were generated using a galK 

counter-selection method described previously [91]. In this method, 1-Kb fragments 

up- and downstream of a targeted gene were amplified using appropriate primers 

(Table 2.2) and fused using overlapping PCR. The 2-Kb fragment was then cloned 

into the integrative plasmid pCWU2 (Table 2.1), and the resulting plasmid was 
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electroporated into the A. oris strain CW1, which lacks the galK gene [92]. Co-

integrants resulting from a single cross-over event were selected on kanamycin-

containing HIA plates. Loss of the recombinant plasmid by a second cross-over event 

resulting in wild-type and mutant alleles was selected using media containing 0.2% 

2-deoxygalactose (2-DG). Generated mutants were identified by PCR. For double 

mutants, such as nuoAJ and nuoAG, single mutants were used as a starting strain. 

2.4. Gene deletions in C. diphtheriae 

C. diphtheriae in-frame deletion mutants were generated using a SacB 

counter-selection protocol previously described [19]. Briefly, 1-Kb fragments up- and 

downstream of a targeted gene were amplified using appropriate primers (Table 2.2) 

and fused using overlapping PCR. The 2-Kb fragment was then cloned into the 

integrative plasmid pK19mobsacB (Table 2.1) expressing kanamycin resistance and 

sacB genes [93]. The resulting plasmid was introduced into E. coli S17-1 for 

conjugation with C. diphtheriae. Co-integrates resulting from a single cross-over 

event were selected for growth on kanamycin (50 μg mL-1) and nalidixic Acid (35 μg 

mL-1) plates. Loss of the recombinant plasmid by a second cross-over event resulting 

in wild-type and mutant alleles were selected for growth on HI agar plates containing 

10% sucrose. Deletion mutants were identified by PCR. 

2.5. Identification of A. oris coaggregation-defective mutants by Tn5 

transposon mutagenesis 

Following a published protocol [91], a library of approximately 6,200 

kanamycin-resistant Tn5 mutants was generated from the parental MG1 strain. This 
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library was used to screen for A. oris mutants defective in coaggregation with S. oralis 

using a cell-based screen in 96-well plates as previously reported [55]. 

Coaggregation was ranked from 1 to 4, largely based on the scoring system 

described by Cisar and colleagues [94], with the coaggregation phenotypes of A. oris 

MG1 and S. oralis So34 considered as 4 and the fimA mutant and S. oralis So34 as 

1; the coaggregation scores 2 and 3 were designated for  small and larger clumps of 

aggregates, respectively. 

 Consequently, 33 coaggregation-defective mutants were obtained, and TAIL-

PCR was employed to map Tn5 insertion sites in these mutants, detailed in our 

published procedures [91, 92]. In brief, two sequential PCR reactions were 

performed; the first reaction started with a colony of Tn5 mutants suspended in 

reaction buffer containing primers Tn5-1 and AD-1 (Table 2.2) and Apex™ Taq DNA 

Polymerase (Genesee Scientific). The product of this PCR reaction was used for the 

next one with primers Tn5-2 (Table 2.2) and AD-1. Finally, the obtained product of 

this reaction was gel-purified and submitted for DNA sequencing using the primer 

Tn5-3 (Table 2.2). The resulting DNA sequences were blasted against the MG1 

genome, http://www.homd.org/, to identify the Tn5 insertion sites. 

2.6. Electron microscopy 

Immunogold labeling of A. oris cells was performed as previously described 

with some modifications [95]. Cells were washed once and suspended in 0.1 M NaCl. 

Seven microliters of bacterial cell suspensions were placed on carbon-coated nickel 

grids and then samples were washed with PBS containing 1% BSA (PBS/1% BSA), 

followed by blocking with 0.1% gelatin in PBS/1% BSA. Adhered cells were stained 

http://www.homd.org/
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with primary antibodies diluted in PBS-1% BSA (1:100 for -FimA; 1:50, -CafA; and 

1:1,000, -Type 1), followed by staining with IgG antibodies conjugated to 18-nm gold 

particles (Jackson Immunoresearch Laboratories). Finally, samples were washed 

with water, stained with 1% uranyl acetate, and analyzed using a JEOL JEM-1400 

electron microscope. Electron microscopy analysis of C. diphtheriae cells was 

performed following a similar procedure. The results are representative of three 

independent experiments that the reported phenotypes were observed at least 95% 

in the fields of view. 

2.7. Coaggregation assays 

Coaggregation assays were performed as previously described with some 

modifications [95, 96]. Briefly, stationary phase cultures of A. oris and S. oralis 34 

strains were harvested by centrifugation and suspended in TBS buffer (200 mM Tris-

HCl, pH 7.4, 150 mM NaCl, 0.1 mM CaCl2). Equivalent cell numbers of A. oris and S. 

oralis strains, based on OD600, were mixed for a few minutes, and bacterial 

aggregates were imaged using an AlphaImager.  

2.8. Biofilm assays 

In vitro biofilm formation assays were performed according to a published 

protocol [87]. Briefly, overnight A. oris cell cultures were used to inoculate fresh 

cultures (1:100 dilution) in 1.5 mL of HIB containing 1% sucrose and kanamycin in 

24-well plates. After incubation in a CO2 incubator at 37°C for 48 hours, the biofilms 

were gently washed with PBS and dried before staining with 1% crystal violet. After 

washing the unbound dye, the stained biofilms were subject to ethanol treatment 
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before quantified by absorbance measurement at 580 nm by a Tecan M1000 

microplate reader. 

2.9. Cell growth assays 

Cell growth of A. oris strains was monitored by a plate assay and optical 

density (OD600) in HIB cultures as previously described [87]. For the plate assay, the 

MG1 strain and the ΔubiE mutant were streaked as a broad band on HIA plates. A 3-

ml drop of 50 mM MK-4 in ethanol was placed on the border of the streaks. Cell 

growth at 37°C was recorded after 2 days. For growth in HIB, overnight cultures were 

used to inoculate fresh cultures in HIB supplemented with 35 g ml-1 of kanamycin 

with starting OD600 of 0.1. OD600 was taken every hour, and the OD values were 

presented as averages of three independent experiments performed in duplicate. 

Calculation of generation time was performed using the formulas 𝑘 =
𝑙𝑜𝑔𝑁t-logN0

0.301𝑡
  and 

𝑔 =
1

𝑘
, where N0 and Nt is OD600 values at times 0 and t, respectively, where t is the 

time elapsed between Nt and N0 recordings. K corresponds to growth rate and g 

corresponds to generation time expressed in hours [97]. Generation times were 

determined from at least two independent experiments performed in triplicate. Note, 

the MG1, ΔnuoA, and ΔubiE strains contain an empty vector conferring kanamycin 

resistance. 

2.10. Determination of the MdbA redox status by alkylation with Mal-PEG 

Mid-logarithmic cultures of A. oris were harvested and suspended in SMM 

buffer (0.5M sucrose, 10mM MgCl2, 10mM maleate, pH 6.8). Bacterial cell 

suspensions were treated with mutanolysin at 37°C for 2 hours. Protoplasts were 
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collected by centrifugation at 1,500 x g for 10 min, suspended in alkylation buffer 

(100mM Tris-HCl pH 6.8, 1% SDS, 1X protease inhibitor) plus 10% TCA, and lysed 

by mechanical disruption using a micro-tube homogenizer (BeadBug) with 0.1 mm 

glass beads (MP Biomedical). The resulting cell lysates were incubated in ice for 30 

minutes prior to acetone-wash and air-drying. For alkylation, obtained protein 

samples were suspended in alkylation buffer containing 10 mM Mal-PEG and 

incubated at 37°C for 1 h, followed by TCA precipitation and acetone-wash. All protein 

samples were suspended SDS-sample buffer, separated by SDS-PAGE, and 

immunoblotted with -MdbA (1:2,000 dilution). 

2.11. Whole cell ELISA 

This experiment was performed according to a published protocol with some 

modifications [98]. Overnight cultures of A. oris strains were harvested and 

suspended in carbonate-bicarbonate buffer (15mM sodium carbonate, 35mM sodium 

bicarbonate, pH 9.6). Bacterial cells of different strains in equal numbers were used 

to coat high binding 96-well polystyrene plates, which were incubated for 1 h at 37⁰C. 

Plates were washed with PBS containing 0.05% Tween 20 (PBS-T), and blocked with 

2% BSA in PBS-T for 1 h at 25⁰C. After removing blocking solution, plates were 

incubated for 2 hours at 25⁰C, with α-CafA (1:5,000) diluted in 1% BSA in PBS-T. 

Next, plates were washed with PBS-T, and incubated for 1 h at 25⁰C with secondary 

antibody conjugated to HRP (1:20,000) diluted in 1% BSA in PBS-T, followed by the 

3,3’,5,5’ tetramethylbenzidine (TMB). The reaction was quenched by addition of 1M 

H2SO4, and the absorbance at 450 nm was measured using a plate reader (Tecan 

Infinite M1000). 
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2.12. Site-directed mutagenesis of pMCSG7-TsdA-C129S 

To generate the C-to-S mutation at position 129 of TsdA, inverse PCR was 

utilized using the pMCGS7-TsdA plasmid as template (Table 2.1). Adjacent divergent 

primers (Table 2.2) with mutation sites designed into the 5′-end were 5’ 

phosphorylated and used for PCR amplification of the plasmid template with Phusion 

DNA polymerase (NEB). The resulting linear plasmid was purified, ligated and 

transformed into E. coli DH5α. The C-to-S mutation was confirmed by DNA 

sequencing. Plasmids with the desired mutation were transformed into E. coli BL21 

(DE3). 

2.13. 5’ Rapid Amplification of cDNA Ends (RACE) PCR 

Identification of the tsdA transcriptional start site was performed using the 

Invitrogen 5’ RACE system for rapid amplification of cDNA ends. Briefly, first strand 

cDNA was PCR amplified using total wild-type and ΔmdbA-S1 mRNA, primer GSP1-

tsdA (Table 2.2) that anneals at the 3’ end of tsdA mRNA, and SuperScriptTM II RT. 

Generated cDNA was purified with an S.N.A.P. column provided by the manufacturer. 

Subsequently, a homopolymeric tail was added to the cDNA 3' end using dCTP and 

Terminal deoxynucleotidyl transferase (TdT). dC-tailed cDNA was PCR amplified 

using Taq DNA polymerase (Fisher Scientific), GSP2-tsdA primer and abridged 

anchor primer (AAP) provided by the manufacturer. This PCR product was diluted 

(0.1%) and used in a nested PCR reaction using GSP3-tsdA primer and Abridged 

Universal Amplification Primer (AUAP) provided by the manufacturer, to enrich for 

specific PCR products. The obtained 5’ RACE PCR products were characterized by 

Sanger sequencing to identify the specific tsdA transcriptional start site. 
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2.14. Quantitative real-time PCR (qRT PCR) 

Log-phase cultures of C. diphtheriae were normalized to an OD600 of 1.0, two 

volumes of RNA Protect® Bacteria Reagent (Qiagen) were added and cells were 

incubated at room temperature for five minutes. Then cells were collected by 

centrifugation, washed once with PBS, re-suspended in RLT buffer (RNeasy Mini Kit, 

Qiagen) containing β-marcaptoethanol (BME) and lysed by mechanical disruption 

with 0.1-mm silica spheres (MP Bio) in a ribolyser (Hybaid). Total RNA from cell 

lysates was extracted using the RNAeasy Mini Kit (Qiagen). Purified total RNA was 

treated with DNAse I to digest remaining DNA. After the enzymatic reaction, RNA 

was cleaned using the RNeasy MinElute Cleanup Kit (Qiagen). cDNA was 

synthesized with SuperScriptTM II RT First-Strand Synthesis System (Invitrogen). For 

qRT-PCRs cDNA was mixed with iTAQ SYBR green supermix (Bio-Rad), along with 

appropriate primer sets (Table 2.2). Cycle threshold (CT) values were determined, 

and the 16S rRNA gene was used as a control to calculate relative mRNA expression 

level by the 2−ΔΔCT method [99]. 

2.15. Cell fractionation and western blotting 

Cells were grown to mid-log phase, normalized to an OD600 of 1.0, and 

separated into medium (M) and cell fractions by centrifugation. The cell fraction was 

washed and re-suspended in hydrolase buffer (0.5M sucrose, 10mM MgCl2, 

phosphate buffered saline (PBS) pH 7.4), and then incubated with cell wall hydrolase 

enzymes at 37°C for 3 hours. After treatment, the soluble cell wall fraction (W) was 

separated from the protoplasts by centrifugation. The M and W fractions were TCA 

precipitated and acetone washed. Protein samples were re-suspended in SDS-
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loading buffer and separated on Tris-glycine gels. Proteins were detected with rabbit 

antisera diluted in 5% milk (1.5:1,000 α-Pbp1A, 1.5:1,000 α-Pbp1B, 1:1,000 α-DT, 

1:5,000 α-TsdA) followed by horseradish peroxidase (HRP) (1:10,000) conjugated 

goat anti-rabbit IgG for detection by chemiluminescence. 

2.16. Protein Purification 

 E. coli cells harboring plasmid for C. diphtheriae C129S mutant TsdA protein 

expression were cultured in LB medium supplemented with ampicillin (100 µg mL-1) 

at 37°C. When the optical density at 600 nm reached 0.8, cultures were transferred 

to 4°C for 1 hour. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final 

concentration of 0.5 mM for overnight induction at 18°C. Cells were harvested by 

centrifugation, disrupted by sonication, and the insoluble cellular material was 

removed by centrifugation. TsdA C129S protein was purified from other 

contaminating proteins using Ni-NTA (Qiagen) affinity chromatography with the 

addition of 5 mM β-mercaptoethanol in all buffers. The protein was digested with 0.15 

mg TEV protease per 20 mg of purified protein for 16 h at 4°C, and then passed 

through a Ni-NTA column to remove both the TEV protease and cleaved N-terminal 

tags. The final step of purification was gel-filtration on HiLoad 16/60 Superdex 200pg 

column (GE Healthcare) in 10 mM HEPES buffer pH 7.5, 200 mM NaCl and 1 mM 

DTT. The protein was concentrated on Amicon Ultracel 10K centrifugal filters 

(Millipore) up to 60 mg/ml concentration. 

2.17. Protein crystallization 

 The initial crystallization condition was determined with a sparse crystallization 

matrix at 4°C and 16°C temperatures using the sitting-drop vapor-diffusion technique 
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using MCSG crystallization suite (Microlytic), Pi-minimal and Pi-PEG screen [100] 

(Jena Bioscience). The first crystals grew in numerous conditions after two days. The 

best crystals were obtained from F2 conditions of Pi-PEG screen (6.4% PEG 200, 

21.4% PEG 2000, 50 mM acetate buffer pH 5.2) at 4°C temperature. Crystals 

selected for data collection were briefly soaked in crystallization buffer with addition 

of 20% ethylene glycol as cryo-protectant and then flash-cooled in liquid nitrogen. 

2.18. X-ray crystallography data collection, structure determination and 

refinement 

 Single-wavelength X-ray diffraction data were collected at a temperature of 100°K 

using the 19-ID beamline of the Structural Biology Center [101] at the Advanced 

Photon Source at Argonne National Laboratory employing the program SBCcollect. 

The intensities were integrated and scaled with the HKL3000 suite [102]. The TsdA 

C129S protein structure was determined by molecular replacement using HKL3000 

suite [102] incorporating MOLREP program [103]. The structure of selenomethionine 

derivative of the wild-type protein (unpublished results) was used as the starting 

model. Several rounds of manual adjustments of structure models using COOT [104] 

and refinements with Refmac program [105] from CCP4 suite [106] were performed. 

The stereochemistry of the structure was validated with PHENIX suite [107] 

incorporating MOLPROBITY [108] tools. The secondary structure assignment was 

generated by DSSP program[109] incorporated in ESPRIPT [110] server. 
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2.19. Fluorescence quantification 

Overnight cultures of C. diphtheriae were diluted and grown at 37°C until 

reaching mid-log phase, at this point a subset of bacterial cultures were shifted to 

40°C for 30 minutes. Cells were collected by centrifugation, washed with PBS and 

normalized to OD600: 0.5 in PBS. Cell suspension aliquots were dispensed into 96-

well, high-binding, clear F-Bottom (Chimney well), black microplates (Greiner bio-

one). Fluorescence was measured using excitation/emission wavelengths 

485nm/507nm with a Tecan M1000 plate reader. Purified GFP was used as gain 

reference and the fluorescence of the wild-type strain carrying no plasmid was used 

as background fluorescent signal. 

2.20. Fluorescence microscopy 

Overnight cultures of C. diphtheriae were diluted and grown at 37°C until 

reaching mid-log phase, at this point a subset of bacterial cultures were shifted to 

40°C for 30 minutes. Cells were then placed on a 2L agarose (1.5%) pad on 15-well 

multitest slides (MP Biomedicals, LLC). DIC and fluorescence images at 

excitation/emission wavelengths 504nm/510nm were obtained on an Olympus IX81-

ZDC inverted microscope using Slidebook imaging software. Image analysis was 

completed using ImageJ. 

2.21. Statistical analysis 

Statistical analysis in this study was performed using GraphPad Prism 5 (La 

Jolla, CA), with significant differences determined by One-way ANOVA (biofilm 

assays), unpaired t test with Welch’s correction, or the pair, two-tailed t test (growth 

curves, generation time, ELISA, qRT-PCR and fluorescence quantification). The 
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results are presented as the average values from at least two independent 

experiments performed in triplicate ± standard deviations (SD). 
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Table 2.1. Strains and Plasmids used in this study 

Strains & 
Plasmids 

Description Reference 

A. oris strains 

MG1 Parental strain [96] 

CW1 ΔgalK; an isogenic derivative of MG1 [96] 

AR4 ΔfimA; an isogenic derivative of CW1 [96] 

AR5 ΔcafA; an isogenic derivative of CW1 [111] 

JCYC1 ΔnuoA; an isogenic derivative of CW1 [112] 

JCYC2 ΔnuoB; an isogenic derivative of CW1 [112] 

BCS3 ΔnuoG; an isogenic derivative of CW1 [112] 

JCYC3 ΔnuoJ; an isogenic derivative of CW1 [112] 

JCYC5 ΔnuoAG; an isogenic derivative of CW1 [112] 

JCYC6 ΔnuoAJ; an isogenic derivative of CW1 [112] 

BCS2 ΔnuoBJ; an isogenic derivative of CW1 [112] 

BCS10 ΔubiE; an isogenic derivative of CW1 [112] 

BCS4 JCYC1 containing pNuoA [112] 

BCS13 JCYC1 containing pMdbA [112] 
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BCS11 BCS10 containing pUbiE [112] 

BCS14 BCS10 containing pMdbA [112] 

S. oralis strains 

S. oralis So34 RPS-positive [113] 

C. diphtheriae strains 

NCTC13129 Parental Strain (wild-type) [19] 

NJ2 ΔmdbA; an isogenic derivative of NCTC13129 [56] 

NJ6 NJ2 containing pMdbA [56] 

NJ7 NJ2 containing pMdbA-C94A [56] 

MR119 NJ1 suppressor 1 (S1) [114] 

MR122  ΔtsdA; an isogenic derivative of NCTC13129 [114] 

AHG146 ΔdtxR; an isogenic derivative of NCTC13129 [115] 

BCS15 ΔsigH; an isogenic derivative of NCTC13129 This study 

BCS16 BCS1 containing pSigH This study 

BCS17 MR122 containing pPtsdA-GFP This study 

BCS18 MR122 containing pPtsdA-T2G-GFP This study 

BCS19 Δpbp1A; an isogenic derivative of NCTC13129 This study 

BCS20 Δpbp1B; an isogenic derivative of NCTC13129 This study 
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BCS21 NJ2 containing pPbp1A This study 

BCS22 NJ2 containing pPbp1B This study 

BCS23 NJ2 containing pPbp1A-1B This study 

BCS24 NJ2 containing pPbp1A-1B-2A This study 

E. coli strains  

BCS25 BL21 containing pMCSG7-TsdA-C129S This study 

BCS26 BL21 containing pMCSG7-Pbp1A This study 

BCS27 BL21 containing pMCSG7-Pbp1B This study 

Plasmids  

pCWU2 Integrative plasmid expressing the 
galactokinase galK gene under the control of 
the rpsJ promoter 

[96] 

pCWU2-NuoA pCWU2 allelic replacement of nuoA [112] 

pCWU2-NuoB pCWU2 allelic replacement of nuoB [112] 

pCWU2-NuoG pCWU2 allelic replacement of nuoG [112] 

pCWU2-NuoJ pCWU2 allelic replacement of nuoJ [112] 

pCWU2-UbiE pCWU2 allelic replacement of ubiE [112] 

pCWU10 E. coli/A. oris shuttle vector; kanamycin 
resistant 

[87] 

pNuoA pCWU10 expressing A. oris wild-type nuoA [112] 
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pUbiE pCWU10 expressing A. oris wild-type ubiE [112] 

pJRD215 E. coli/Actinomyces shuttle vector; kanamycin 
and streptomycin resistant 

[116] 

pMdbA pJRD215 expressing A. oris wild-type mdbA [55] 

pCGL0243  Corynebacterium/E. coli shuttle vector;  
kanamycin resistant 

[89] 

pK19MobsacB  Corynebacterium integration plasmid; 
kanamycin resistant  

[93] 

pMCSG7  Ligation-independent cloning for protein 
expression; ampicillin resistant  

[90] 

pMCSG7-TsdA For expression of recombinant  C. diphtheriae 
TsdA 

[114] 

pMCSG7-
TsdA-C129S 

For expression of recombinant  C. diphtheriae 
TsdA harboring C129S mutation  

This study 

pK19mobsacB-
SigH 

pK19mobsacB allelic replacement of sigH This study 

pBsk-GFP GFP expressing plasmid (Addgene plasmid 
#29459) 

[88] 

pPtsdA-GFP pCGL0243 expressing GFP from C. 
diphtheriae wild-type tsdA promoter 

This study 

pPtsdA-T2G-GFP pCGL0243 expressing GFP from T2G tsdA 
mutant promoter 

This study 

pSigH pCGL0243 expressing C. diphtheriae wild-type 
sigmaH 

This study 

pMCSG7-
Pbp1A 

For expression of recombinant  C. diphtheriae  
Pbp1A 

This study 

pMCSG7-
Pbp1B 

For expression of recombinant  C. diphtheriae  
Pbp1B 

This study 

pPbp1A pCGL0243 expressing C. diphtheriae wild-type 
pbp1A 

This study 

pPbp1B pCGL0243 expressing C. diphtheriae wild-type 
pbp1B 

This study 

pPbp1A-1B pCGL0243 expressing C. diphtheriae wild-type 
pbp1A and pbp1B 

This study 
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pPbp1A-1B-2A pCGL0243 expressing C. diphtheriae wild-type 
pbp1A, pbp1B and pbp12A 

This study 
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Table 2.2. Primers used in this study 

Primer Sequence(a) Application 

Ana1624-A-KpnI AAAAAGGTACCGTTGAGGAGCATCTCG
GGGC 

nuoA deletion 

Ana1624-B CCCATCCACTAAACTTAAACAGACTGAA
GCCGCTCTGACCG 

nuoA deletion 

Ana1624-C TGTTTAAGTTTAGTGGATGGGGGGGTT
CATGCTTCCGGCAC 

nuoA deletion 

Ana1624-D-
HindIII 

AAAAAAGCTTCCCAGGCCACCGCCATC
GAC 

nuoA deletion 

Ana1623-A- KpnI AAAAAGGTACCCGTGGGTCAGGCTCAT
GAGCTGG 

nuoB deletion 

Ana1623-B CCCATCCACTAAACTTAAACAGTCGAGG
CCGCCGCGCTGTC 

nuoB deletion 

Ana1623-C TGTTTAAGTTTAGTGGATGGGGGCGTT
GTGCTTCTTCATGCTCTTCAC 

nuoB deletion 

Ana1623-D-
HindIII 

AAAAAAGCTTGCGCAAGCGCCTCATGA
AGC 

nuoB deletion 

Ana1615-A-KpnI AAAAAGGTACCGTTCCTCGGCGGGCAG
GCCC 

nuoJ deletion 

Ana1615-B  CCCATCCACTAAACTTAAACAGTCTCCC
CATCACCGTCTACCTC 

nuoJ deletion 

Ana1615-C TGTTTAAGTTTAGTGGATGGGCAGCAG
GGTGCTCATCGCAG 

nuoJ deletion 

Ana1615-D-
HindIII 

AAAAAAGCTTTGATGCCCCGCTACCATG
GTC 

nuoJ deletion 

Ana1618-A-KpnI AAAAAGGTACCAGTGCGTGGACCAGCC
GCCCAGG  

nuoG deletion 

Ana1618-B  CCCATCCACTAAACTTAAACACTCCCAG
GTCACCGTGACCCATGCAGCGG 

nuoG deletion 

Ana1618-C TGTTTAAGTTTAGTGGATGGGCCGCGG
GTGCGGAGCTCTTGGTGG 

nuoG deletion 
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Ana1618-D-
HindIII 

AAAAAAGCTTCGGCGGCATCCGTCCCG
GCC 

nuoG deletion 

Ana1626- A-
HindIII 

CGCAAGCTTCGGGCCGAGACACCTCCG ubiE deletion 

Ana1626-B GGGCACGGGCCGCGTGGCAATCCCGG
CCGCGGTCAC 

ubiE deletion 

Ana1626-C GTGACCGCGGCCGGGATTGCCACGCG
GCCCGTGCCC 

ubiE deletion 

Ana1626-D-
HindIII 

CGCAAGCTTCGTACCGGCCAGCACCC ubiE deletion 

pUbiE-F-HindIII CGCAAGCTTGCCAGCCGGTGGTGTCCA ubiE 
complementation 

pUbiE-R-EcoRI CGCGAATTCAGGTGATCGCGCCCAGCG ubiE 
complementation 

Pnuo-F-KpnI AAAAAGGTACCTAGGACACAGGTCCCG
TCCGAC 

nuoA 
complementation 

PnuoA-R CCATCCTTGTCAGGAGCTGGTCGGGCT
TCCCTCCTCGG 

nuoA 
complementation 

nuoA-F CCAGCTCCTGACAAGGATGGTGC nuoA 
complementation 

nuoA-R-HindIII AAAAAAAGCTTGGCTTCAGTCCCAGTCC
AGTCCG 

nuoA 
complementation 

Tn5-1 CGAACTGTTCGCCAGGCTCAAG TAIL-PCR 

Tn5-2 CTGACCGCTTCCTCGTGCTTTA TAIL-PCR 

Tn5-3 GCCTTCTTGACGAGTTCTTCTGAGCG Sequencing 

AD-1 SWGAXAWGAAb TAIL-PCR 

GSP1-tsdA GTTAGACCAGCGGGCACAGAA 5’ RACE 

GSP2-tsdA GGGGCACTCGAAGTCAGAGAA 5’ RACE 

GSP3-tsdA TTCCGTAATCACCAGCGGTGC 5’ RACE 
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RTPCR-tsdA-F  TAGCGGTAAGGCGGGTTCG  RT-PCR 

RTPCR-tsdA-R  GATCTTTCGCGTTACGACGGTG  RT-PCR 

TsdA-C129S-F AGCGCCCGCTGGTCTAACCAGACCGAG Site-directed 
mutagenesis 

TsdA-C129S-R GAAGGGGCACTCGAAGTCAGAGAATTC Site-directed 
mutagenesis 

PtsdA-HindIII-F AAAAAAAGCTTCGTAGAAAACTCGGTAA
GTAAGCC 

pPtsdA-GFP reporter 

PtsdA-GFP-R CGCTGACTTCTGCATGAAGTACATATGT
CTAAAGGTGAAGAACTGTTC 

pPtsdA-GFP reporter 

GFP-F ATGTCTAAAGGTGAAGAACTGTTC pPtsdA-GFP reporter 

GFP-BamHI-R AAAAAGGATCCCTATTTGTAGAGCTCAT
CCATGCC 

pPtsdA-GFP reporter 

sigH-A-HindIII AAAAAAAGCTTGAGCCAGCACGTTGGG
GA 

sigH deletion  

sigH-B-R GTCGCTTGTTTTCGTAGCCAC sigH deletion 

sigH-C-F GTCGCTTGTTTTCGTAGCCACCCGGCT
ACATTGCGGGAAAA 

sigH deletion 

sigH-D-BamHI AAAAAGGATCCCCGTTTGTCGCGATGA
AGATC 

sigH deletion 

PsigH-HindIII-F AAAAAAAGCTTCGCCGCCTTTTTTAGGC
T 

sigH 
complementation 

PsigH-BamHI-R AAAAAGGATCCGGAAAAGATCCCTTAA
GCCAC 

sigH 
complementation 

LIC-Pbp1A-F TACTTCCAATCCAATGCAGGCGTGGCC
GTCGACCGT 

Recombinant 
Pbp1A 

LIC-Pbp1A-R TTATCCACTTCCAATGttaTCCATTGGGT
AGTCCCTGTGG 

Recombinant 
Pbp1A 

LIC-Pbp1B-F  
TACTTCCAATCCAATGCACCTAGCGAGC
TGGTGACCAAA 

Recombinant 
Pbp1B 
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LIC-Pbp1B-R TTATCCACTTCCAATGttaGTGATACCGC
CACGAAGTTGG 
  

Recombinant 
Pbp1B 

pbp1A-A-HindIII-F aaaaaAAGCTTCGCCTGCTCAGCGGTAA
C 

pbp1A deletion 

pbp1A-B-R GCTAAGGACTGCCCGTGG pbp1A deletion 

pbp1A-C-F CCACGGGCAGTCCTTAGCGCACGAACA
GCCGTGGAT 

pbp1A deletion 

Pbp1A-D-EcoRI-F aaaaaGAATTCCGACTGGGGGTGCGTTT
T 

pbp1A deletion 

pbp1B-A-HindIII-F aaaaaAAGCTTTCAGGCAATGTGGCGAA
C 

pbp1B deletion 

pbp1B-B-R GCTTCCTTGATCTGCGGT pbp1B deletion 

pbp1B-C-F ACCGCAGATCAAGGAAGCCCTGATTCT
TACAGGGGGCAC 

pbp1B deletion 

Pbp1B-D-EcoRI-
R 

aaaaaGAATTCGCGGCCACAACTTAAAC
G 

pbp1B deletion 

Ppbp1A-MluI-R aaaaaACGCGTCTCCCCCTGCTGAGTAT pbp1A 
complementation 

Ppbp1B-1A-
overlap-R 

TATCCACGGCTGTTCGTG pbp1A-1B 
complementation 

 
Ppbp1A-MluI-R 

aaaaaACGCGTTATCCACGGCTGTTCGT
G 

pbp1A 
complementation 

Ppbp1A-1B-
overlap-F 

CACGAACAGCCGTGGATAACCTGCTGA
ATTCGGTGA 

pbp1A-1B 
complementation 

Ppbp1B-MluI-F aaaaaACGCGTACCTGCTGAATTCGGTG
A 

pbp1B 
complementation 

Ppbp1B-MluI-R aaaaaACGCGTGCCCCCTGTAAGAATCA
G 

pbp1B 
complementation 

pbp2A-1A-1B-
overlap-F 

GCCCCCTGTAAGAATCAGATCGAAGAA
GCCGTTCGA 

pbp1A-1B-2A 
complementation 

Ppbp2a-MluI-R aaaaaACGCGTGGTGGGATGTCCAGGTT
T 

pbp1A-1B-2A 
complementation 
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RTPCR-Pbp1A-F ACCCCGACGCGGTGATGG RT-PCR 

RTPCR-Pbp1A-R GCTGGTCGGTGCTCAAGCCTT RT-PCR 

RTPCR-Pbp1B-F       GCTATCTTGGGCCAGCTCACC RT-PCR 

RTPCR-Pbp1B-R      CCGTAGGCATTGCGGCCG  RT-PCR 

aUnderlined are restriction site sequences. 

bX(A/G/C/T), S(G/C), and W(A/T). 
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CHAPTER 3. Electron Transport Chain Is Biochemically Linked to Pilus 

Assembly Required for Polymicrobial Interactions and Biofilm Formation in the 

Gram- Positive Actinobacterium Actinomyces oris  

This chapter is based upon work published in the journal mBio entitled “Electron 

Transport Chain Is Biochemically Linked to Pilus Assembly Required for 

Polymicrobial Interactions and Biofilm Formation in the Gram- Positive 

Actinobacterium Actinomyces oris”. mBio. 2017: 8: e00399-17. Belkys C. Sánchez is 

co-first author of this publication (Belkys C. Sanchez, Chungyu Chang, Chenggang 

Wu, Bryan Tran, Hung Ton-That) and was responsible for preparing the original 

manuscript and conducted the majority of experiments described. Copyright of all 

material published in mBio remains with the authors. 

For additional information about ASM’s permission policies associated with 

commercial reuse of mBio content, see http://mbio.asm.org/site/misc/reprints.xhtml  
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3.1. INTRODUCTION 

Found only in Gram-positive bacteria, such as Actinomyces spp., 

Corynebacterium diphtheriae, Bacillus cereus, streptococci and enterococci, 

covalently-linked pili, also termed fimbriae, are important virulence determinants [20, 

117]. These adhesive pilus structures are assembled and linked to bacterial 

peptidoglycan by conserved transpeptidase enzymes collectively named sortase 

[118]. Initially reported in C. diphtheriae [19, 20], sortase enzymes that polymerize 

pilin subunits into covalently-linked pilus polymers are often called pilus-specific 

sortases, or class C sortases [118, 119]. Generally, the housekeeping sortase and 

non-polymerizing sortase enzymes anchor pilus polymers to the bacterial cell wall 

[120-124] via a process similar to cell wall anchoring of surface proteins by the 

archetype SrtA of Staphylococcus aureus [125, 126].  

Pili were discovered in many species of Actinomyces in the 1970s [127, 128], 

and early pilus characterizations focused on the fimbriae of Actinomyces naeslundii 

genospecies 2 [129], which was later renamed Actinomyces oris [130]. In the biofilm-

forming actinobacterium A. oris, two types of fimbriae have been identified. Type 1 

fimbriae – consisting of the pilus shaft FimP and the tip pilin FimQ [116] – mediate 

bacterial binding to salivary proline-rich proteins on the tooth surface [9]. SrtC1, the 

pilus-specific sortase encoded by the type 1 fimbrial gene locus, specifically catalyzes 

pilus polymerization of FimP and FimQ [113, 116]. Type 2 fimbriae, with SrtC2 as 

their pilus-specific sortase [96, 113], are made of the pilus shaft FimA and the 

canonical tip pilin FimB [96]. 
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Biofilm formation and Actinomyces interactions with oral streptococci in 

biofilm, termed coaggregation [129], are well-documented phenotypes associated 

with the type 2 fimbriae since a fimA mutant fails to mediate biofilm formation and 

bacterial coaggregation [12, 96]. Nonetheless, it has recently been discovered that a 

coaggregation factor named CafA hijacks the sortase SrtC2 machine, forming a 

distinct pilus tip with the pilus shaft FimA independent of FimB [111]. It is now clear 

that CafA is the major coaggregation factor of A. oris as deletion of cafA results in the 

same coaggregation defect as fimA deletion; additionally, a specific antibody against 

recombinant CafA or addition of this protein blocks bacterial coaggregation [111]. 

Thus, the coaggregation defect of the fimA mutant can be attributed to the loss of 

CafA pilus assembly on the bacterial cell wall, while the role of FimB in oral 

colonization and biofilm formation remains unknown. 

 Consistent with the above, in a previous small-scale Tn5 transposon screen 

intended to identify A. oris mutants that fail to aggregate with Streptococcus oralis, 

we found 3 mutants with Tn5 insertions in fimA and srtC2; the fourth mutant was 

mapped to vkor, which encodes a bacterial vitamin K epoxide reductase (VKOR) [55]. 

Importantly, an in-frame, nonpolar vkor deletion mutant was shown to be severely 

defective in pilus assembly. Further characterizations established that VKOR is 

required for reoxidation of the thiol-disulfide oxidoreductase MdbA [55]. It is 

noteworthy that a Mycobacterium tuberculosis homolog of A. oris VKOR was initially 

shown to replace DsbB in reoxidation of the disulfide bond forming oxidoreductase 

DsbA when expressed in Escherichia coli [131]. Unlike E. coli dsbA, mdbA is an 
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essential gene and a conditional mdbA deletion mutant failed to assemble adhesive 

pili [55]. 

It was shown that MdbA and VKOR together form the thiol-disulfide 

oxidoreductase pair that catalyzes oxidative protein folding in A. oris [132]. Thus, 

based on available evidence centered on the type 2 fimbriae, a model of pilus 

assembly in A. oris has been proposed [55, 111] (Figure 3.1). Synthesized in the 

cytoplasm, pilin precursors, such as FimA, FimB, and CafA, are transported across 

the cytoplasmic membrane by the Sec translocon in an unfolded state. The thiol-

disulfide oxidoreductase MdbA catalyzes oxidative folding of nascent pilin precursors 

before they are embedded into the membrane. Membrane-bound pilin precursors are 

polymerized by the pilus-specific sortase SrtC2, resulting in formation of type 2 

fimbriae with two distinct tip pilins, FimB and CafA. The resulting polymers are 

presumably anchored by the housekeeping sortase SrtA. While it is clear in this model 

that the sortase and oxidative folding machines are central elements of pilus 

assembly in A. oris, it is unknown if there are additional factors directly or indirectly 

involved in the pilus assembly process. 

 Because A. oris coaggregation and pilus assembly are tightly associated, we 

exploited this property in a high-throughput assay to screen more than 6,200 Tn5 

transposon mutants for clones that are variably defective in coaggregation with S. 

oralis So34, an indicator strain expressing pilus receptor cell-surface polysaccharides 

(RPS) [12, 96, 133]. Using a modified-visual coaggregation scoring system, we were 

able to identify auxiliary factors contributing to pilus assembly that might have been 

missed in the previously reported small-scale screen, which was solely based on 
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Figure 3.1. A model of pilus assembly in A. oris. Presented is a simplified model 

of pilus assembly in A. oris that is centered on the type 2 fimbriae (see text for details); 

FimA, FimB, and CafA are colored in green, orange, and blue, respectively. The thiol-

disulfide oxidoreductase MdbA catalyzes oxidative folding of nascent protein 

precursors as they are translocated into the exoplasm by the Sec machinery. 

Reoxidation of MdbA requires the membrane-bound oxidoreductase VKOR. Folded 

pilin precursors are polymerized and anchored to the cell wall by the tandem sortase 

enzymes. It is not known how electrons generated from reoxidation of MdbA/VKOR 

are transferred to (question mark). Dashed arrows denote potential multiple steps; 

adapted after [55, 111]. 
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positive or negative-coaggregation phenotype scoring [55]. By characterizing a 

subset of these coaggregation-defective mutants, we demonstrate here that the 

NADH dehydrogenase and menaquinone, components of the electron transport chain 

(ETC), are involved in reoxidation of the major disulfide bond-forming machine 

MdbA/VKOR in A. oris. 

3.2. RESULTS 

3.2.1. A Tn5 transposon screen revealed A. oris mutants defective in 

polymicrobial interactions 

Since pilus assembly and bacterial coaggregation in A. oris are coupled [96, 

111], we sought to identify trans-acting factors involved in pilus assembly by 

screening a large number of A. oris Tn5 mutants using a previously reported 

coaggregation assay in a 96-well plate format [55]. Following a published protocol 

[55, 92], a Tn5 transposon library of roughly 6,240 A. oris mutants (> 3-fold genome 

coverage) was constructed and screened. Coaggregation efficiency of the Tn5 

mutants was scored largely based on the visual scoring system reported by Cisar et 

al. [94], whereby the coaggregation-positive phenotype of the parental strain MG1 

was designated as 4 and the coaggregation-negative phenotype of type-2 fimbria-

less mutants, i.e. ΔfimA, ΔcafA, and ΔsrtC2, was set as 1; tiny clumps of aggregates 

were scored as 2, whereas the larger clumps were considered as 3. We obtained 13 

mutants with the coaggregation score (CS) of 1, 7 mutants with the CS of 2 or CS-2, 

and 13 mutants with CS-3; of note, the Tn34 mutant exhibiting a coaggregation 

phenotype similar to that of MG1 was included for comparison (Figure 3.2). These 

coaggregation-defective Tn5 mutants were then subjected to mapping by thermal  
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Figure 3.2. Identification of A. oris coaggregation-defective mutants by Tn5 

transposon mutagenesis. Thirty-three A. oris coaggregation-defective Tn5 mutants 

identified by a cell-based screen were confirmed by a standard coaggregation assay 

[87]. Equal cell numbers of A. oris mutants and S. oralis So34 were mixed together, 

and coaggregation was imaged using an AlphaImager. Coaggregation scores 

indicate the degrees of coaggregation, with the phenotype of the parental MG1 strain 

considered as 4 and that of the fimA, cafA, and srtC2 deletion mutants considered as 

1; 2 and 3 represent small and larger clumps of bacterial aggregates. Tn5 target 

genes were mapped by TAIL-PCR. Chungyu Chang, PhD and Bryan Tran performed 

the Tn5 transposon mutagenesis and coaggregation screen. 
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asymmetric interlaced PCR (TAIL-PCR) and DNA sequencing as previously 

described [55]. 

 As expected, 13 coaggregation-negative mutants, i.e. with the CS of 1, were 

mapped to genes encoding CafA, FimA and SrtC2, which are known fimbrial factors 

essential for A. oris coaggregation with oral streptococci [12, 96, 111]. Intriguingly, 4 

out of 7 CS-2 mutants contained Tn5 insertions in nuoA, nuoJ, and nuoG genes; the 

remainder were mapped to genes, i.e. ANA_1625, ANA_0218, and ANA_0143, which 

code for geranylgeranyl reductase (GGR), a putative metal-binding protein, and β-

glucosidase, respectively. Finally, the CS-3 mutants were mapped to genes encoding 

many hypothetical proteins, a carbon starvation protein A (CstA), a two-component 

system sensor kinase, an ABC-2 type transporter, and the H, I, M subunits of NADH 

dehydrogenase (i.e. NuoH, NuoI, and NuoM) (Figure 3.2 and Table 3.1). Since a large 

number of the nuo genes was repeatedly targeted by the Tn5 transposon, they were 

further characterized and reported in this study; the remaining candidates will be 

investigated in future studies. 

3.2.2. Genetic disruption of the A. oris NADH dehydrogenase (complex I) 

subunits caused significant defects in CafA-mediated coaggregation and CafA 

pilus assembly 

The ggr, nuoA, nuoG, nuoH, nuoJ, and nuoM genes revealed from the Tn5 

screen above are part of the nuo gene locus in A. oris MG1, (see 

http://genome.brop.org/), which are predicted to encode the NADH dehydrogenase 

enzyme – often referred to as the NADH:ubiquinone oxidoreductase or respiratory 

complex I of the ETC [134] (Figure 3.3A). To confirm that the coaggregation defects  

http://genome.brop.org/modules.php?op=modload&name=GenomeExp&file=index&gprog=gview
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Table 3.1. Mapping of A. oris coaggregation-defective Tn5 mutants 

Tn5 
mutants 

Genomic 
Tn5 
Positiona  

Target 
Gene 

Predicted Function 

1 2,422,225 cafA Coaggregation factor A 

2 38,189 fimA Type 2 fimbrial shaft pilin   

3 36,541 fimB Type 2 fimbrial tip pilin 

4 2,420,317 cafA Coaggregation factor A 

5 2,421,799 cafA Coaggregation factor A 

6 38,174 fimA Type 2 fimbrial shaft pilin   

7 39,115 srtC2 Type 2 pilus-specific sortase 

8 39,481 srtC2 Type 2 pilus-specific sortase 

9 39,749 srtC2 Type 2 pilus-specific sortase 

10 2,421,087 cafA Coaggregation factor A 

11 2,421,136 cafA Coaggregation factor A 

12 38,721 fimA Type 2 fimbrial tip pilin 

13 2,420,135 cafA Coaggregation factor A 

14 1,755,107 ana_1625 Geranylgeranyl reductase 

15 1,744,569 nuoJ NADH dehydrogenase I, subunit J 
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16 230,679 ana_0218 Zn2+/Mn2+ transport system 
substrate-binding protein 

17 1,754,944 nuoA NADH dehydrogenase I, subunit A 

18 162,115 ana_0143 β-D-glucoside glucohydrolase 

19 1,747,764 nuoG NADH dehydrogenase I, subunit G 

20 1,748,226 nuoG NADH dehydrogenase I, subunit G 

21 1,741,097 nuoM NADH dehydrogenase  , subunit M 

22 2,348,384 cstA Carbon starvation protein A 

23 2,863,369 ana_2659 Ni/Fe-hydrogenase III large subunit 

24 2,711,713 ana_2514 Histidine kinase (two-component 
system) 

25 2,295,587 ana_2118 Permease component of ABC-type 
multidrug transport system 

26 1,746,526 nuoH NADH dehydrogenase I, subunit H 

27 382,186 ana_0363 Conserved hypothetical protein 

28 2,566,963 ana_2372 Hypothetical protein with Ser/Arg 
repeats 

29 1,745,086 nuoI NADH dehydrogenase I, subunit I 

30 1,739,922 nuoM NADH dehydrogenase I, subunit M 

31 2,513,949 ana_2325/ 
ana_2326b 

Ana_2325 (Cys/His-dependent 
amidohydrolase/peptidase); 
Ana_2326 (hypothetical protein) 

32 1,712,411 ana_1580 Conserved hypothetical protein 
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33 1,080,892 ana_1004 Hypothetical protein 

34 2,576,712 ana_2380 Conserved hypothetical protein 

aShown is the nucleotide position of the Tn5 transposon mapped in the 
genome. 

bTn5 insertion was found within the intergenic region of ana_2325 and 
ana_2326. 
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Figure 3.3. Involvement of nuo genes in CafA-mediated coaggregation and 

pilus assembly. (A) The nuo operon and adjacent genes are shown in black and 

genes involved in ubiquinone/menaquinone biosynthesis are shown in grey. 

Arrowheads indicate the locations of Tn5 transposon. (B) Coaggregation of A. oris 

strains and S. oralis So34 was performed as described in Figure 2C-J, A. oris cells 

were immobilized in nickel-carbon grids and labeled with α-CafA antibodies, followed 

by labeling with anti-rabbit IgG antibodies conjugated to 18-nm gold particles. 

Samples were stained with 1% uranyl acetate and viewed by a transmission electron 

microscope. Scale bars indicate 0.5 µm. Chungyu Chang, PhD contributed to the 

generation of A. oris deletion mutants. 
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of the Tn5::nuo mutants are not due to polar effects, we generated individual and 

combinations of in-frame, nonpolar deletion mutants of nuoJ, nuoG, nuoA. The 

generated mutants were confirmed for their inability to aggregate with S. oralis via 

CafA-mediated coaggregation using a standard coaggregation assay [111], whereby 

A. oris cells were mixed in equal volume with S. oralis So34, and coaggregation was 

determined after a few minutes of mixing. As shown in Figure 3.3B, deletion of nuoJ, 

nuoG, nuoA, or combination of nuoA and nuoJ or nuoA and nuoG caused significant 

coaggregation defects as compared to the wild-type level.  

Since CafA pilus assembly is essential for A. oris coaggregation [111], we next 

examined whether the observed coaggregation defects are due to pilus assembly 

defects of CafA by immunoelectron microscopy (IEM). In this assay, A. oris cells were 

stained with antibodies against CafA (α-CafA), followed by staining with gold particles 

conjugated with IgG, and the samples were viewed by a transmission electron 

microscope (TEM) after staining with 1% uranyl acetate. In the parental strain MG1, 

CafA signal was found abundantly on the bacterial surface and at the distal end of 

pili; as expected, the CafA signal was absent in the cafA deletion mutant [111]. 

Importantly, CafA labeling was significantly reduced in the nuoJ, nuoG, nuoA, nuoAJ, 

nuoAG, and nuoBJ mutants (Figure 3.3C-J). Since the CafA assembly defects among 

these mutants were apparently equal, we chose to focus on the nuoA mutant for 

further characterizations (see below) as nuoA is typically the first gene in bacterial 

nuo operons [135]. To support that the generated nuoA mutant is non-polar, we 

introduced in this mutant a plasmid constitutively expressing nuoA; as shown in 

Figure 3.4, ectopic expression of nuoA rescued the assembly defects of both type 1  
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Figure 3.4. Requirement of nuoA for pilus assembly. A. oris cells of indicated 

strains were immobilized on carbon-coated n nickel grids and stained with α-FimA 

(A-D), α-CafA (G-J), or α-Type1 antibodies (M-P), followed by staining with IgG 

conjugated to 18-nm gold particles. Samples were stained with 1% uranyl acetate 

prior to be analyzed by electron microscopy. Scale bars indicate 0.5 µm. 
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and type 2 pili of the nuoA mutant. Of note, the defects in pilus assembly and 

coaggregation might not be due to the cell growth defect as the growth rate of the 

nuoA mutant was not significantly different from that of the parental strain (Figure 

3.5). Together, the results confirm the requirement of the NADH dehydrogenase for 

optimal bacterial coaggregation and CafA pilus assembly. 

3.2.3. The menaquinone C-methyltransferase UbiE is involved in A. oris 

coaggregation, biofilm formation, and pilus assembly 

In E. coli, the NADH dehydrogenase, encoded by 14 nuo genes (A to N), 

generates energy by coupling the transfer of electrons from NADH to ubiquinone with 

proton translocation across the membrane [134]. We observed that upstream of the 

A. oris nuo locus in the MG1 genome are genes encoding part of the 

ubiquinone/menaquinone biosynthesis pathway, with the C-methyltransferase 

encoding-gene ubiE adjacent to ggr (Figure 3.3A). In E. coli UbiE catalyzes the 

carbon methylation reaction in the biosynthesis of ubiquinone/menaquinone, which 

are essential components of the ETC [136]. This information prompted us to examine 

whether the ubiquinone/menaquinone biosynthesis pathway is also linked to A. oris 

coaggregation and pilus assembly. Since ubiE is not an essential gene in E. coli [136], 

we decided to generate an in-frame, nonpolar deletion mutant of A. oris ubiE. The 

generated mutant was examined for its ability to aggregate with S. oralis, to mediate 

biofilm formation, and to produce pili using published assays [111]. 

In the coaggregation assay, the ubiE mutant exhibited a severe defect in 

bacterial coaggregation with S. oralis when compared to the parental strain MG1, and 

this defect was rescued by ectopic expression of UbiE (Figure 3.6A). The same set  
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Figure 3.5. Generation times of the A. oris MG1 and ΔnuoA mutant strains. (A) 

Growth of the wild-type MG1, ΔnuoA and ΔnuoA/pNuoA strains was measured by 

optical density (OD600). Generation times were calculated as described in materials 

and methods. The results are representative of three independent experiments 

performed in triplicate. Error bars represent standard deviations, with ns for not 

significant.  
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Figure 3.6. Requirement of ubiE for bacterial coaggregation, biofilm formation, 

and pilus assembly. (A) Coaggregation of A. oris strains and S. oralis So34 was 

determined as described in Figure 3.2. (B) Biofilms were obtained by growing the 

indicated strains in HIB containing 1% sucrose for 48 h. Harvested biofilms were 

subjected to crystal violet staining and optical density measurement at 580 nm using 

a microplate reader. The results are shown as representatives of 3 independent 

experiments performed in triplicate; ** denotes P < 0.0025, calculated using a One-

way ANOVA (Duncan’s method, non-parametric) with GraphPad Prism. (C-N) A. oris 

cells were immobilized in nickel grids and stained with α-FimA (C-F), α-CafA (G-J), 

or α-Type1 antibodies (K-N), followed by staining with IgG conjugated to 18-nm gold 

particles. Samples were stained with 1% uranyl acetate prior to be analyzed by 

electron microscopy. Scale bars indicate 0.5 µm. 
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of strains was then examined in biofilm formation assays, in which A. oris biofilms 

were cultivated in Heart Infusion broth (HIB) supplemented with 1% sucrose, followed 

by biofilm staining with 1% crystal violet and quantification by OD580. Consistent with 

the results above, deletion of ubiE significantly reduced biofilm formation as 

compared to the wild-type level, and expression of ubiE in trans restored biofilm 

formation to the wild-type (Figure 3.6B).  

 To examine if the coaggregation and biofilm defects are associated with pilus 

assembly, we employed IEM using α-CafA and antibodies against the type 2 fimbrial 

shaft FimA (α-FimA). Compared to the MG1 strain, which produced abundant signals 

of FimA and CafA, FimA and CafA detection was drastically reduced in the ubiE 

mutant; these defects were rescued in the ubiE mutant expressing UbiE from a 

plasmid (Figure 3.6C-J and Figure 3.7). Finally, to determine if the role of UbiE also 

extends to the type 1 fimbriae, we used antibodies against type 1 fimbriae [137] (α-

Type 1) in IEM experiments. Consistently, the type 1 fimbrial signal was significantly 

reduced in the ubiE mutant as compared to the parental MG1 and UbiE 

complementing strains (Figure 3.6K-N). Altogether, these results suggest that the 

defects of ubiE deletion in bacterial coaggregation and biofilm formation are directly 

linked to assembly deficiencies of adhesive fimbriae, which are the major factors 

required for the aforementioned processes in A. oris [96, 111]. 
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Figure 3.7. Requirement of nuoA and ubiE for surface expression of CafA. (A) 

The expression of CafA on the cell surface was determined by whole cell ELISA using 

polyclonal α-CafA antibodies. The absorbance measurments at 450nm, as compared 

to cafA mutant as background, were determined from three independent experiments 

performed in triplicate. Error bars represent standard deviations. *, *** indicate 

P<0.05, P<0.001, respectively, which were determined using the unpaired, two-tailed 

t-test with GraphPad Prism.  
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3.2.4. Requirement of the menaquinone C-methyltransferase UbiE and NADH 

dehydrogenase subunit NuoA in reoxidation of the major thiol-disulfide 

oxidoreductase MdbA 

 As mentioned above, disulfide bond formation is required for correct folding 

of pilin precursors, and this process is catalyzed by the major thiol-disulfide 

oxidoreductase MdbA in A. oris [55]. Given UbiE and several subunits of the NADH 

dehydrogenase are associated with pilus assembly as presented above, we 

hypothesized that the pilus assembly defects in the ubiE and nuo mutants might be 

due to aberrant oxidative folding of pilus proteins. Reactivation of MdbA normally 

requires the membrane-bound oxidoreductase VKOR, but overexpression of MdbA 

in a vkor mutant can compensate the loss of VKOR [55]. Here, we examined if ectopic 

expression of MdbA in the absence of UbiE or Nuo subunits would rescue the pilus 

assembly defects by introducing a recombinant plasmid that constitutively expresses 

MdbA into the ubiE and nuoA mutants. The resulting strains, along with the mutants, 

were examined for their ability to assemble pili by IEM with α -FimA. Compared to the 

parental MG1 strain, the ubiE mutant produced significantly less FimA (compare 

Figure 3.6C and Figure 3.8A), whereas overexpression of MdbA in this mutant 

resulted in abundant production of FimA pili (Figure 3.8B). While the assembly defect 

of FimA in the nuoA mutant was not as severe as that of the ubiE mutant, MdbA 

overexpression in this nuoA mutant also increased pilus production (Figure 3.8C & D 

and Figure 3.7). These results suggest that MdbA was not sufficiently reoxidized by 

VKOR in the absence of UbiE or NuoA. 
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Figure 3.8. Requirement of NuoA and UbiE in oxidation of the thiol-disulfide 

oxidoreductase MdbA. (A-D) Cells of indicated A. oris strains were subjected to 

immunogold-labeling with α-FimA as described in Figure 3.6; scale bars of 0.5 µm. 

(E) Whole cell lysates of A. oris strains were prepared by mechanical disruption and 

treated (+) or not treated (-) with Mal-PEG. Protein samples were immunoblotted with 

antibodies against the thiol-disulfide oxidoreductase MdbA (α-MdbA). A reduced form 

of MdbA is shown by an asterisk, whereas the MdbA species labeled by Mal-PEG at 

C169 are indicated by a black arrowhead.   
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 To confirm this, we examined the oxidation status of MdbA by alkylation with 

methoxypolyethylene glycol-maleimide (Mal-PEG) as previously reported [55, 56]. In 

this assay, protein samples acid-trapped by TCA precipitation from cell lysates of the 

MG1, ΔubiE, and ΔnuoA strains were treated with 10 mM Mal-PEG or mock-treated 

prior to immunoblotting with antibodies against MdbA (α-MdbA). As the wild-type 

MG1 strain contains MdbA with the catalytic CXXC motif, C139/142, and a non-

catalytic cysteine residue C169 [55], Mal-PEG treatment caused an up-shift in MdbA 

mobility that was due to Mal-PEG modification of the free sulfhydryl group of C169 as 

previously reported [55] (Figure 3.8E; lanes WT, black arrow). Significantly, Mal-PEG 

treatment of the ΔubiE, and ΔnuoA mutants resulted in a higher up-shift as compared 

to the MG1 strain in the same condition, consistent with Mal-PEG modification of 

additional reduced sulfhydryl groups at the active site of MdbA (Figure 3.8E; the last 

4 lanes, asterisks). These results support the conclusion that the catalytic cysteine 

residues C139/142 in the CXXC motif are in a reduced form when ubiE and nuoA are 

genetically disrupted, very much like the phenotype of MdbA when VKOR is absent 

[55].  

3.2.5. Exogenous menaquinone rescues the pilus assembly and cell growth 

defects of the ubiE mutant 

In the majority of Gram-positive bacteria, menaquinone plays a central role in 

the ETC, functioning as a conduit to receive electrons from electron donors, e.g. 

NADH dehydrogenase, and transfer them to an electron acceptor, e.g. cytochrome c 

reductase [138, 139]. As UbiE catalyzes the conversion of dimethyl-menaquinone to 

menaquinone [136, 140], the lack of ubiE potentially reduces the quinone pool in the 
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mutant cells, leading to the pleiotropic effects discussed above. To examine this, we 

monitored the growth rates of A. oris strains grown in HIB by optical density (OD600) 

over time. Indeed, the ubiE mutant displayed a growth defect as compared to the 

parental strain, and complementing this strain with the pUbiE plasmid rescued this 

growth defect (Figure 3.9A). Importantly, addition of 0.1 mM menaquinone-4 (MK-4) 

to the culture medium increased the growth rate to a level comparable to the 

complementing strain after 16 h of growth (Fig 3.9A; black and grey triangles). 

 To further confirm this phenotype, we adapted a streaking assay with 

menaquinone [141], whereby the parent MG1 strain and its ubiE isogenic mutant 

were streaked as a broad band on heart infusion agar plate, and a 3-µl drop of 50 

mM MK-4 was placed on the border of the streak. Cell growth at 37oC was recorded 

after 48 h. As shown in Figure 3.9B, the MG1 strain exhibited abundant growth inside 

and outside of the MK-4 diffusing zone (dashed lines), whereas the ubiE mutant cells 

inside the MK-4 diffusing zone grew significantly better than those found outside. 

 Finally, to determine whether menaquinone can also rescue pilus assembly 

defects, we collected the ubiE mutant cells grown in the presence or absence of MK-

4 for IEM using α-CafA. Indeed, the mutant cells grown in the presence of MK-4 

produced abundant CafA signal at the level comparable to the MG1 and the 

complementing strains (Figure 3.9C-6F). Altogether, the results support that the 

defects of the ΔubiE mutant in pilus assembly, cell growth, and MdbA reoxidation are 

mainly due to the reduced level of endogenous menaquinone. 
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Figure 3.9. Exogenous menaquinone rescues the growth and pilus assembly 

defects of the ΔubiE mutant. (A) Growth of the wild-type strain (black circle), ΔubiE 

(grey square), ΔubiE/pUbiE (grey inverted triangle), and ΔubiE in the presence of 

0.1mM of MK-4 (triangle) was measured by optical density (OD600). The results are 

representative of three independent experiments performed in duplicate. *** 
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represents P ≤ 0.0001 determined by the paired, two-tailed t test with GraphPad 

Prism. (B) A. oris strains were streaked as a broad band on HIA plates. A 3-µl drop 

of 50 mM menaquinone-4 (MK-4) was placed on the border of the streaks and growth 

the strains at 37oC was recorded after 48 h. Areas of MK-4 diffusion are marked with 

dashed lines. (C-F) A. oris cells of WT, ΔubiE, ΔubiE/pUbiE, and ΔubiE grown in the 

presence of 0.1 mM MK-4 were subjected to immunogold-labeling with α-CafA as 

described in Figure 3.6. Scale bars indicate 0.5 µm. 
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3.3. DISCUSSION 

Because pilus assembly and bacterial coaggregation are mutually inclusive in 

A. oris, this inherent property was used in our Tn5 transposon screen intended to 

identify factors involved in pilus assembly. This screen revealed numerous mutants 

that display varying defects in Actinomyces coaggregation with S. oralis. As expected, 

roughly one-third of the coaggregation-defective mutants were mapped to genes 

encoding the major pilus shaft FimA, the coaggregation factor CafA, and the pilus 

sortase machine SrtC2 (Figure 3.2). Mapping of the remainder surprisingly uncovered 

the association of coaggregation with the NADH dehydrogenase (complex I) (Table 

3.1), whose genes are adjacent to the ubiquinone/menaquinone biosynthesis gene 

locus. By genetically and biochemically characterizing two representative in-frame, 

nonpolar mutants ΔnuoA and ΔubiE, we have established that the two ETC 

components, the NADH dehydrogenase and menaquinone, are linked to pilus 

assembly via reoxidation of the major disulfide bond-forming machine MdbA, which 

is essential for oxidative folding of pilus proteins in A. oris [55, 132]. 

 By electron microscopy, both ΔnuoA and ΔubiE are shown to be defective in 

pilus assembly, although the latter displays the most striking defects (Figures 3.3 and 

3.6). Since overexpression of MdbA in the ΔubiE mutant rescues its pilus defects 

(Figure 3.8), we argued that in the absence of UbiE the disulfide bond-forming 

machine MdbA is not fully reoxidized, given that reoxidation of MdbA is required for 

its activity and oxidative folding of A. oris pilus proteins [55]. Indeed, by alkylation with 

Mal-PEG we detected a reduced form of MdbA, although oxidized MdbA was also 

observed (Figure 3.8E). The latter might be due to inefficient alkylation by Mal-PEG 
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and/or spontaneous oxidation of MdbA during the sampling process. Since 

menaquinone, 2-methyl-3-polyprenyl-1,4-naphthoquinone, is the main quinone 

utilized in the ETC of Gram-positive actinobacteria [142], the lack of UbiE certainly 

reduces the menaquinone pool in the cells as previously demonstrated in the E. coli 

ubiE mutant [136]. In fact, by adding MK-4, a menaquinone with 4 isoprene units, to 

the ΔubiE cell cultures, we were able to rescue not only the cell growth deficiency but 

also the pilus assembly defect of the ΔubiE mutant (Figure 3.9). The results strongly 

support that menaquinone is the major quinone source capable of reoxidizing the 

disulfide bond machine MdbA/VKOR in A. oris. 

 In E. coli, DsbA is the primary disulfide bond-forming catalyst, which catalyzes 

disulfide bond formation of nascent polypeptides transported to the periplasm by the 

Sec apparatus [34, 36, 143]. DsbA becomes reduced after catalysis, and reoxidation 

of DsbA requires DsbB [32, 39]. Our results presented here are in line with previous 

studies in E. coli that demonstrate the participation of the respiratory ETC in 

reoxidation of the DsbA/DsbB system [40, 43]. Kobayashi and colleagues showed 

that E. coli mutants lacking hemA – coding for glutamyl-tRNA reductase involved in 

protoheme and siroheme biosynthesis – or ubiA-menA, which encode products 

involved in menaquinone biosynthesis, are defective in reoxidation of DsbA when 

cells are grown in conditions deficient in protoheme or ubiquinone/menaquinone, 

respectively [43]. By reconstituting the E. coli disulfide bond-forming machine 

DsbA/DsbB with purified components, Bader and colleagues demonstrated that 

under anaerobic conditions menaquinone serves as an electron acceptor during 

DsbA/DsbB reoxidation; under aerobic growth ubiquinone acts as electron acceptor 
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that reoxidizes DsbB, which in turn reoxidizes DsbA [40]. It is interesting to note that 

structural studies of a VKOR homolog of Synechococcus sp. reveal the protein is 

complexed with ubiquinone [144]. Thus, it is plausible that a similar mechanism of 

MdbA/VKOR reoxidation occurs in A. oris, with menaquinone presumably acting as 

an electron acceptor for VKOR during this process; how menaquinone 

mechanistically reoxidizes MdbA/VKOR remains to be investigated in future studies. 

 Of note, the effect of the NADH dehydrogenase in MdbA/VKOR reoxidation, 

which has not been reported before with regard to DsbA/DsbB reoxidation, is 

somewhat puzzling. In many eukaryotic and prokaryotic systems, Complex I (NADH 

quinone:dehydrogenase) serves as an entry point for electrons to enter the 

respiratory chain, transferring 2 electrons from NADH to ubiquinone [145]. In E. coli, 

the NuoB, NuoD, NuoH, and NuoM subunits form a ubiquinone binding pocket [146]. 

Thus, it is possible that genetic disruption of the Nuo subunits in A. oris might disturb 

electron transfer and/or the quinone pool in the cells. However, the effects seen in 

the nuo deletion mutants in pilus assembly are not striking as those observed in the 

ubiE mutant, although their defects in coaggregation are obvious (Figure 3.3). Thus, 

it is possible that genetic disruption of the Nuo subunits potentially causes pleotropic 

effects. It is likely that many other dehydrogenases, such as the malate and succinate 

[147], may compensate the loss of the NADH dehydrogenase.  

 While the association of the NADH dehydrogenase and menaquinone in pilus 

assembly is clear, the role of other factors identified from the aforementioned 

coaggregation-defective screen with Tn5 mutagenesis is not obvious as many of 

these factors are hypothetical proteins (Table 3.1). Except for ANA_0218 and 
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ANA_0143, which are predicted to be a Zn2+/Mn2+ transport system substrate-

binding protein and β-D-glucoside glucohydrolase, respectively, the coaggregation 

defects of the remainder is not glaring. Given the nature of the two proteins mentioned 

above, it is more likely they may participate in receptor-related binding rather in pilus 

assembly. Finally, it is noteworthy that the Tn5 screen in this study is not saturated, 

which may explain why an ubiE mutant was not detected in this screen. Future Tn5 

screens with multi-fold coverage designed to directly target pilus assembly will be 

necessary to reveal any additional novel pilus factors. 
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CHAPTER 4. Regulation of an Alternate Thiol-Disulfide Oxidoreductase in 

Corynebacterium diphtheriae 

Note: This chapter is derived from work performed by Belkys Sánchez. The X-ray 

crystallography study and discussion of TsdA C129S is the work of Jerzy Osipiuk and 

Andrzej Joachimiak and was used with permission. The bacterial clone expressing 

recombinant TsdA C129S protein was created and supplied by Belkys Sánchez.  
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4.1. INTRODUCTION 

Bacteria often express proteins that are structurally and functionally similar but 

play different roles. For instance, bacteria and archaea encode variations of thiol-

disulfide oxidoreductase enzymes that catalyze disulfide bond formation and 

isomerization in broad or specific substrates that are important for survival in specific 

environmental niches [68]. Interestingly, even though these enzymes have distinct 

dedicated functions, they can sometimes replace each other in catalyzing folding of 

particular substrates [68, 148]. 

Bacterial pathogens like Corynebacterium diphtheriae are exposed to many 

environmental stresses, including those mediated by host immune defense 

mechanisms during infection. Iron is an essential nutrient for C. diphtheriae growth 

[149], but nutritional immunity exerted by mammalian hosts limits the availability of 

iron to pathogens [77]. Consequently, iron regulates gene expression and virulence 

in C. diphtheriae [149]. Interestingly, thiol-disulfide oxidoreductase enzymes 

expression can also be regulated by iron availability and induced under nutrient 

starvation conditions, which are commonly encountered within the host [75, 76].  

Another immune defense mechanism is the production of oxygen-derived toxic 

compounds like hydrogen peroxide (H2O2) by phagocytic cells to kill engulfed 

pathogens [150]. C. diphtheriae has been reported to survive in the acidic and 

oxidizing harsh environment inside macrophages [151, 152]. This type of 

environmental condition disrupts proper protein folding. Interestingly, some 

oxidoreductase enzymes have a role in resistance to oxidative stress exerted by 

copper and are important for intramacrophage survival [64, 76, 153] 
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Important bacterial pathogens encode multiple homologs of disulfide bond forming 

enzymes which contribute to their pathogenicity [28, 154-156]. In C. diphtheriae, the 

main thiol-disulfide oxidoreductase MdbA is required for proper cell division and 

virulence in a model of diphtheritic toxemia [56]. Additionally, an alternate disulfide 

bond forming enzyme was identified in a ΔmdbA suppressor mutant screen that 

selected for three clones (S1, S2, S3) that grew at the non-permissive temperature 

similar to the wild-type strain [114].  

The C. diphtheriae ΔmdbA suppressor mutants harbor a single T-to-G 

nucleotide substitution within the predicted -10 box of the promoter of a putative thiol-

disulfide oxidoreductase, named TsdA (Temperature-sensitive disulfide bond forming 

protein A). This mutation caused significant overexpression of TsdA that restored 

disulfide bond formation [114]. However, the mechanism by which this DNA change 

alters expression of tsdA has not been investigated.  

TsdA harbors thiol-disulfide oxidoreductase conserved features, and has been 

reported to have isomerase/reductase activity in vitro [157]. Disulfide isomerase 

enzymes cannot introduce de novo disulfide bonds into proteins [158]. 

Overexpression of TsdA in the ΔmdbA strain restores disulfide bond formation in the 

shaft pilin subunit SpaA, which contains one disulfide bond [56, 159]. This argues 

against the isomerase activity that has been reported for TsdA. 

Although overexpression of TsdA rescues the mdbA phenotype, tsdA 

deletion does not cause an apparent defect in disulfide bond formation [114]. Since 

a mutant lacking tsdA does not present evident phenotypic changes under standard 

laboratory growth conditions, we hypothesize that TsdA has a role in resistance to 
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environmental stress. In this chapter we describe in detail the promoter region of tsdA 

and investigate the regulation and role of the alternate thiol-disulfide oxidoreductase 

TsdA under stress conditions.  

 

4.2. RESULTS 

4.2.1. The ΔmdbA compensatory mutation creates a sigma factor A extended 

promoter 

The T-to-G nucleotide substitution identified in all ΔmdbA compensatory 

mutants was predicted to be within the tsdA promoter region. To further characterize 

the effects of this change in the ΔmdbA compensatory mutants, we precisely 

identified the transcriptional start site (TSS) of tsdA by Rapid Amplification of cDNA 

Ends (5’ RACE). Whole-cell RNA samples from wild-type and ΔmdbA compensatory 

mutant S1 were used in reverse transcription reactions to amplify cDNA between a 

defined internal site within the tsdA mRNA and unknown sequences at the 5'-end. 

The resulting cDNA was used as template to generate RACE PCR products, which 

were subjected to Sanger sequencing to identify the tsdA transcriptional start site. 

Both wild-type and S1 strains showed the same tsdA transcriptional start site (Figure 

4.1-A). Based on the identified tsdA transcriptional start site, the upstream DNA 

region was analyzed for conserved promoter motifs, and the promoter structure 

shown in Figure 4.1 is proposed. This configuration is consistent with a -10 core 

hexamer recognized by the housekeeping sigma factor σA, directing initiation of tsdA 

transcription at the adenine identified by the 5’ RACE experiment (Figure 4.1-A). 

Analysis of -10 and -35 promoter elements suggests low conservation to sigma factor 
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σA consensus motifs (Fig. 4.1-B), which explains low expression of tsdA in the wild-

type strain [114]. The distance between the transcriptional start site and -10 motif was 

6bp, and the distance between -35 and the -10 motifs was 16bp, while spacing for 

canonical σA-type promoters in C. diphtheriae is 6-9bp and 16-20bp respectively [115, 

160, 161]. In agreement with the 5’ RACE data and findings from Wittchen, et al. 

[115], promoter activity of this DNA region was confirmed by a transcriptional reporter 

experiment as will be discussed in section 4.2.4 (Figure 4.5).  

The T-to-G substitution identified in the tsdA promoter region creates an 

extended sigma factor σA promoter (Figure 4.1-B), which is characterized by a TG 

dinucleotide at position -15, -14 that lowers the thermal energy required to form an 

open RNA polymerase initiation complex [115, 160, 162, 163]. This results in 

increased basal strength of the promoter and increased levels of transcription. In 

agreement, the tsdA T-to-G mutant promoter activity was significantly higher 

compared to the wild-type tsdA promoter as discussed in section 4.2.4 (Figure 4.5). 

Altogether, the data demonstrate that the T-to-G nucleotide substitution at position -

14 of the tsdA promoter region creates an extended sigma factor σA promoter that 

results in increased promoter activity and overexpression of this gene. 

 

4.2.2. Characterization of an alternate thiol-disulfide oxidoreductase in C. 

diphtheriae by X-ray crystallization  

Overexpression of TsdA rescues the disulfide bond forming defect in C. 

diphtheriae cells lacking the main thiol-disulfide oxidoreductase MdbA; this suggested 

that TsdA has disulfide bond forming capabilities. To further characterize this putative  
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Figure 4.1. ΔmdbA suppressor mutation results in extended sigma factor σA 

promoter motif. (A) Determination of tsdA transcriptional start site by 5’ RACE using 

Wild-type and ΔmdbA-S1 strains mRNA. DNA chromatograms from the sequencing 

reactions of 5’ RACE PCR products are shown. The homopolymeric tail added to the 

3’ end of the cDNA used for the PCR reactions are shown. The nucleotides 

complementary to the 5’ ends of mRNA are shown and the direction of the 
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transcription is indicated by arrows. (B) Genetic environment of tsdA. Transcriptional 

start site identified by 5’ RACE (arrow) and upstream promoter motifs are depicted. 

The T-to-G substitution identified in ΔmdbA suppressor mutants is shown. (B) 

Alignment of tsdA and sigma factors σA and σH-dependent promoter consensus 

sequences from C. diphtheriae [115], C. glutamicum [160] and M. tuberculosis [164] 

are shown. Nucleotides conserved in consensus sequences are in bold, extended 

promoter nucleotides are in pink and transcriptional start site in green. Y = C or T; 

K=G or T. Core hexamers are underlined. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



75 

 

thiol-disulfide oxidoreductase, the C. diphtheriae C129S TsdA protein X-ray crystal 

structure was refined to 1.14 Å resolution with R-work and R-free factors equal to 

11.4 and 13.3 %, respectively. The structure is a single continuous amino-acid chain 

covering 37-282 residues of the protein. Despite using the full-length 289-residue 

protein for crystallization, 36 N-terminal and 7 C-terminal residues are not visible in 

the structure, most likely due to flexibility of these fragments. The overall structure 

(Figure 4.2-A) represents a typical DsbA/MdbA protein family fold [57, 165] which 

incorporates a thioredoxin-like domain and an α-helical domain. The thioredoxin-like 

domain (residues 54-160 and 230-282) consists of a 5-strand β-sheet in an order of 

β1↑- β3↓- β2↓- β4↑- β5↓ and 6 flanking helices (one 310-helix, ƞ1, and 5 α-helices, α2-

4 and α9-10). The conserved catalytic CPFC motif, residues 126-129, forms the 

active site together with a conserved cis-Pro loop (residues T248 and P249) (Figure 

4.2-B). The MdbA α-helical domain is comprised of 4 α-helices. The N-terminal end 

of the protein (residues 37-53 of the structure) is nearly unstructured with a short α1 

helix. This fragment is visible due to stabilization by two neighbor protein molecules 

in crystals. 

The C129S TsdA structure very closely resembles the wild-type protein 

structure obtained by our group (not shown) from the same crystallization conditions. 

Ser129 mimics exactly the catalytic Cys129 conformation in the wild-type structure 

(Figure 4.2-B). The rest of the protein is principally the same in both structures with 

RMSD (root-mean-square deviation of superimposed atoms in Å) equal to 0.181 Å 

for 237 aligned residues. Also, the wild-type TsdA structure deposited into PDB by 

Um et al. (PDB entry: 4PWO) does not differ remarkably from our structures [157]. 
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Figure 4.2. TsdA is an alternate disulfide bond-forming enzyme in C. 

diphtheriae. (A) Overall structure of the C. diphtheriae TsdA generated using Pymol. 

Rainbow colors from blue to red indicate the positions of N-terminal and C-terminal 

residues. Alpha-helical domains are shown in gray. (B) Structure superposition of 

active centers of C. diphtheriae TsdA structures of the C129S mutant (orange and 

green) and wild-type proteins (grey).  The wild-type structure was shifted after 

superposition for better picture clarity. (C-F) Structure alignments of C. diphtheriae 

C129S TsdA (shown in green) with wild-type TsdA (C, PDB: 4PWO), B. subtilis BdbD 

(D, PBD: 3EU3), A. oris MdbA (E, PDB: 4Z7X) and C. diphtheriae MdbA (F, PDB: 

5C00). Crystallization and structural determination of TsdA C129S were performed 

by Jerzy Osipiuk and Andrzej Joachimiak and used with permission.  
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The active site configuration is exactly the same as the one in our wild-type protein 

structure. The main difference between the structures is the N-terminus positioning 

of the TsdA C129S variant which is moved farther away from the wild type protein 

main body by 2-4 Å (Figure 4.2C). There are also slight changes in conformation of 

66-77 and 245-247 loops. Those differences are unlikely to have any biological 

impact and probably result from slightly different crystallization conditions and crystal 

packing. RMSD for the C129S TsdA and the 4PWO.pdb structures is equal to 0.760 

Å for 234 aligned residues.  

The TsdA structure evidently has features characteristic of DsbA family protein 

(Figure 4.2). According to DALI server [166], the closest TsdA structural homolog is 

BdbD protein from Bacillus subtilis, described as an oxidoreductase containing a 

novel metal site [167] (PDB entry: 3EU3). The BdbD calcium binding site is not 

present in TsdA. The major difference between structures is the N-terminal part of 

the enzymes, which is significantly shorter in the case of BdbD (Figure 4.2-D). The 

alignment of those structures has Z score and RMSD equal to 20.8 and 2.0, 

respectively, for 186 equivalent residues.  The next closest structural homologs are 

Silicibacter pomeroyi DSS-3 protein (3GYK PDB entry) and Salmonella enterica 

serovar Typhimurium ScsC protein [168] (4GXZ PDB entry) having Z scores equal to 

19.2 and 18.3, and RMSD – 2.3 and 2.1, respectively.     

 

4.2.3. Investigation of the regulation of tsdA expression 

Even though TsdA is overexpressed in the mdbA compensatory mutants, its 

expression in the wild-type strain under standard laboratory growth conditions is very 
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low [114]. In order to identify transcriptional regulators of tsdA, we utilized a 

bioinformatic approach to identify DNA motifs involved in regulation of tsdA 

expression. We scanned the region upstream of the tsdA transcriptional start site for 

motifs with homology to known transcriptional regulator binding sites. One motif with 

32% identity to the consensus binding motif of the iron-dependent repressor DtxR 

(Diphtheria toxin repressor) [169] was identified (Figure 4.3-A). The DtxR binding site 

identified is localized upstream of the -10 core hexamer of the tsdA promoter.  

Interestingly, the T-to-G nucleotide change identified in the mdbA compensatory 

mutants occurred in proximity to the predicted DtxR binding motif. 

Acquisition of iron by bacterial pathogens is an important virulence trait due to the low 

iron availability within mammalian hosts [77]. DtxR controls iron uptake, diphtheria 

toxin production and virulence in C. diphtheriae [170-172]. To test regulation of tsdA 

by DtxR, we determined tsdA expression in a dtxR mutant strain by qRT-PCR and 

Western blotting using specific -TsdA antibodies (Figure 4.3-B & C). We found no 

evidence of DtxR-dependent regulation of tsdA by these methods. As a 

complementary approach, we tested if tsdA expression is induced in low iron 

concentrations. To achieve this, C. diphtheriae cell cultures were depleted of iron by 

treatment for 2 hours with the iron chelator ethylenediamine-di-(o-

hydroxyphenylacetic) acid (EDDA). Diphtheria toxin isolated from the culture medium 

by centrifugation was used as a positive control for iron-dependent protein 

expression. Bacterial cells and culture medium were subjected to Western blotting 

using α-TsdA and α-Diphtheria toxin, respectively. Depletion of iron did not affect 

TsdA protein expression, in contrast to the positive control diphtheria toxin that  
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Figure 4.3. The iron-dependent regulator DtxR is not involved in tsdA 

transcriptional regulation. (A) Alignment of the predicted regulatory sequences of 

tsdA and tox (encoding Diphtheria toxin), and consensus DtxR binding sequence by 

Kunkle and Schmitt, 2003. Red represents conserved nucleotides. TheT-to-G 

substitution from a ΔmdbA suppressor mutant is shown. (B) Equal amounts of protein 

samples obtained from membrane fractions and culture medium of C. diphtheriae 

strains were subjected to immunoblotting with α-TsdA and α-Diphtheria toxin (DT). 

Coomassie blue staining of protein samples was used as loading control. (C) 

Expression of tsdA was determined by qRT-PCR. Average values of two experiments 

performed in triplicate are shown. 
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showed significantly higher levels of expression in cultures from cells lacking DtxR 

and containing low iron (Figure 4.3 & 4.4). Altogether, our data agree with the RNA 

sequencing studies by Wittchen, et al. [115] suggesting DtxR is not involved in tsdA 

transcriptional regulation. 

 

4.2.4. Expression of tsdA is induced under heat stress  

The physiological role of TsdA in vivo has not been elucidated. Because 

deletion of tsdA does not cause an apparent defect in disulfide bond formation under 

normal laboratory growth conditions [114], we hypothesized that TsdA has a role in 

resistance to stress conditions encountered within the host. To identify stress 

conditions that regulate expression of tsdA, we measured transcription of tsdA using 

a transcriptional reporter vector. Promoter-gfp transcriptional reporter vectors were 

generated by cloning tsdA wild-type promoter or T-to-G mutant promoter DNA 

immediately upstream of a promoter-less gfp reporter gene. To assay promoter 

activity, transcriptional fusion vectors were electroporated into C. diphtheriae ΔtsdA, 

and cells were exposed to various stress conditions. Promoter activity was 

determined by detecting GFP fluorescence using microscopy and microplate 

monitoring. As expected, strains expressing GFP from the T-to-G mutant tsdA 

promoter showed significantly increased levels of GFP fluorescence in contrast to 

strains expressing GFP from the wild-type tsdA promoter (Figure 4.5-A & B). No 

difference in GFP expression compared to untreated samples was observed when 

cells expressing GFP from the wild-type tsdA promoter were exposed to hemoglobin, 

hemin, manganese or H2O2. Additionally, a plate sensitivity assay did not show a 
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Figure 4.4. TsdA protein levels are not affected by iron depletion. (A) Equal 

amounts of protein samples obtained from membrane fractions and culture medium 

of C. diphtheriae strains were subjected to immunoblotting with α-TsdA and α-

diphtheria toxin (DT). WT-Fe indicates protein samples from wild-type bacterial 

cultures depleted of iron by treatment for 2 hours with the iron chelator EDDA. A 

nonspecific band at approximately 50 kDa was used as a loading control (*). 
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Figure 4.5. tsdA transcription is induced under heat stress. Activity of the tsdA 

promoter was determined using a PtsdA-sfGFP transcriptional reporter by 

fluorescence microscopy (A) and measuring relative fluorescence using a microplate 

reader (B). Error bars represent standard deviations from biological triplicates. (C) 

Expression of tsdA was determined by qRT-PCR. Average values of two experiments 

performed in triplicate are shown. Heat+ bacterial cultures were exposed to 40°C for 

30 minutes. Scale bar indicates 5m. **p<0.005 and ***p<0.0001 determined by 

unpaired two-tailed t test using GraphPad Prism. 
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difference in sensitivity to oxidative stress caused by iron, copper, manganese, DTT 

or H2O2 between tsdA and the wild-type strain (data not shown). 

Strikingly, increased tsdA promoter activity, indicated by significantly higher 

GFP fluorescence detected by microscopy and microplate monitoring (Figure 4.5-A 

& B), was observed when cells were exposed to heat stress (40C) for 30 minutes. 

Consistent with these results, quantitative RT-PCR studies demonstrated that tsdA 

expression was induced nearly 8-fold after heat stress (Figure 4.5-C). These data 

strongly suggest that tsdA expression is regulated under heat stress, and that TsdA 

could be important for resistance of C. diphtheriae to heat shock. 

 

4.2.5. The sigma factor σH is involved in tsdA transcriptional regulation 

We next sought to identify transcription factors that mediate induction of tsdA 

under heat stress. Our bioinformatic analysis of the tsdA promoter region showed a 

putative alternative sigma factor H binding sequence (Figure 4.1-B) [164]. 

Alternative sigma factors regulate gene expression, mainly when cells 

encounter extra or intracellular stress [173]. In particular, sigma factor H is  

responsible for regulating expression of genes that are involved in survival when 

exposed to heat stress [160]. To characterize the potential role of sigma factor H in 

tsdA expression, we created a non-polar in-frame deletion mutant of sigma factor H 

in C. diphtheriae. Quantitative RT-PCR showed that cells lacking sigma factor H had 

increased expression of tsdA compared to the wild-type strain. Interestingly, this 

phenotype was not rescued in a sigH strain expressing sigma factor H from a 

plasmid (Figure 4.6). Overexpression of sigH from a multicopy plasmid caused slow  
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Figure 4.6. tsdA expression is induced in cells lacking the alternative sigma 

factor σH. Transcription of tsdA was determined by qRT-PCR. Average values of two 

experiments performed in triplicate are shown. ***p<0.0001 determined by unpaired 

two-tailed t test using GraphPad Prism. 
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bacterial growth (not shown), indicating that H protein stoichiometry is important for 

its function. These data suggest that sigma factor H is involved in regulation of tsdA 

expression, however further studies are necessary to elucidate its precise role in this 

process.  

 

4.3. DISCUSSION 

Bacterial gene expression is a tightly regulated process that is essential for 

cell adaptation to changing environments. This is especially critical for control of 

genes required by bacteria to cause infection. Gene expression can be regulated at 

the transcriptional, post-transcriptional or post-translational levels. Transcription is 

the first step in the gene expression process, and is controlled by binding of 

transcription factors to DNA regulatory regions, which can induce or block its initiation 

[174].  

Here we report insights into the transcriptional regulation of a novel thiol-

disulfide oxidoreductase named TsdA. The tsdA gene was identified in a screen for 

compensatory mutants lacking the MdbA disulfide bond forming machinery. Our X-

ray crystallography analysis demonstrated that this gene codes for an alternate thiol-

disulfide oxidoreductase named TsdA, which is structurally homologous to the main 

C. diphtheriae thiol-disulfide oxidoreductase MdbA but seems to have divergent 

functions. 

Our group has previously demonstrated that wild-type C. diphtheriae 

expresses tsdA at very low levels; however, mdbA compensatory mutants 

overexpress this gene. We investigated the remarkable effects of the single T-to-G 
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compensatory mutation resulting in an increase in tsdA transcription of over 30-fold. 

To initiate this analysis, we performed rapid amplification of cDNA ends and identified 

the precise transcriptional start site of tsdA. By scanning for conserved motifs 

upstream of the transcriptional start site, we determined the promoter region of this 

gene (Figure 4.1-B). Bacterial promoter regions are constituted by distinct motifs, 

including the -35 element, the -10 element, and the discriminator region, which are 

recognized by sigma factors to initiate transcription, and the UP element recognized 

by the -subunits of the RNA polymerase. The sequences of these motifs determine 

the activity of a specific promoter [175]. The tsdA promoter has a weakly conserved 

sigma factor A binding sequence (Figure 4.1-B). Sigma factor A recruits RNA 

polymerase to housekeeping genes expressed during bacterial exponential growth 

phase [173]. A weakly conserved sigma factor A promoter is expected to have low 

basal levels of expression, as promoters closely resembling consensus recognition 

sequences often have higher activities [175]. This is consistent with our 

transcriptional reporter analysis showing very low GFP reporter fluorescence when 

cells are grown to mid-exponential phase using standard laboratory growth conditions 

(Figure 4.5-A & B). 

The T-to-G compensatory mutation occurred at position -14 of the tsdA 

promoter, resulting in a TG dinucleotide at positions -15 and -14. A TG dinucleotide 

at these positions results in an extended sigma A promoter, lowering the thermal 

energy required to form an open RNA polymerase initiation complex [115, 160, 162, 

163]. Extended sigma A elements are common in non-canonical −10 regions, and 

they result in increased basal strength of the promoter and increased transcript levels 
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[161]. Because the wild-type tsdA promoter has low activity (Figure 4.5-A & B), a bias 

for selecting a mutation that enhances tsdA promoter strength confers a biological 

benefit to cells lacking the MdbA disulfide bond-forming machinery. 

Surprisingly, compensatory mutations in genes that could be involved in 

regulation of tsdA expression have not been identified. Therefore, we used a 

bioinformatic approach to identify transcription factors that affect tsdA expression 

regulation. We identified a predicted DtxR binding site in the tsdA promoter region 

(Figure 4.3-A). DtxR is a global iron-dependent regulator which controls expression 

of an extensive number of genes in C. diphtheriae [115, 176]. DtxR has positive and 

negative effects over genes involved in iron homeostasis and virulence [176], 

including the potent diphtheria toxin. Experimental approaches did not provide 

evidence that tsdA expression is regulated by DtxR or iron-limiting conditions (Figure 

4.3-B & C). This is in contrast to the diphtheria toxin positive control (Figure 4.3 & 

4.4). Contrary to our bioinformatic analysis predictions, the experimental data indicate 

that tsdA is not regulated by DtxR.  

Deletion of thiol-disulfide oxidoreductases often results in attenuation of 

bacterial pathogenicity [28]. In Actinobacteria, it also results in growth defects [67]. 

However, a deletion mutant of tsdA did not have any obvious phenotypic changes 

when grown under standard laboratory conditions [114]. To get insights into the 

physiological roles of this enzyme in vivo, we aimed at identifying the specific 

environmental conditions that affect its expression. Using our transcriptional reporter 

construct, we tested activity of tsdA promoter upon exposure to stress conditions. 

Conditions in which oxidoreductases are required for resistance to stress [52, 64], as 
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well as stress conditions encountered within the host, were tested [76]. We found that 

tsdA promoter activity is significantly increased when cells are exposed to heat stress 

(40°C); this was demonstrated using transcriptional reporter assays and quantitative 

RT-PCR of tsdA. To our knowledge, this is the first report of a thiol-disulfide 

oxidoreductase regulated by heat stress. 

Development of fever is an important survival mechanism that vertebrates 

employ during infection to limit pathogens growth [177]. Elevated temperatures can 

affect virulence phenotypes and increase susceptibility to serum-induced bacterial 

lysis [178, 179]. Disulfide bonds are likely to confer stability to proteins facing high 

temperatures in extremophile bacteria [180, 181]. It is expected that bacterial groups 

secreting high levels of proteins predicted to contain disulfide bonds would be 

negatively affected by heat shock. About 60% of the secretome of Gram-positive 

Actinobacteria like C. diphtheriae are predicted to contain disulfide bonds [49]. The 

expression pattern of TsdA suggests a role for this enzyme in resistance to heat 

stress, which could be encountered by C. diphtheriae during presentation of fever in 

the host.  Increased production of TsdA would be especially important to ensure 

stability and function of disulfide bond-containing substrates like cell division proteins, 

as well as critical virulence factors such as diphtheria toxin and SpaA pilus.  

During our analysis of the tsdA promoter region, we identified a DNA binding 

motif for alternative sigma factor σH (Figure 4.1-B), which regulates gene expression 

of heat shock genes [160]. Since tsdA expression is induced under heat stress, we 

aimed at elucidating if this alternative sigma factor is involved in transcriptional 

regulation of tsdA. To answer this question, we created a deletion mutant of the sigH 
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gene, encoding alternative sigma factor σH, and determined tsdA expression in this 

strain. We observed increased expression of tsdA compared to the wild-type strain in 

cells lacking sigH, indicating that the alternative sigma factor σH is involved in tsdA 

transcriptional regulation. Bacterial sigma factors typically function as positive 

regulators of gene expression. The observation that tsdA expression is increased in 

ΔsigH under non-stress conditions was unexpected and suggests indirect regulation 

of tsdA by sigma factor σH. Sigma factors guide positioning of RNA polymerase at 

promoters and mediate transcription initiation, however the transition from 

transcriptional initiation to elongation can be blocked, so that RNA polymerase activity 

is induced only under specific environmental changes [175, 182]. It is possible that 

deletion of sigH removes blockage of tsdA transcriptional elongation, allowing other 

sigma factors to recognize the tsdA promoter region and mediate tsdA expression. 

Alternatively, sigma factor σH could regulate a repressor of tsdA expression, so that 

in the absence of sigH, this negative regulation is abrogated. Future studies are 

warranted to dissect the specific mechanism of tsdA transcriptional regulation. 
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CHAPTER 5. Oxidative Folding is Required for Stability of Penicillin Binding 

Proteins in Corynebacterium diphtheriae.  
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5.1. INTRODUCTION 

Accurate disulfide bond formation is essential for proper folding, stability, 

resistance to protease degradation, and function of exported proteins [27]. Even 

though disulfide bonds can form spontaneously, this reaction occurs slowly and with 

a high error rate [183]. To overcome this, eukaryotic and prokaryotic cells encode 

specialized machineries that efficiently catalyze disulfide bond formation [27]. The 

oxidative protein folding machinery in the Gram-positive Actinobacterium C. 

diphtheriae is constituted by the thiol-disulfide oxidoreductase MdbA (Monoderm 

disulfide bond-forming) [56]. Corynebacterial MdbA is a transmembrane protein, and 

harbors a thioredoxin-like fold, an extended α-helical domain, and a CxxC motif in its 

active site, which are common features of thiol-disulfide oxidoreductases [56-58]. 

MdbA is required for growth, adhesive pilus assembly, toxin assembly, and 

virulence in C. diphtheriae. This indicates that MdbA has broad substrate specificity 

and constitutes the major disulfide bond-forming machinery in C. diphtheriae [56]. 

Proteomic analysis of Actinobacteria determined that over 60% of their secretome 

contains even numbers of cysteines, suggesting a bias for proteins that contain 

disulfide bonds [49]. Therefore, it is not surprising that deletion of mdbA causes 

pleotropic effects. Unlike Gram-negative bacteria where disulfide bond-forming 

pathways are dispensable for growth [67], absence of MdbA causes a significant 

temperature sensitive growth defect in C. diphtheriae, suggesting that MdbA 

catalyzes folding of growth factors essential for cell division [56]. Similarly, MdbA is 

essential for growth in A. oris and C. matruchotii [52, 55]. 
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The bacterial cell wall is constituted by a peptidoglycan mesh that maintains cell 

shape, and keeps the cell from lysing due to turgor pressures [184, 185]. In 

prokaryotes, penicillin binding proteins (PBPs) are involved in cell elongation and 

division, constituting the essential machine that builds bacterial peptidoglycan (Figure 

5.1) [184, 185]. PBPs are transmembrane proteins that can have transglycosylation 

and/or transpeptidation activity, and are responsible for polymerization and cross-

linking of the glycan chains connected by short peptides that comprise the 

peptidoglycan mesh [186]. A bioinformatics analysis demonstrated that many 

corynebacterial PBPs contain multiple cysteine residues [114]. mdbA deletion in C. 

diphtheriae disrupts the rod shape, causes abnormal nascent peptidoglycan 

distribution, and increases sensitivity to PBP-targeting β-lactam antibiotics [56]. Even 

though single PBPs are not essential for cell viability, as shown in C. glutamicum, 

double deletion of pbp genes encoding PBP1A and PBP1B, as well as PBP1A and 

PBP2A results in chains of smaller, round cells [187].  

In Corynebacteria, insertion of new peptidoglycan into the cell wall occurs at the 

poles and at the midpoint of growing cells [188]. Nascent peptidoglycan synthesis 

and distribution can be analyzed using a fluorescent antibiotic, fluorescent 

vancomycin (Van-Fl), which binds to the D-Ala, D-Ala moiety of unmodified nascent 

peptidoglycan, denoting active cell wall biosynthesis [189]. Staining by Van-FL 

showed absence of nascent peptidoglycan synthesis at the cell poles, and 

mislocalized fluorescence around C. glutamicum pbp mutant cells [187]. These 

phenotypes are strikingly similar to the mdbA mutant [56], and support the hypothesis 

that PBPs are substrates of MdbA. In agreement, round shape morphology has also  
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Figure 5.1. Localization of Penicillin binding proteins in Corynebacterium. 

Depicted are penicillin binding proteins (PBPs) involved in insertion of nascent 

peptidoglycan at the cell poles (PBP1A/1B) and mid-cell (FtsI, PBP2A/2B), resulting 

in cell elongation and septum formation, respectively. Modified from Letek, et al. 2008 

[192]. 
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been observed in E. coli and Bacillus subtillis upon alteration of cell wall biosynthesis 

[190, 191]. Given that the essentiality of the disulfide bond-forming machinery for 

growth in Actinobacteria is not completely understood, an analysis of putative 

substrates of MdbA involved in peptidoglycan biosynthesis will reveal novel aspects 

of the oxidative folding pathways. In this chapter, I demonstrate that in the absence 

of mdbA, stability and function of multiple PBPs is affected. As it has been observed 

with other MdbA substrates, protein levels of PBP1A and PBP1B are significantly 

lower in the mdbA mutant. 

 

5.2. RESULTS 

5.2.1. Analysis of cell division proteins containing multiple cysteine residues 

To initiate our analysis of the essentiality of the disulfide bond forming 

machinery in C. diphtheriae we employed a bioinformatic approach to identify putative 

cell division proteins that could form disulfide bonds in vivo. Since MdbA catalyzes 

oxidative folding of substrates as they are exported outside of the cell, I focused my 

analysis on proteins that contained signal peptides as determined by the SignalP 4.1 

server [193]. I identified a list of Cys-containing putative cell division proteins 

predicted to be involved in both cell division and elongation (Table 5.1). Of 11 

secreted cell division candidates identified, 7 (64%) contained more than 2 cysteine 

residues and 4 (36%) were predicted to form disulfide bonds by Dianna 1.1 and 

Cyscon web servers [194]. 

Noticeably, both class A high molecular weight (HMW) PBPs, PBP1A and 

PBP1B, which present transglycosylase and transpeptidase domains, were predicted  
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Table 5.1. C. diphtheriae cell division proteins predicted to be exported 

Cell division 
protein 

Predicted activity Cys 
Residues 

Predicted 
Disulfide 
bonds 

PBP1A Transpeptidase/Transglycosilase 

Cell elongation 

2 1 

PBP1B Transpeptidase/Transglycosilase 

Cell elongation 

9 4 

PBP2A Transpeptidase/Cell division 2 0 

PBP2B Transpeptidase/Cell division 4 2 

PBP3 (FtsI) Transpeptidase/Cell division 0 0 

D-Ala-D-Ala 
carboxypepidase 

D-Ala-D-Ala carboxypepidase 2 0 

D-Ala-D-Ala 
carboxypeptidase 

D-Ala-D-Ala carboxypepidase 0 0 

FtsK Cell division 12 6 

FtsW Cell division 2 0 

FtsQ Cell division 1 0 

RodA Apical lipid II flipase 

Cell elongation 

1 0 

Sources: C. diphtheriae NCTC13129 genome (See https://www.genome.jp/); 
[114, 187, 192, 200, 201]. Predicted secreted proteins were identified using the 
SignalP 4.1 server. Number of predicted disulfide bonds were determined using 
the Dianna 1.1 and Cyscon web servers. 
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to form at least one disulfide bond. Class A HMW PBPs are proposed to be involved 

in apical peptidoglycan insertion and are required for cell elongation [187]. Of the 

class B HMW PBPs (PBP2A, PBP2B, PBP3) presenting only a transpeptidase 

domain, exclusively PBP2B was predicted to form 2 disulfide bonds. Class B HMW 

PBPs are proposed to be involved in septal peptidoglycan insertion and are required 

for cell division [187]. It is important to note that both class A and class B HMW PBPS 

localize at the poles and midcell in C. glutamicum, with the exception of PBP3 (FtsI) 

which is exclusively found at the septum [195]. FtsK, a complex multi-domain 

component of the divisome [196], presented the highest number of cysteine residues 

and predicted disulfide bonds among identified cell division proteins. FtsK is a DNA 

translocase and is involved in assembly of the cell division apparatus [197, 198]. 

Notably, the FtsK N-terminal domain, which is essential for cell viability in E. coli, is 

localized within the membrane and in the reducing environment of the cytoplasm 

[199]. 

 

5.2.2. PBP1A and PBP1B are not redundant in C. diphtheriae 

In C. glutamicum PBP1B and PBP2B are synthetically lethal and a PBP1A/1B 

double mutant is phenotypically similar to the C. diphtheriae mdbA mutant [56, 187].  

We chose to focus on the class A HMW PBPs, PBP1A and PBP1B for further 

characterizations, as they are also predicted to form the maximum and minimum 

number of disulfide bonds in C. diphtheriae PBPs, respectively (Table 5.1). 

Bioinformatic analysis employing the Dianna 1.1 and Cyscon web servers [194] 

predicts that one disulfide bond is formed in PBP1A and 4 disulfide bonds are formed 
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in PBP1B (Table 5.1 and Figure 5.2A). The primary amino acid sequence and 

structural modeling of both PBP1A and PBP1B reveals that predicted disulfide bonds 

in the transpeptidase domains are conserved and localize near the active site of these 

enzymes (Figure 5.2A-C). To examine the role of these proteins in C. diphtheriae, I 

generated non-polar, in-frame deletions of pbp1a and pbp1b using a previously 

described method [19]. C. diphtheriae mutants lacking pbp1a or pbp1b were unable 

to divide correctly, becoming chained and clumped independently of the growth 

temperature (Figure 5.3). The pbp1A mutant showed abundant cell clumps, but 

partially maintained the rod shape morphology. However, Δpbp1A cells looked wider 

compared to the wild-type strain. These phenotypes suggest a role for PBP1A in 

insertion of peptidoglycan at the mid-cell and septum formation. This is in contrast to 

the proposed role of PBP1A in C. glutamicum cell elongation [187]. The pbp1B mutant 

showed chains and round morphology, which suggested a defect in cell elongation. 

Since nascent peptidoglycan insertion at the cell poles is responsible for cell 

elongation in C. diphtheriae [188], these data suggests that similar to C. glutamicum 

PBP1B [187], C. diphtheriae PBP1B localizes to the cell poles and is involved in 

peptidoglycan insertion at this site. Deletion of multiple PBPs is required to affect cell 

shape and viability in C. glutamicum, E. coli and B. subtillis [187, 202, 203]. Because 

C. diphtheriae cells lacking single PBPs present a strong cell division defect, our 

findings suggest that these proteins have non-redundant functions. Attempts to 

complement the pbp mutants in trans by electroporating a multi-copy plasmid 

expressing wild-type PBP1A and PBP1B into the respective deletion strains failed, 

despite multiple attempts. Nevertheless, the same plasmids successfully replicated  
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Figure 5.2. Class A HMW Penicillin Binding Proteins in C. diphtheriae. (A) The 

C. diphtheriae PBP1A and PBP1B primary amino acid schematic based on BLAST 

search. SP: signal peptide, TM: transmembrane domain, TGase: transglycosilase 

domain, TPase: transpeptidase domain. Predicted disulfide bonds determined by 

Dianna 1.1 and Cyscon servers are shown. Conserved Cys residues adjacent to the 

TPase active site are denoted in red. (B-C) Structural models of the PBP1A (B) and 

PBP1B (C) proteins determined by the Phyre2 server. Red: Cys residues. Pink, 

green/blue and orange: S*TFK, SYN and KTGT signature sequences that contribute 

to the catalytic site of the TPase domain. The conserved Cys residues adjacent to 

the TPase active site are denoted in yellow sticks. 
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Figure 5.3. pbp1A and pbp1B are required for normal cell morphology in C. 

diphtheriae. (A-F) Stationary cultures of C. diphtheriae strains grown at 30°C in HIB 

were diluted into fresh media and incubated at 30°C or 37°C for 5 hours. Cells were 

harvested and immobilized on carbon-coated nickel grids. Samples were stained with 

1% uranyl acetate and analyzed by transmission electron microscopy. Scale bars 

indicate 0.5 µm. 
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in the mdbA mutant (See section 5.2.3). These results suggest that overexpression 

of PBPs from a multi-copy plasmid is lethal to C. diphtheriae. 

 

5.2.3. Overexpression of PBP1A/1B/2B rescues the defects of the mdbA 

mutant 

Studies in B. subtillis and E. coli showed that some PBPs are substrates of 

oxidoreductase enzymes, and disulfide bond formation and breakage is important for 

their function [39, 80, 204]. Deletion of mdbA causes a cell division defect and 

abnormal nascent peptidoglycan distribution in C. diphtheriae [56]. Furthermore, the 

remarkable similarity of the pbp mutant phenotypes (Figure 5.4) to the C. diphtheriae 

mdbA mutant grown at the non-permissive temperature supports the proposal that 

PBPs are substrates of MdbA. To begin to test this hypothesis, recombinant plasmids 

expressing individual or multiple combinations of PBPs predicted to form disulfide 

bonds in vivo (PBP1A, PBP1B and PBP2B) were electroporated into the C. 

diphtheriae mdbA mutant. The cell morphology of the resulting strains was 

examined by transmission electron microscopy. Simultaneous overexpression of all 

PBPs predicted to form disulfide bonds in vivo rescued the cell morphology defect of 

the mdbA mutant grown at the non-permissive temperature (37C). However, 

expression of individual proteins or a combination of PBP1A and PBP1B did not. The 

results suggest that in the absence of mdbA, oxidative folding and function of multiple 

PBPs predicted to form disulfide bonds is disrupted. Additionally, this data is 

consistent with my previous results indicating that PBP1A and PBP1B have non-

redundant functions. 
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Figure 5.4. Ectopic expression of multiple Cys-containing PBPs rescues the 

ΔmdbA temperature-sensitive phenotype. (A-L) Stationary cultures of C. 

diphtheriae strains grown at 30°C in HIB were diluted into fresh media and incubated 

at 30°C or 37°C for 5 hours. Cells were harvested and immobilized on carbon-coated 

nickel grids. Samples were stained with 1% uranyl acetate and analyzed by 

transmission electron microscopy. Scale bars indicate 0.5 µm. 
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5.2.4. The disulfide bond forming machinery is required to maintain basal PBP 

protein levels 

Disulfide bonds are important for proper folding and stability of secreted 

proteins [27]. Unfolded proteins are more sensitive to proteolysis degradation than 

proteins in their native state [205, 206]. Since overexpression of multiple Cys-

containing PBPs rescues the cell division defect of ΔmdbA, I propose that in the 

absence of MdbA, PBPs fail to form native disulfide bonds. This likely leads to PBPs 

misfolding and subsequent degradation by proteases [27]. If disulfide bond formation 

is required for folding and stability of PBPs in vivo, I anticipated that decreased 

quantities of PBPs will be detected in mdbA cells compared to the wild-type strain. 

I employed Western blot analysis of C. diphtheriae protoplasts using affinity-

purified antibodies specific for PBP1A (α-PBP1A) and PBP1B (α-PBP1B), to assess 

stability of PBPs in vivo. pbp1A is predicted to encode a 77.25 kDa transmembrane 

protein. Similarly, pbp1B is predicted to encode a 83.46 kDa transmembrane protein. 

Immunoblotting with α-PBP1A and α-PBP1B antibodies detected bands that migrated 

at the expected molecular masses in the wild-type strain, but that were absent in the 

corresponding deletion mutants (Figure 5.5A and B). PBP1A protein levels in the 

mdbA mutant were comparable to that of the wild-type strain (Figure 5.5A). However, 

a reduction in the PBP1A signal was observed in ΔmdbA cells expressing a 

catalytically inactive MdbA protein, where cysteine 91 within the active site was 

replaced with alanine (pCxxA). Deletion of mdbA caused a significant decrease in 

PBP1B protein levels of cells grown at the permissive temperature (30°C), as 

compared to the wild-type strain (Figure 5.5B). PBP1B protein levels were restored 
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by expression of mdbA in trans (pMdbA). However, expression of the catalytically 

inactive MdbA variant (pCxxA) failed to restore the wild-type phenotype. Furthermore, 

PBP1B protein levels were restored in the ΔmdbA compensatory mutant (ΔmdbA-

S1) that overexpress the thiol-disulfide oxidoreductase TsdA described in chapter 4. 

These data suggest that in absence of active MdbA, oxidative folding of PBPs is 

disrupted and PBP proteins are unstable. This results in a decreased amount of PBPs 

that are successfully folded and embedded in the cell membrane to perform their 

function, which agrees with the cell division defect observed in mdbA mutant cells 

(See Figure 5.4H).  

To ensure that the decreased amount of PBP proteins detected in the mdbA 

mutant was due to the oxidative folding defect of this strain, I determined expression 

of pbp1A and pbp1B by quantitative RT-PCR. Remarkably, the quantitative RT-PCR 

analysis demonstrated that the ΔmdbA strain significantly overexpresses both pbp1A 

and pbp1B compared to the wild-type strain (Figure 5.5C and D). Overexpression of 

these genes did not result in increased levels of PBP1B protein, but could explain the 

wild-type levels of PBP1A protein detected in the mdbA mutant strain. Furthermore, 

expression of pbps in the ΔmdbA compensatory mutant was comparable to the wild-

type strain, confirming that restoration of PBP protein levels is likely due to oxidative 

folding of PBPs by the alternate oxidoreductase TsdA and not the result of increased 

expression of these genes. 
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Figure 5.5. Cells lacking active MdbA present reduced PBP stability. (A-B) Equal 

amounts of protein samples from C. diphtheriae strains were subjected to SDS-

PAGE, followed by immunoblotting with α-PBP1A and α-PBP1B. Molecular mass 

markers (kDa) are indicated. Coomassie blue staining of protein samples was used 

as loading control. A representative image of three experiments is shown. (C-D) 

Expression of pbp1A and pbp1B in C. diphtheriae strains was determined by qRT-

PCR analysis. Average values of two experiments performed in triplicate are shown. 

*p<0.05 determined by unpaired two-tailed t test using GraphPad Prism. ΔmdbA-S1 

indicates ΔmdbA suppressor mutant 1.  
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5.2.5. Growth in synthetic minimal media rescues the mdbA cell division 

defect 

The temperature sensitive phenotype of the mdbA mutant was puzzling. Since 

mdbA is dispensable for growth of C. diphtheriae at 30°C but not at 37°C, it was 

postulated that additional oxidoreductase enzymes compensate for the loss of MdbA 

at low replication rates. In agreement, the ΔmdbA compensatory mutant S1, which 

overexpresses the alternate oxidoreductase TsdA, presented wild-type levels of 

PBP1A and PBP1B (See section 5.2.4). To test this hypothesis, I examined cell 

morphology in low replication rate conditions by growing cells in synthetic minimal 

media. Overnight cultures in rich media (HIB) incubated at 30°C were diluted into 

fresh synthetic minimal media or rich media and incubated at 37°C for 5 hours. 

Bacterial cultures were then processed for transmission electron microscopy 

analysis. Remarkably, the ΔmdbA strain grown in synthetic minimal media at 37°C 

maintained a cell morphology similar to the wild-type strain (Figure 5.6A and D). In 

addition to forming the characteristic clumps and chains, and losing the rod shape 

morphology (See Figure 5.4H); a higher number (29%) of ΔmdbA cells grown in rich 

media died when cultures were incubated at 37°C (Figure 5.6C). This is demonstrated 

by increased staining with uranyl acetate of dead cells (denoted by arrow heads in 

Figure 5.6C). These data suggests that at low replication rates achieved by incubation 

in rich media at 30°C (See figure 5.4B) or in synthetic minimal media at 37°C (Figure 

5.6D), mdbA mutant cells are capable of folding enough disulfide bond-containing cell 

division proteins (for example PBPs) to maintain a cell morphology similar to the wild-

type strain. 
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Figure 5.6. Growth in synthetic minimal media rescues the mdbA cell division 

defect. (A-D) Stationary cultures of C. diphtheriae strains grown at 30°C in rich media 

were diluted into fresh rich or minimal media and then incubated at 37°C for 5 hours. 

Cells were harvested and immobilized on carbon-coated nickel grids. Samples were 

stained with 1% uranyl acetate and analyzed by Transmission electron microscopy. 

Dead cells show increased staining with uranyl acetate and are denoted by red 

arrowheads. The percentage of dead cells per sample is indicated in the upper right 

corner of each representative micrograph. Scale bars indicate 0.5 µm. 
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5.3. DISCUSSION 

The requirement of the disulfide bond forming machinery for growth in 

Actinobacteria has not been previously studied. Results discussed in this chapter 

provide insights into the dependence on disulfide bond formation for cell division. The 

major oxidoreductase MdbA is essential for cell viability in A. oris and C. matruchotii 

[52, 55], but deletion of mdbA results in a temperature-sensitive growth defect in C. 

diphtheriae [56]. This makes C. diphtheriae a more suitable model system to study 

the requirement of the disulfide bond forming machinery for viability. The cell division 

and peptidoglycan distribution defects observed in a ΔmdbA mutant grown at the non-

permissive temperature lead to the logical hypothesis that cell division proteins are 

substrates of MdbA. I employed a bioinformatic approach to identify putative MbdA 

substrates involved in cell division, by evaluating their predicted location within the 

cell, as well as the number of cysteine residues and predicted disulfide bonds. My 

bioinformatic analysis identified PBP1A, PBP1B, PBP2B and FtsK as prospective 

candidates to be MdbA substrates involved in cell division in vivo. By genetically and 

biochemically characterizing two representative putative substrates, PBP1A and 

PBP1B, I have established that these two components of the cell wall biosynthesis 

machinery require the major disulfide bond-forming machine MdbA for stability and 

function. 

In B. subtillis, a sporulation-specific HMW class B PBP contains two conserved 

cysteine residues near the catalytic site of the transpeptidase domain, that are 

important for protein stability and peptidoglycan synthesis during sporulation [82]. 

These cysteine residues form a disulfide bond that is required for redox regulation of 
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PBP enzymatic activity [80, 81, 207]. Similarly, a disulfide bond forms between 

corresponding conserved cysteine residues in the homologous PBPA of M. 

tuberculosis [208, 209]. I have shown that both class A PBPs in C. diphtheriae have 

a conserved predicted disulfide bond close to the active site of the transpeptidase 

domain. The conservation and positioning of these cysteine residues suggest they 

might play a role for transpeptidase enzymatic activity. Even though a role for cell 

elongation has been proposed for PBP1A and PBP1B homologs in C. glutamicum 

[187], my data indicate that PBP functions are not completely conserved between C. 

diphtheriae and C. glutamicum. By electron microscopy, both Δpbp1A and Δpbp1b, 

present strong but divergent cell division defects (Figure 5.3). Divergent cell 

morphology phenotypes observed in Δpbp1A and Δpbp1b could be due to a C-

terminal PASTA (penicillin-binding protein and serine/ threonine kinase associated 

domain) domain that is present in PBP1B but absent in PBP1A (Figure 5.2A). PASTA 

domains are found at the C-terminus of some PBPs and eukaryotic-like protein 

serine/ threonine kinases (PSTKs) in a variety of bacteria [210]. PASTA domains 

have been proposed to have a sensory function and to bind -lactam antibiotics and 

peptidoglycan [211, 212]. Since recognition of peptidoglycan precursors has been 

proposed to determine localization of PASTA kinases involved in cell division [213, 

214], it is possible that the presence of the PASTA domain in PBP1B could 

differentially affect localization and the role of this protein in cell division with respect 

to PBP1A. 

I argued that the cell division defect of the mdbA mutant is due to reduced 

folding and activity of PBPs. Therefore, I tested if overexpression of PBPs could 



111 

 

compensate for the loss of MdbA. I found that simultaneous expression of multiple 

PBPs rescued the morphology defect of the mdbA mutant grown at the non-

permissive temperature (37C). Background oxidation of exported proteins can occur 

in the presence of oxygen [183]. E. coli mutants of the DsbAB machinery can grow 

aerobically, but not anaerobically [36, 63]. This has been attributed in part to 

spontaneous oxidative folding of the cell division protein FtsN when cells grow in 

presence of oxygen [215]. I believe that a similar mechanism of background oxidative 

folding allows viability at 37C of mdbA mutants overexpressing PBPs. Because 

background oxidation of exported proteins is less efficient and more error prone than 

oxidation catalyzed by a dedicated disulfide bond-forming enzyme [183], 

overexpression of PBPs increases the number of PBP molecules that are properly 

folded and functional. 

As unfolded proteins are more susceptible to protease degradation, I detected 

decreased quantities of PBPs in the membranes of cells lacking an active MdbA 

(Figure 5.5A & B). This data agrees with a requirement of disulfide bonds for PBP 

structural integrity and therefore function, and explains the growth defect observed in 

ΔmdbA cells. Interestingly, PBP1A protein levels observed in the mdbA mutant strain 

were not as decreased as PBP1B protein levels. This is probably due to the lower 

number of cysteine residues in this protein (2 vs. 9 in PBP1B), which makes PBP1A 

less susceptible to misfolding in the absence of MdbA, compared to PBP1B. 

Additionally, overexpression of pbp1A was much higher than pbp1B in the mdbA 

mutant strain, which likely contributes to a higher number of PBP1A molecules that 

are correctly folded in this strain (Figure 5.5C and D). In agreement, the mdbA mutant 
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strain expressing a catalytically inactive MdbA (pCxxA), which did not overexpress 

pbp1A, presented lower levels of PBP1A protein (Figure 5.5A). Overexpression of 

pbps in the mdbA mutant is potentially a compensatory mechanism that C. 

diphtheriae employs to ensure that more PBP molecules are correctly folded and to 

catalyze cell wall biosynthesis ensuring cell viability when oxidative folding is 

disrupted. The relationship between the disulfide bond forming machinery and 

mechanisms governing regulation of pbps in C. diphtheriae should be the focus of 

further studies. 

Finally, I have also demonstrated that oxidative folding of PBPs can be 

mediated by the alternate oxidoreductase TsdA (Characterized in chapter 4). 

Overexpression of TsdA by the mdbA compensatory mutant S1 restored PBP 

protein levels (Figure 5.5A and B). Additionally, when I induced low replicative rates 

by growing cells in synthetic minimal media (Figure 5.6), mdbA maintained a 

morphology similar to the wild-type strain upon incubation of bacterial cultures at the 

non-permissive temperature (37C). Overall, these results indicate that basal levels 

of TsdA mediate oxidative folding of sufficient amounts of PBPs to allow viability of 

mdbA at low replicative rates, for example when cells are incubated at 30C or grow 

in synthetic minimal media. 
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CHAPTER 6. Concluding Remarks and Future Implications 
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Traditionally, disulfide bond forming pathways in prokaryotes were assumed 

to be confined to the periplasm of Gram-negative bacteria, due to the oxidative nature 

of this compartment. Because Gram-positive bacteria lack an outer membrane and a 

conventional periplasmic space, it was believed that they avoid exporting proteins 

containing disulfide bonds. However, a very important study by Daniels and 

colleagues [49] demonstrated that in contrast to Gram-positive Firmicutes, Gram-

positive Actinobacteria secrete a high number of proteins containing two or more 

cysteine residues. In fact, secreted proteins in Actinobacteria have a bias for 

containing an even number of cysteine residues, which suggested that they form 

disulfide bonds in vivo. Genes encoding oxidoreductase orthologues have also been 

found in the genomes of many Actinobacteria [68]. Moreover, it is believed that the 

complex cell wall of Gram-positive Actinobacteria, constituted by a thick 

peptidoglycan-arabinogalactan and mycolic acid layers, contributes to formation of a 

periplasmic-like space in the cell envelope [216, 217], which might in part explain why 

Actinobacteria favor secretion of cysteine-containing proteins. Studies in different 

bacterial species have demonstrated that although similarities with the classical Dsb 

system of E. coli exist, oxidative protein folding pathways are exceptionally diverse 

and current knowledge of the E. coli Dsb system cannot be assumed to be a universal 

paradigm for disulfide bond formation [50, 67, 68]. Recently, disulfide bond forming 

enzymes in Actinobacteria such as Actinomyces, Corynebacterium and 

Mycobacterium have been characterized [52, 55, 56, 59, 60, 218, 219]. However, 

many aspects of the oxidative protein folding pathways in Actinobacteria remain 

poorly understood.   
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The first part of this dissertation (Chapter 3), focused on the characterization 

of novel factors involved in the reoxidation of the primary thiol-disulfide 

oxidoreductase MdbA in A. oris. Using adhesive pilus assembly as a marker for 

correct disulfide bond formation we identified the nuo operon, encoding subunits of 

the NADH dehydrogenase, and ubiE, encoding a menaquinone C-methyltransferase 

involved in menaquinone biosynthesis, to be required for proper oxidative protein 

folding. Analyses of the representative nuoA and ubiE mutants, showed that these 

genes are required for display of wild-type levels of the disulfide bond-containing pilin 

subunits FimA and CafA, which constitute type 2 pili. The fact that pilus assembly 

was rescued by overexpression of MdbA from a plasmid, strongly suggested that this 

defect is related to disruption of disulfide bond formation. My results agree with 

previous studies from our lab indicating that the disulfide bond forming machinery is 

required for pilus assembly, coaggregation and biofilm formation in A. oris [55, 60].  

The bacterial electron transport chain provides the oxidizing power to maintain 

the E. coli DsbAB in an oxidized state [40, 43]. In E. coli DsbB transfers electrons 

from DsbA to ubiquinone or menaquinone [40], therefore maintaining DsbA in an 

oxidized active state. DsbB has a quinone binding site, and crystallography studies 

determined this site is occupied by quinones in vivo [220]. Our studies indicate that 

menaquinone, the main quinone utilized in the electron transport chain of Gram-

positive Actinobacteria [142], is required for reoxidation of MdbA. Deletion of the ubiE 

gene, encoding an enzyme catalyzing the last step of menaquinone biosynthesis 

[221], disrupts MdbA reoxidation and results in accumulation of the reduced form of 

MdbA. Furthermore, addition of exogenous menaquinone-4 to the growth media 
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rescued the pilus assembly and growth phenotypes observed in the ubiE mutant 

strain. Similar to the DsbAB system [41], we argue that in A. oris electrons resulting 

from reoxidation of MdbA are transferred from VKOR to menaquinone (Figure 6.1). 

Therefore, the electron transport chain provides the oxidative power that maintains 

the MdbA/VKOR system in an oxidized and active state. Structural studies of A. oris 

VKOR would be crucial to elucidate if similar to DsbB, VKOR directly interacts with 

quinones. Furthermore, in vitro reconstitution of the A. oris oxidative folding pathway 

using menaquinone as electron acceptor would shed light into the electron transfer 

process that takes place during reoxidation of MdbA. Monitoring of the menaquinone 

reduction status would specifically determine if this process is menaquinone-

dependent [41]. 

The nuoA locus, encoding a subunit of the NADH dehydrogenase complex I, 

was also found necessary for MdbA reoxidation. A role for the NADH dehydrogenase 

in disulfide bond formation has not been described before. Because of the activity of 

the complex I as NADH:quinone oxidoreductase [134, 222, 223], it is possible that 

deletion of nuo genes affects the general electron flow of the electron transport chain, 

indirectly affecting MdbA reoxidation. Due to its large size and complexity, and its role 

in energy metabolism, dissecting the contributions of the NADH Complex I in MdbA 

reoxidation might result challenging. Nonetheless, the fact that a role for the NADH 

dehydrogenase complex I in oxidative protein folding has not been described before, 

make this a very interesting avenue for future research.  
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Figure 6.1. A model for MdbA/VKOR reoxidation in A. oris. A. oris VKOR 

catalyzes reoxidation of MdbA after disulfide bond formation. It is proposed that 

VKOR transfer electrons resulting from the reoxidation reaction to menaquinone. The 

electron carrier menaquinone can potentially transfer electrons to other electron 

acceptors within the electron transport chain (ETC). (see text for details).  
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Overall, part I of this dissertation discovered novel factors involved in disulfide 

bond formation in A. oris, and contributes to our understating of the mechanisms 

involved in reactivation of the oxidative folding machinery. Because disruption of the 

disulfide bond forming machinery results in pathogenicity and growth phenotypes in 

Actinobacteria, it seems a promising target for novel antimicrobial therapies. For 

example, it would be interesting to investigate the effects of compounds targeting 

menaquinone in A. oris. Studies in M. tuberculosis showed that inhibition of the 

menaquinone biosynthesis pathway significantly reduces growth of drug-resistant 

strains in vitro [138]. Interestingly, a small chemical compound directly interacting with 

menaquinone has bactericidal activity and reduces mortality in a murine model of 

systemic Staphylococcus aureus infection [224]. Since menaquinone is not found in 

mammalian cell membranes [138], antimicrobial targeting of menaquinone potentially 

encompasses advantages over other therapies that might have off target effects in 

humans. 

For the second part of this dissertation (chapter 4 and chapter 5), I focused 

on dissecting different aspects of the oxidative folding pathways in C. diphtheriae. In 

chapter 4, I characterized the regulation of an alternate oxidoreductase that seems 

to be responsible for viability of the mdbA strain at the non-permissive temperature. 

In chapter 5, I characterized MdbA substrates involved in cell division in an effort to 

elucidate the essentiality of this machinery for bacterial growth. 

Previous reports from our lab identified a putative oxidoreductase in C. 

diphtheriae named TsdA [56]. Our structural analysis of a TsdA CxxS mutant 
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confirmed that TsdA has DsbA protein family conserved features including a 

thioredoxin-like domain and an extended -helical domain, and supports that TsdA is 

a thiol-disulfide oxidoreductase enzyme. Regulation of this novel oxidoreductase was 

puzzling because it is expressed at low levels in the wild-type strain, and its deletion 

did not result in any obvious phenotypes under standard laboratory growth conditions. 

Here, I have elucidated that the promoter driving tsdA expression is dependent on 

the housekeeping sigma factor A. Because the A binding sequence is weakly 

conserved, tsdA is poorly expressed in cells in logarithmic growth phase. I determined 

that mdbA compensatory mutants overexpressing tsdA carry a mutation that results 

in an extended sigma factor A promoter sequence, which significantly increases the 

strength of the promoter. Even though it is possible that the mdbA compensatory 

mutation affects regulation of tsdA by other regulatory factors, this is unlikely. 

Transcription factors that bind to DNA sequences that overlap with the -10 or adjacent 

regions of bacterial promoters often repress gene expression by steric hindrance 

caused by blockage of RNA polymerase access to the promoter [175]. On the other 

hand, transcription factors that positively regulate gene expression (activators) often 

bind to motifs upstream of the promoter or to a site in the promoter adjacent to (or 

overlapping with) the –35 element [175]. A TG dinucleotide at positions -14, -15 of 

bacterial promoters has been widely described to increase promoter activity [115, 

160, 162, 163]. In this sense, it is logical to conclude that the T-to-G mutation located 

at position -14 enhances interaction with RNA polymerase sigma factor A, especially 

because the wild-type tsdA promoter sequence is suboptimal. Nonetheless, because 

our bioinformatic approach identified a putative DtxR binding motif upstream of the    
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-10 tsdA promoter region, we were motivated to investigate if the T-to-G mutation 

disrupts DtxR repression resulting in increased tsdA gene expression. Our 

experimental approach found no evidence that DtxR is involved in regulation of tsdA 

expression.  

Interestingly, I found that tsdA transcription was induced when cells were 

incubated at 40C. To our knowledge, differential regulation of an oxidoreductase by 

temperature has not been reported before. The TsdA expression pattern suggests a 

role for this alternate oxidoreductase in resistance to heat stress and potentially 

virulence. A possible role for TsdA in C. diphtheriae pathogenesis is intriguing. 

Analysis of tsdA expression, as well as comparison of wild-type and tsdA mutant 

replication and survival in human phagocytes [225], and animal models of infection 

such as Caenorhabditis elegans and guinea pig would provide insights into the role 

of TsdA in virulence [98, 225-227]. Sigma factor H is the central regulator that 

mediates bacterial response to heat [228, 229]. Induction of tsdA expression by heat 

and the identification of a putative sigma factor H promoter upstream of the tsdA 

transcriptional start site, prompted us to investigate the role of this alternative sigma 

factor in tsdA regulation. Surprisingly, I found that tsdA is upregulated in the absence 

of sigH, encoding alternative sigma factor H. Overexpression of tsdA in the sigH 

strain suggests that regulation of tsdA by sigma factor H is indirect and it is likely that 

additional transcription factors play a role in expression of tsdA. Our PtsdA-gfp 

transcriptional reporter vector could be used in a transposon mutant screen to identify 

additional genes involved in tsdA regulation. 
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Finally, in chapter 5 I demonstrate that MdbA is required for structural stability 

and activity of PBPs, suggesting that PBPs are substrates of MdbA. An in silico 

approach identified four exported cell division proteins predicted to form disulfide 

bonds in vivo. The characterization of two representative proteins, PBP1A and 

PBP1B, showed that they contain conserved cysteine residues in the transpeptidase 

domain, and have distinct functions in cell division. Consistent with requirement of 

disulfide bonds for protein stability, cells lacking a catalytically active MdbA enzyme 

presented decreased amounts of PBPs. Furthermore, overexpression of multiple 

cysteine-containing PBPs rescued the morphology defect of ΔmdbA, confirming 

PBPs activity is disrupted in absence of mdbA. Studies demonstrating a direct 

interaction of PBPs with MdbA would unequivocally demonstrate that MdbA catalyzes 

oxidative folding of PBPs. In an effort to test whether MdbA directly interacts with PBP 

proteins in vivo, I performed a preliminary pulldown assay. Membrane lysates from 

ΔmdbA cells expressing His-tagged versions of MdbA or the MdbA-CxxA mutant, 

were incubated with a nickel super flow resin. The obtained eluates were reactive to 

antibodies specific for MdbA (α-MdbA) and PBP1B (α-PBP1B), indicating direct 

interaction of PBP1B with MdbA in vivo. Furthermore, a high molecular weight band 

(~110 kDa), consistent with the expected migration of an MdbA-PBP1B complex, was 

detected in the α-PBP1B immunoblot for the MdbA-CxxA mutant sample (Figure 6.2). 

I hypothesize that an MdbA-PBP1B intermediate formed via a mixed-disulfide bond 

during oxidative folding cannot be resolved in the MdbA-CxxA mutant. 

Complementary experiments to confirm these findings, such as elucidating the  
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Figure 6.2. A putative mixed-disulfide MdbA-PBP1B intermediate is detected by 

a pull-down assay. Clear lysates obtained from membrane fractions of 

ΔmdbA/pMdbA-CxxC-His were incubated with anti-His agarose beads, followed by 

immunoblotting with α-His, α-MdbA or α-Pbp1B. MdbA, Pbp1B and MdbA-Pbp1B 

complex (black arrows) and molecular weight markers (kDa) are shown. 

 

 

 

 

 

 

 

 



123 

 

identity of the high molecular weight band by Mass-spectrometry analysis would 

provide further evidence that MdbA catalyzes disulfide bond formation in PBPs. 

Our finding that cells lacking mdbA overexpress PBPs is intriguing. PBPs are 

usually constitutively expressed, however it has been argued that they can be 

differentially expressed in response to environmental conditions [162, 230]. In 

addition, increased PBP expression in response to stress exerted by cell wall active 

antibiotics has been reported in Gram-positive Firmicutes [162, 231, 232]. Since a 

relationship has been established between the Cpx-envelope stress response and 

oxidative protein folding in E. coli (discussed in chapter 1) [71], it is possible that cell 

envelope stress caused by disruption of peptidoglycan synthesis in the ΔmdbA strain 

induces PBP expression. Interestingly, I found that cells expressing the catalytically 

inactive MdbA-CxxA mutant do not overexpress PBPs. Therefore, potentially multiple 

unknown regulatory mechanisms play a role in regulation of PBP expression upon 

disruption of oxidative folding. 

The studies in this dissertation indicate that the essentiality of the oxidative 

folding machinery in C. diphtheriae is related to disruption of disulfide bond formation 

in PBPs. Furthermore, our data indicates that survival of ΔmdbA at low replicative 

rates is due to basal expression of the alternate oxidoreductase TsdA. However, 

important questions regarding the essentiality of the disulfide bond forming machinery 

remain. Why does C. diphtheriae favor expression of PBPs containing cysteine 

residues? Does this provide a physiological advantage? Is this mechanism conserved 

in other bacterial groups? Since Actinobacteria secrete abundance of proteins 
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containing cysteine residues, one could argue that this is likely to be a general 

mechanism that provides protein stability in the corynebacterial natural niches, rather 

than a specific bias toward cell division proteins. Interestingly, in a survey of the E. 

coli secretome I found that of 11 PBPs identified, 3 are predicted to form disulfide 

bonds. However, disulfide bridges in these PBPs (PBP1A, PBP1B and PBP4) are 

dispensable for function [204, 233, 234]. Therefore, the requirement of disulfide 

bonds for PBPs activity does not seem to be universal. On the other hand, a survey 

of exported proteins in A. oris identified only 2 cell division proteins containing 

cysteine residues. Thus, the essentiality of MdbA for A. oris growth might be related 

to disruption of other systems. Whether oxidative folding is required for activity of cell 

division factors in other bacterial groups remains to be explored. Nonetheless, the 

results presented here are likely to lead to exciting future studies. 

Previous reports from our group showed that overexpression of TsdA restored 

Diphtheria toxin and SpaA pilin protein levels in cells lacking mdbA [114]. Here I 

showed that PBP protein levels are also restored in the mdbA compensatory mutant 

overexpressing TsdA. These data suggest that TsdA has a broad substrate specificity 

and might provide a compensatory mechanism of oxidative folding under unfavorable 

or stress conditions. I propose that under normal growth conditions expression of 

MdbA is sufficient to catalyze oxidative folding in C. diphtheriae. However, when 

bacterial cells are exposed to stresses encountered within the host, such as elevated 

temperatures, expression of the alternate oxidoreductase TsdA is induced by a yet 

unknown mechanism. In this situation, increased amounts of TsdA molecules aid in 

the oxidative folding of diverse substrates (Figure 6.3). Stimuli like temperature and  
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Figure 6.3. A model for oxidative protein folding pathways in C. diphtheriae. It 

is proposed that MdbA mediates oxidative folding of multiple PBPs required for cell 

division. Under stress conditions such as elevated temperatures, the alternate 

oxidoreductase TsdA is expressed and can aid in oxidative folding of diverse disulfide 

bond-containing substrates including PBPs, Diphtheria toxin and SpaA pilin subunits 

(see text for details). 
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iron concentrations indicate to pathogens they are within the host and have deep 

effects in bacterial gene regulation [74]. For example, expression of the disulfide 

bond-containing Diphtheria toxin is induced within the host [169]. Additionally, 

expression of the disulfide-bond containing SpaA-type pilus is highly prevalent among 

clinical isolates of C. diphtheriae [98]. Environmental stresses affecting protein 

stability together with high expression of disulfide bond-containing proteins, would 

exacerbate the necessity for an additional oxidoreductase like TsdA to help maintain 

protein homeostasis and ensure survival of C. diphtheriae. 

Overall, the studies presented in this dissertation provide insights into diverse 

aspects of the oxidative folding pathways in Actinobacteria that have not been 

explored before. I showed that components of the electron transport chain are 

involved in MdbA reoxidation. Secondly, by characterizing regulation of TsdA by 

temperature I have discovered a novel stimulus controlling expression of a bacterial 

oxidoreductase. Finally, I determined that this alternate oxidoreductase is involved in 

survival of cells lacking mdbA and that the requirement of mdbA for cell division is 

related to incorrect folding of PBPs. Due to the impact of thiol-disulfide 

oxidoreductases in bacterial physiology, my work provides knowledge applicable not 

only to protein folding, but also to bacterial pathogenesis and potentially the discovery 

of novel antimicrobial therapies targeting bacterial viability and virulence.  
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