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Abstract 

 

Regulatory Characteristics of the Fe-S Cluster-

Containing Transcription Factors IscR and NsrR of 

Vibrio vulnificus in Response to Host-Derived Stress 

 

 

Garam Choi 

Department of Agricultural Biotechnology 

The Graduate School 

Seoul National University 

 

To survive and establish successful infection within their hosts, pathogenic bacteria 

need to recognize host-derived stresses for the appropriate expression of virulence 

factors in a spatiotemporal manner. To this end, some transcription factors utilize an 

iron-sulfur (Fe-S) cluster as a cofactor, which is sensitive to various environmental 

stimuli such as oxidative stress, nitrosative stress, and iron starvation. In the present 

study, the regulatory characteristics of two Fe-S cluster-containing transcription 

factors, IscR and NsrR, of the fulminating food-borne pathogen Vibrio vulnificus 

have been investigated. A cytolysin/hemolysin VvhA encoded by the vvhBA operon 

is an extracellular pore-forming toxin, contributing to the powerful hemolytic 
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activity of V. vulnificus. Transcriptome and transcript analyses showed that vvhBA is 

preferentially expressed upon exposure to murine blood and macrophages. 

Mutational analyses indicated that IscR activates the vvhBA operon in response to 

nitrosative stress and iron starvation, during which the Fe-S cluster is disrupted and 

the cellular apo-IscR protein level is increased. Interestingly, IscR directly binds 

downstream of the vvhBA promoter PvvhBA, which is unusual for a positive regulator. 

To investigate the exact role of IscR on the PvvhBA regulatory region, the interaction 

of IscR with other transcription factors HlyU and the histone-like nucleoid-

structuring protein (H-NS) was examined. In addition to IscR, HlyU activates vvhBA 

transcription by directly binding upstream of PvvhBA, whereas H-NS represses vvhBA 

by extensively binding to both downstream and upstream regions of its promoter. Of 

note, the binding sites of IscR and HlyU overlapped with those of H-NS. Further 

biochemical analyses substantiated that IscR and HlyU outcompete H-NS for 

binding to the PvvhBA regulatory region, resulting in the release of H-NS repression 

and vvhBA induction. This concurrent antirepression by IscR and HlyU at regions 

both downstream and upstream of PvvhBA would provide V. vulnificus with the means 

of integrating host-derived stresses such as nitrosative stress and iron starvation for 

precise regulation of vvhBA transcription, thereby enabling successful host infection. 

On the other hand, another transcription factor NsrR predicted to contain the Fe-S 

cluster was identified in V. vulnificus. Transcriptome analysis showed that NsrR 

controls the expression of multiple genes potentially involved in nitrosative stress 
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responses. Particularly, NsrR acts as a strong repressor of hmpA encoding a nitric 

oxide (NO) dioxygenase that effectively decomposes toxic NO, and mediates the 

derepression of hmpA upon exposure to NO. Notably, nsrR and hmpA are transcribed 

divergently, and their promoter regions overlap with each other. Molecular biological 

analyses revealed that NsrR directly binds to this overlapping promoter region, 

which is alleviated by loss of the Fe-S cluster, leading to the subsequent derepression 

of hmpA under nitrosative stress. Further biochemical and mutational analyses found 

that a leucine-responsive regulatory protein (Lrp) negatively regulates hmpA in an 

NsrR-dependent manner by directly binding to the promoter region, presumably 

resulting in a DNA conformation change to support the repression by NsrR. 

Meanwhile, a cyclic AMP receptor protein (CRP) positively regulates hmpA 

probably through repression of nsrR and lrp by directly binding to each promoter 

region in a sequential cascade. The collaborative regulation of NsrR along with Lrp 

and CRP enables an elaborate control of hmpA transcription, contributing to survival 

under host-derived nitrosative stress and the pathogenesis of V. vulnificus.  

 

 

Keywords: Vibrio vulnificus, Transcription factor, Fe-S cluster, IscR, NsrR, 

Host-derived stress, Cytolysin/hemolysin, Nitric oxide dioxygenase 

Student number: 2016-21746  
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I-1. Vibrio vulnificus 

 

Vibrio vulnificus is a Gram-negative, motile, curved rod-shaped, and pathogenic 

bacterium with a single polar flagellum, which belongs to the Vibrionaceae family. 

This bacterium was first reported by the United States Centers for Disease Control 

and Prevention in 1976 as it was isolated from the blood and wound of infected 

patients (Hollis et al., 1976). The growth of V. vulnificus is significantly affected by 

temperature and salinity. It is naturally found in marine environments such as 

estuarine and coastal waters around the world where the temperature ranges from 

9°C to 31°C (Strom and Paranjpye, 2000). In particular, V. vulnificus proliferates in 

areas with water temperatures above 20°C and salinities of 10‰ to 18‰ (Oliver, 

2015). Notably, the bacterium becomes a dormant state, referred to as a viable but 

nonculturable state, at temperatures below 13°C and fails to grow in the routine 

media (Oliver, 2013; 2015). Although it is an obligate halophilic bacterium, V. 

vulnificus is not isolated from the open ocean waters with salinities of 35‰ since 

high salinities reduce its survival (Oliver, 2015).  

As one of the normal microbiota of estuarine waters, V. vulnificus frequently 

contaminates oysters and other seafood (Baker-Austin and Oliver, 2018). The 

concentration of V. vulnificus in estuarine waters is quite low, but it becomes 

concentrated in the gut or tissues of filter-feeding molluscan shellfish such as oysters 

and clams (Oliver, 2015). Also, V. vulnificus exists in the intestines of fishes that 
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consume the plankton and molluscan shellfish containing the bacterium. Thus, the 

contaminated seafood, especially oysters, acts as an environmental reservoir of V. 

vulnificus and subsequently becomes a source of infection (DePaola et al., 1994; 

Strom and Paranjpye, 2000).   

 

I-1-1. Disease caused by V. vulnificus 

V. vulnificus is an opportunistic human pathogen. Human infection of this 

pathogenic bacterium occurs by consumption of contaminated seafood or exposure 

of open wounds to contaminated waters and seafood (Baker-Austin and Oliver, 

2018). Ingestion of raw or undercooked seafood containing V. vulnificus can cause 

foodborne diseases ranging from mild gastroenteritis to fulminant primary 

septicemia. The early symptoms including fever, chills, nausea, vomiting, and 

diarrhea appear on average 2 to 2.5 days after exposure to V. vulnificus. As the 

systemic infection is progressed, the patients develop hypotension and skin lesions 

in the limbs (Jones and Oliver, 2009; Kang et al., 2020; Strom and Paranjpye, 2000). 

The mortality rate for primary septicemia caused by V. vulnificus is approximately 

50%, which accounts for 95% of seafood-related deaths in the United States (Jones 

and Oliver, 2009). It has been reported that most V. vulnificus infection cases occur 

in males over the age of 40 years and the majority of the victims have underlying 

conditions such as chronic liver diseases, alcoholism, diabetes, and compromised 

immune systems (Baker-Austin and Oliver, 2018; Kang et al., 2020; Oliver, 2015).   
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On the other hand, wound infections develop symptoms 12 to 72 hours after 

exposure, accompanied by fever and chills with edema and cellulitis at the infection 

sites. The disease can rapidly progress to necrotizing fasciitis with hemorrhagic 

bullae and necrotizing vasculitis (Kang et al., 2020; Oliver, 2015). Unlike primary 

septicemia, underlying conditions do not seem to be a prerequisite for wound 

infections for which the mortality rate is 22% (Oliver, 2015). The typical treatment 

of V. vulnificus infection includes antibiotics administration and surgical intervention.  

In South Korea, the first reported case of V. vulnificus infection was in 1979, and 

V. vulnificus septicemia was designated as a group III National Notifiable Infectious 

Diseases in 2000. In the last 9 years from 2011 to 2019, 460 infection cases and 217 

deaths, showing the 47.2% mortality rate, have been reported by Korea Disease 

Control and Prevention Agency. Recently, the geographical distribution of V. 

vulnificus as well as the incidence of infection has been increased presumably 

resulting from global climate change and significant rises in seawater temperature 

(Oliver, 2015; Phillips and Satchell, 2017).  

 

I-1-2. Virulence factors of V. vulnificus 

  The rapid and fulminating course of disease caused by V. vulnificus indicates that 

numerous virulence factors are involved in the pathogenesis of this bacterium (Jones 

and Oliver, 2009). To understand the molecular pathogenesis of V. vulnificus, 

identification and characterization of its virulence factors are necessary.  
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Exotoxins 

One of the most essential virulence factors for disease development of V. vulnificus 

is secreted exotoxins that contribute to invasiveness and tissue-damaging ability 

toward host cells. These exotoxins include a cytolysin/hemolysin VvhA, a 

multifunctional-autoprocessing repeats-in-toxin (MARTX) toxin RtxA, a 

phospholipase A2 PlpA, and extracellular proteases (Gray and Kreger, 1985; Jang et 

al., 2017; Jeong et al., 2000; Lee et al., 2007; Lee et al., 2014; Lim et al., 2011).  

Cytolysin/hemolysin VvhA. VvhA is an extracellular pore-forming toxin with 

cytolytic and hemolytic activities (Gray and Kreger, 1985; Lee et al., 2004b). 

Secreted VvhA monomers bind to the target cell membrane and undergo 

oligomerization and structural rearrangement to form transmembrane channels in the 

target membrane (Kaus et al., 2014; Kim and Kim, 2002; Kim et al., 1993). VvhA 

effectively lyses erythrocytes of various animals and intravenous injection of 

purified VvhA is lethal for mice (Gray and Kreger, 1985; Lee et al., 2004b). 

Intradermal administration of purified VvhA into mice develops extensive 

extracellular edema, severe tissue damages, and inflammation (Gray and Kreger, 

1987). Furthermore, extensive studies revealed that VvhA contributes to apoptosis 

of host cells, induction of inducible nitric oxide synthase (iNOS) activity, NF-κB-

dependent mitochondrial and autophagy-related cell death, increase in vascular 

permeability, and hypotension (Kang et al., 2002; Kim et al., 1993; Kwon et al., 2001; 

Lee et al., 2004b; Lee et al., 2015b; Song et al., 2016). However, the vvhA mutant is 
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not capable of causing tissue damages or attenuating the lethality in mice (Fan et al., 

2001; Wright and Morris, 1991), suggesting that VvhA exerts its effect along with 

other virulence factors such as RtxA during infection (Jeong and Satchell, 2012).  

MARTX toxin RtxA. RtxA belongs to a MARTX toxin composed of central effector 

domains and conserved repeat-containing regions at the N- and C-terminus (Satchell, 

2015). The repeat regions of the secreted MARTX toxin bind to the host cell 

membrane and form a pore-like structure to translocate central effector domains into 

the host cell (Kim et al., 2015). The central effector domains in the cytosol are further 

processed to liberate cytopathic effectors (Egerer and Satchell, 2010; Kim, 2018; Lee 

et al., 2019a). RtxA exhibits powerful cytolytic activities toward various eukaryotic 

cells such as epithelial cells, macrophages, and erythrocytes (Kim et al., 2020; Kim 

et al., 2008b; Lee et al., 2007; Lo et al., 2011). In addition, RtxA triggers cytoskeletal 

rearrangement, bleb formation, generation of excess reactive oxygen species (ROS), 

and mitochondrial dysfunction of the host cells, leading to apoptotic and necrotic 

cell death (Chung et al., 2010; Kim et al., 2013b; Kim et al., 2008b; Lee et al., 2008). 

RtxA promotes rapid growth and dissemination from the intestine to other organs in 

mice by disrupting the intestinal barrier and increases paracellular permeability 

(Gavin et al., 2017; Jeong and Satchell, 2012). Also, RtxA inhibits the phagocytic 

activity of host immune cells, contributing to the survival of V. vulnificus in the host 

(Chen et al., 2017; Lo et al., 2011). Thus, the rtxA mutant shows impaired 

colonization ability and significantly reduced lethality in mice (Jeong and Satchell, 
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2012; Kim et al., 2008b; Lee et al., 2007; Lo et al., 2011). 

Phospholipase A2 PlpA. PlpA is a phospholipase A2 that hydrolyzes the fatty acid 

specifically from the sn-2 position of the glycerol moiety in phospholipids (Jang et 

al., 2017; Schmiel and Miller, 1999). Accordingly, purified PlpA exhibits selective 

hemolytic activities toward human and horse erythrocytes containing sufficient 

phosphatidylcholine in their membranes (Jang et al., 2017). Moreover, PlpA is 

essential for the lysis and necrotic cell death of epithelial cells (Jang et al., 2017). 

The plpA mutant shows significantly reduced systemic infection, liver damage, and 

mortality in mice (Jang et al., 2017).  

Extracellular proteases. V. vulnificus produces several extracellular proteases, 

VvpE, VvpM, and VvpS, that are associated with inflammation and host cell death 

(Kothary and Kreger, 1987; Lee et al., 2014; Lim et al., 2011). VvpE and VvpM 

belong to zinc metalloproteases. The injection of purified VvpE causes tissue 

necrosis, enhanced vascular permeability leading to edema, and degradation of type 

IV collagen (Jeong et al., 2000; Kothary and Kreger, 1987; Miyoshi, 2006). Purified 

VvpM induces host cell death through apoptosis, necroptosis, and autophagy (Lee et 

al., 2015a; Lee et al., 2014). Meanwhile, a serine protease VvpS shows 

peptidoglycan-hydrolyzing activity, contributing to the autolysis of V. vulnificus 

(Lim et al., 2011).  

 

 



8 

Iron acquisition systems 

In a healthy individual, most iron is sequestered within an iron storage protein 

ferritin or complexed with heme of hemoglobin in erythrocytes. Furthermore, an 

iron-binding protein transferrin considerably lowers the availability of free iron in 

human serum (Skaar, 2010), leading to iron-limited conditions against invading 

pathogens. Since V. vulnificus is a ferrophilic bacterium, it has developed multiple 

virulence factors to acquire iron in the host including siderophores and a heme 

receptor protein (Jones and Oliver, 2009). Siderophores are small ferric iron 

chelators that bind iron with high affinity and outcompete host transferrin (Skaar, 

2010). V. vulnificus produces two types of siderophores using distinct ligands, 

catechol and hydroxamate (Simpson and Oliver, 1983). The catechol siderophore, 

called vulnibactin, effectively scavenges iron from transferrin, contributing to the 

virulence in mice (Kim et al., 2008a; Webster and Litwin, 2000). The hydroxamate 

siderophore is also involved in V. vulnificus infection, but little is known about its 

mechanisms (Alice et al., 2008). In addition, a heme receptor protein HupA of V. 

vulnificus is essential for the utilization of heme as an iron source and virulence in 

mice (Litwin and Quackenbush, 2001; Oh et al., 2009). Besides, exotoxins contribute 

to providing iron sources by damaging epithelial cells and erythrocytes and releasing 

iron-bound ferritin and hemoglobin (Skaar, 2010).  
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Oxidative and nitrosative stress defense systems  

In a course of infection, V. vulnificus inevitably encounters toxic ROS and reactive 

nitrogen species (RNS) imposed by host innate immune systems, particularly by 

phagocytes (Fang, 2004). Oxidative and nitrosative stress caused by increased levels 

of ROS and RNS, respectively, can lead to the damage of cellular components 

including proteins, DNA, and membrane lipid. Thus, V. vulnificus has evolved a 

variety of detoxifying enzymes such as peroxiredoxins (Prxs) and nitric oxide 

dioxygenase HmpA to defend against this stress and to achieve successful infection 

(Baek et al., 2009; Bang et al., 2012; Kim et al., 2019; Lim et al., 2014a). 

Prxs. Prxs are a ubiquitous family of cysteine-based peroxidases that catalyze the 

reduction of peroxides. V. vulnificus has Prx1 and Prx2 belonging to a typical 2-Cys 

Prx family, and Prx3 belonging to a 1-Cys Prx family (Bang et al., 2012; Lim et al., 

2014a). Prx1 is a robust Prx induced by high levels of exogenous peroxides and 

scavenges them rapidly with high turnover rate. Mutation in prx1 decreases the 

growth of V. vulnificus under oxidative stress and virulence in mice (Baek et al., 

2009). In contrast, Prx2 is a sensitive Prx that acts as a residential scavenger of low 

levels of endogenous peroxides during aerobic respiration (Bang et al., 2012). Prx3 

can decompose both low endogenous and high exogenous levels of peroxides as well 

as nitric oxide (NO), contributing to the virulence in mice (Ahn et al., 2018; Lim et 

al., 2014a).  
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HmpA. An NO dioxygenase HmpA is composed of an N-terminal globin domain 

with the heme-binding site and a C-terminal oxidoreductase domain with NAD- and 

FAD-binding sites (Bonamore and Boffi, 2008; Kim et al., 2019). hmpA is the most 

highly induced gene in V. vulnificus upon exposure to NO and its gene product HmpA 

effectively decomposes high levels of NO by oxidizing it to a less toxic nitrate (NO3
-) 

in vitro (Kim et al., 2019). The hmpA mutant shows impaired survival under 

nitrosative stress, attenuated cytotoxicity to NO-producing murine macrophage 

RAW 264.7 cells, and also reduced mouse lethality (Kim et al., 2019).  

 

Other virulence factors 

  Capsular polysaccharide is also an important virulence factor of V. vulnificus to 

resist bactericidal effects of host serum and avoid phagocytosis by macrophages 

(Strom and Paranjpye, 2000; Williams et al., 2014). Lipopolysaccharide induces 

endotoxin shock stimulating host immune responses (Elmore et al., 1992; 

McPherson et al., 1991). Since adhesion to host cells is closely linked to virulence, 

V. vulnificus produces adhesion factors such as pili and mucin-binding protein GbpA 

(Jang et al., 2016; Paranjpye and Strom, 2005). Also, a flagellum is essential for 

bacterial motility, adhesion and cytotoxicity to epithelial cells (Kim et al., 2014; Kim 

and Rhee, 2003; Lee et al., 2004a).  
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I-2. Fe-S cluster 

 

I-2-1. Structure and function of Fe-S clusters 

An iron-sulfur (Fe-S) cluster is a ubiquitous cofactor utilized by a wide array of 

proteins throughout prokaryotes and eukaryotes. The general structures of Fe-S 

clusters are a rhombic type [2Fe-2S] and a cubic type [4Fe-4S] for which a frequent 

ligand is the sulfur atom of cysteine residues (Barras, 2017; Py and Barras, 2010). 

The Fe-S clusters can be readily damaged by various adverse stresses such as iron 

limitation, ROS, and RNS (Py et al., 2011). Upon encountering univalent oxidants, 

Fe-S clusters transfer one electron to the univalent oxidants and become unstable 

intermediates that subsequently release the catalytic iron atom (Imlay, 2006; Jang 

and Imlay, 2007). Meanwhile, Fe-S clusters are rapidly nitrosylated by RNS and 

form varied iron-nitrosyl species including dinitrosyl iron complex, Roussin’s Red 

Ester, and Roussin’s Black Salt (Crack and Le Brun, 2019).  

The structural versatility and chemical reactivity of Fe-S clusters allow the Fe-S 

cluster-containing proteins to acquire functions involved in diverse cellular 

processes such as DNA repair and replication, RNA modification, respiration, central 

metabolism, and gene regulation (Py and Barras, 2010). Particularly, numerous 

bacterial transcription factors have been reported to employ the Fe-S cluster as a 

cofactor, which includes FNR, SoxR, IscR, and NsrR (Crack and Le Brun, 2018; 

Mettert and Kiley, 2015). The Fe-S cluster acts as an exquisite sensory module, 
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enabling the transcription factors to promptly sense iron- or redox-related stresses 

(Py et al., 2011). Alteration of the Fe-S cluster results in the conformation change of 

transcription factors and hence modulation of gene expression to properly adapt to 

changing environments (Rajagopalan et al., 2013; Volbeda et al., 2017).  

 

I-2-2. Biogenesis of Fe-S clusters by Isc system 

The biogenesis systems of Fe-S clusters are widespread and highly conserved in 

most living organisms. The biogenesis of the Fe-S cluster is composed of two steps, 

an assembly step and a delivery step (Py and Barras, 2010). One of the well-

characterized Fe-S cluster biogenesis systems is the Isc system encoded by the isc 

operon (Zheng et al., 1998). A cysteine desulfurase IscS sequesters sulfur from L-

cysteine and directly transfers the sulfur to a scaffold protein IscU (Schwartz et al., 

2000; Urbina et al., 2001). IscU assembles iron and sulfur to form an Fe-S cluster 

(Agar et al., 2000; Raulfs et al., 2008), which is supported by a ferredoxin Fdx 

(Chandramouli et al., 2007; Yan et al., 2015). A DnaJ-like co-chaperone HscB and a 

DnaK-like chaperone HscA are ATP-hydrolysing components that promote the 

release of IscU-bound Fe-S cluster (Bonomi et al., 2011). Then, an A-type carrier 

IscA binds the released Fe-S cluster to transfer it to target apo-proteins or other 

carriers (Angelini et al., 2008; Vinella et al., 2009). IscR is a [2Fe-2S]-containing 

transcription factor that regulates the expression of the isc operon by sensing the 

cellular status of the Fe-S cluster (Giel et al., 2013; Schwartz et al., 2001). The holo-
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form of IscR with [2Fe-2S] represses the expression of isc operon by directly binding 

to its promoter region. When the cellular level of intact Fe-S cluster is decreased by 

iron limitation or redox stresses, the apo-IscR lacking [2Fe-2S] alleviates the 

repression of isc operon to facilitate the Fe-S cluster biogenesis (Nesbit et al., 2009; 

Rajagopalan et al., 2013).  
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I-3. Objective of this study 

 

The pathogenesis of V. vulnificus is a multifactorial and complex phenomenon that 

involves numerous virulence factors. To obtain the maximum effectiveness within 

the host, the expression of virulence factors is coordinately regulated by several 

transcription factors in a spatiotemporal manner. Thus, comprehensive identification 

of transcription factors and their regulatory mechanisms is a prerequisite to 

understanding the molecular pathogenicity of V. vulnificus. As the rapid emergence 

of antibiotic-resistant pathogens poses a worldwide threat, studies on the virulence-

associated transcription factors have become increasingly important to broaden the 

field of alternative antimicrobial agents that selectively target virulence. Previous 

reports showed that a cytolysin/hemolysin VvhA and an NO dioxygenase HmpA are 

the essential virulence factors for the pathogenesis of V. vulnificus. However, the 

transcription factors that recognize host-derived stresses to modulate the expression 

of VvhA and HmpA have not been fully characterized. Therefore, this study has 

focused on the elucidation of regulatory characteristics of the Fe-S cluster-containing 

transcription factors, IscR and NsrR, of V. vulnificus, which control the expression 

of vvhBA and hmpA, respectively. As a result, it was found that IscR adopts an 

atypical regulatory mechanism to activate the vvhBA operon in response to 

nitrosative stress and iron starvation. In addition, NsrR was identified in V. vulnificus 

and its NO-responsive regulatory mechanism to control hmpA was investigated.
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Chapter II. 

 

IscR integrates nitrosative stress and iron starvation 

in activation of the vvhBA operon in Vibrio vulnificus 

 

 

 

 

 

 

 

 

 

Part of this work in Chapter II was published in Journal of Biological Chemistry in 

2020, as an article entitled “The transcriptional regulator IscR integrates host-derived 

nitrosative stress and iron starvation in activation of the vvhBA operon in Vibrio 

vulnificus”.  
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II-1. Introduction 

 

Upon entering the host, enteropathogenic bacteria inevitably encounter drastic 

environmental changes and cope with harsh conditions raised by the host immune 

defense system. The ability to recognize environmental changes and produce 

appropriate virulence factors is essential for the pathogens to survive and develop 

diseases in the host (Fang et al., 2016; Green et al., 2014a). Accordingly, pathogens 

have evolved sophisticated mechanisms to regulate the expression of specific 

virulence genes in response to various host-derived stresses (Fang et al., 2016; Green 

et al., 2014a). In an effort to understand the virulence gene regulation, numerous 

transcription factors have been characterized (Matson et al., 2007). Notably, a 

number of transcription factors use an iron-sulfur (Fe-S) cluster as a cofactor to sense 

environmental signals. Because the Fe-S cluster is easily disrupted under host-like 

conditions such as oxidative stress, nitrosative stress, and iron starvation, it allows 

pathogens to promptly recognize and adapt to the host environment (Miller and 

Auerbuch, 2015; Py et al., 2011). 

The [2Fe-2S]-containing transcription factor IscR functions as a sensor of the 

cellular Fe-S cluster status and regulates Fe-S cluster biogenesis (Giel et al., 2013; 

Schwartz et al., 2001). When the cellular Fe-S cluster is sufficient to occupy IscR, 

[2Fe-2S]-IscR (holo-IscR) represses the isc operon (iscRSUA-hscBA-fdx) encoding 

IscR along with the proteins required for Fe-S cluster biogenesis. The [2Fe-2S] 
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occupancy of IscR decreases under oxidative stress and iron starvation, resulting in 

apo-IscR lacking the clusters that relieves repression of isc operon (Giel et al., 2013; 

Imlay, 2006; Outten et al., 2004; Yeo et al., 2006; Zheng et al., 2001). As a result, the 

cellular apo-IscR protein level increases, and Fe-S cluster biogenesis is promoted 

(Giel et al., 2013; Schwartz et al., 2001). IscR binds to two distinct Type 1 and Type 

2 DNA motifs, depending upon the [2Fe-2S] occupancy of the protein (Nesbit et al., 

2009; Rajagopalan et al., 2013). Although holo-IscR binds to both Type 1 and Type 

2 DNA motifs, apo-IscR exclusively binds to Type 2 DNA motif (Giel et al., 2013; 

Nesbit et al., 2009; Rajagopalan et al., 2013; Wu and Outten, 2009; Yeo et al., 2006).  

It has been reported that V. vulnificus exploits various transcription factors such as 

the cAMP receptor protein (CRP), NanR, SmcR, and HlyU for the well-coordinated 

expression of its virulence factors (Choi et al., 2002; Kim et al., 2011; Kim et al., 

2013a; Lee et al., 2019b). CRP and NanR recognize depletion of specific nutrients 

(Green et al., 2014b; Kim et al., 2011), whereas SmcR senses increased cell density 

in the host to regulate virulence genes (Kim et al., 2018; Kim et al., 2013a). In 

addition, IscR and HlyU are preferentially induced by host cells or in septicemic 

patients, respectively, and also involved in activation of virulence genes in V. 

vulnificus (Kim et al., 2003; Lee et al., 2019b; Lim and Choi, 2014). Particularly, 

IscR also regulates numerous virulence genes in other pathogens such as 

Pseudomonas aeruginosa, Yersinia pseudotuberculosis, and Erwinia chrysanthemi, 
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highlighting the importance of IscR for bacterial pathogenesis (Kim et al., 2009; 

Miller et al., 2014; Rincon-Enriquez et al., 2008).  

Among the virulence factors of V. vulnificus, a cytolysin/hemolysin VvhA is an 

extracellular pore-forming toxin essential for its hemolytic activity (Gray and Kreger, 

1985; Jeong and Satchell, 2012). VvhA is a product of the vvhA gene, which is 

cotranscribed with vvhB encoding a chaperone-like protein required for the 

production of active VvhA (Choi et al., 2002; Senoh et al., 2008). In the present study, 

it was discovered that the vvhBA expression is highly induced in V. vulnificus 

exposed to murine blood and murine macrophage RAW 264.7 cells. To elucidate the 

regulatory mechanisms by which V. vulnificus increases vvhBA expression in host-

like conditions, the exact role of IscR in vvhBA regulation was investigated. The 

vvhBA transcript and VvhA protein levels were compared in the wild-type and 

isogenic iscR-deletion mutant (ΔiscR) strains under nitrosative stress and iron 

starvation. In addition, the combined effects of IscR, HlyU, and the histone-like 

nucleoid-structuring protein (H-NS) (Dorman, 2004; Elgaml and Miyoshi, 2015) on 

vvhBA regulation were analyzed at the molecular levels. Consequently, this study 

demonstrated that IscR is a sensor of host-derived nitrosative stress and iron 

starvation, and activates vvhBA transcription along with HlyU by relieving H-NS 

repression, contributing to the precise regulation of VvhA production during 

infection, which is essential for fitness and pathogenesis of V. vulnificus in the host.   
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II-2. Materials and Methods 

 

II-2-1. Strains, plasmids, and culture conditions 

The strains and plasmids used in this study are listed in Table II-1. Unless 

otherwise noted, the V. vulnificus strains were grown aerobically in Luria-Bertani 

(LB) medium supplemented with 2% (w/v) NaCl (LBS) at 30°C and their growth 

was monitored spectrophotometrically at 600 nm (A600). When required, 100 μg/ml 

ampicillin was added to the media. The murine macrophage RAW 264.7 cells were 

grown in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine 

serum (VWR, Radnor, PA) and the antibiotics (100 units/ml penicillin G and 100 

μg/ml streptomycin (Gibco-BRL, Gaithersburg, MD)) in air supplemented with 5% 

CO2 at 37°C. To induce NO production, the RAW 264.7 cells were suspended in 

fresh DMEM containing 500 ng/ml E. coli O111:B4 lipopolysaccharide (Sigma, St. 

Louis, MO) and 1 mM L-arginine (Sigma) (Kim et al., 2019; Walker et al., 1997).
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Table II-1. Bacterial strains and plasmids used in this study 

Strain or 

plasmid 
Relevant characteristicsa 

Reference or 

source 

Bacterial strains  

V. vulnificus   

MO6-24/O Wild-type strain; clinical isolate; virulent 
Laboratory 

collection 

JK093 MO6-24/O with ΔiscR 
(Lim and Choi, 

2014) 

JK128 
MO6-24/O with iscR3CA encoding the 

apo-locked IscR, IscR3CA 

(Lim et al., 

2014a) 

ZW141 MO6-24/O with ΔhlyU (Jang et al., 2017) 

EJ151 MO6-24/O with Δhns This study 

JK151 MO6-24/O with ΔiscRΔhns This study 

KK1620 MO6-24/O with iscR3CAΔhns This study 

KK1612 MO6-24/O with ΔiscRΔhlyU  This study 

KK1611 MO6-24/O with iscR3CAΔhlyU  This study 

JK114 MO6-24/O with Δfur This study 

JK116 MO6-24/O with ΔiscRΔfur This study 

DY172 MO6-24/O with ΔnsrR This study 

GR203 DY172 with ectopic integration of nsrR This study 

DY192 
MO6-24/O with nsrR3CS encoding the 

apo-locked NsrR 
This study 

ZW181 MO6-24/O with Δlrp (Lee et al., 2020) 

DI0201 MO6-24/O with Δcrp (Choi et al., 2002) 

DY161 MO6-24/O with ΔnorR This study 

GR204 

Parent strain; MO6-24/O with nsrR-

3×FLAG encoding the 3×FLAG-tagged 

NsrR 

This study 

GR207 GR204 with ΔnsrR This study 

GR217 
GR204 with nsrR3CS encoding the apo-

locked NsrR-3×FLAG 
This study 

GR222 GR204 with Δlrp This study 

GR228 GR204 with nsrR3CSΔlrp This study 

GR208 GR204 with Δcrp This study 



21 

GR227 GR204 with nsrR3CSΔcrp This study 

E. coli   

S17-1 λpir 

λ-pir lysogen; thi pro hsdR hsdM+ recA 

RP4-2 Tc::Mu-Km::Tn7; Tpr Smr; host for 

π-requiring plasmids; conjugal donor 

(Simon et al., 

1983) 

BL21 (DE3) F- ompT hsdSB (rB
- mB

-) gal dcm (DE3) 
Laboratory 

collection 

Plasmids   

pDM4 
Suicide vector; R6K γ ori sacB; oriT of 

RP4; Cmr 

(Milton et al., 

1996) 

pZW1401 pDM4 with ΔhlyU; Cmr (Jang et al., 2017) 

pEJ1502 pDM4 with Δhns; Cmr This study 

pJK1121 pDM4 with Δfur; Cmr This study 

pDY1621 pDM4 with ΔnsrR; Cmr This study 

pGR2007 pDM4 with nsrR; Cmr This study 

pDY1907 pDM4 with nsrR3CS; Cmr This study 

pZW1817 pDM4 with Δlrp; Cmr (Lee et al., 2020) 

pBS0907 pDM4 with Δcrp; Cmr (Kim et al., 2011) 

pDY1615 pDM4 with ΔnorR; Cmr This study 

pGR2008 pDM4 with nsrR-3×FLAG; Cmr This study 

pGR2013 pDM4 with ΔnsrR-3×FLAG; Cmr This study 

pGR2016 pDM4 with nsrR3CS-3×FLAG; Cmr This study 

pJH0311 

Broad-host-range vector; 0.3-kb MCS of 

pUC19 cloned into pCOS5; ColEI oriV; 

oriT of RK2; Apr, Cmr 

(Goo et al., 2006) 

pKK1531 pJH0311 with iscR; Apr, Cmr This study 

pGR1713 pJH0311 with hns; Apr, Cmr This study 

pZW1510 pJH0311 with hlyU; Apr, Cmr (Jang et al., 2017) 

pDY1702 pJH0311 with nsrR; Apr, Cmr This study 

pZW1818 pJH0311 with lrp; Apr, Cmr (Lee et al., 2020) 

pKK1502 pJH0311 with crp; Apr, Cmr (Jang et al., 2017) 

pET-22b(+) 
His6-tag fusion protein expression vector; 

Apr 
Novagen 

pJK0928 pET-22b(+) with iscR; Apr 
(Lim and Choi, 

2014) 

pET-28a(+) His6-tag fusion protein expression vector; Novagen 
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Kmr 

pYU1317 pET-28a(+) with hlyU; Kmr (Jang et al., 2017) 

pKK1636 pET-28a(+) with hns; Kmr This study 

pKK1643 pET-28a(+) with truncated vvhA; Kmr This study 

pEJ1902 pET-28a(+) with nsrR; Kmr This study 

pEJ1903 pET-28a(+) with nsrR3CS; Kmr This study 

pZW1903 pET-28a(+) with lrp; Kmr (Lee et al., 2020) 

pHK0201 pRSET A with crp; Apr (Choi et al., 2002) 

pHIS-parallel1 
His6-tag fusion protein expression vector; 

Apr 

(Sheffield et al., 

1999) 

pKK1615 pHIS-parallel1 with ompU; Apr This study 

pGEM-T Easy PCR product cloning vector; Apr Promega 

pDY1706 
pGEM-T Easy with 219-bp fragment of 

hmpA upstream region; Apr 
This study 

pDY1707 
pGEM-T Easy with 198-bp fragment of 

nsrR upstream region; Apr 
This study 

pBBR-lux 

Broad-host-range vector; promoterless 

luxCDABE cloned into pBBR1MCS; 

pBBR1 oriV; Cmr 

(Lenz et al., 2004) 

pGR2025 
pBBR-lux with 393-bp fragment of nsrR 

regulatory region 
This study 

a Tpr, trimethoprim-resistant; Smr, streptomycin-resistant; Cmr, chloramphenicol-

resistant; Apr, ampicillin-resistant; Kmr, kanamycin-resistant; MCS, multiple 

cloning site. 
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II-2-2. RNA purification and RNA-seq analysis 

To analyze transcriptomes differentially expressed upon exposure to murine blood, 

about 8 × 107 CFU of V. vulnificus were inoculated to 800 μl of murine blood or M9 

minimal medium supplemented with 0.4% (w/v) glucose (M9G; negative control). 

For two biological replicates, the V. vulnificus cells and murine blood were prepared 

from two independent colonies or mice, respectively, on the same day. The mixture 

was incubated at 37°C with rolling for 1 h and then centrifuged at 250 × g for 3 min 

to harvest supernatant containing bacterial cells. Total RNA from the V. vulnificus 

cells was isolated and quantified using an RNeasy® Mini Kit (Qiagen, Valencia, CA) 

and a NanoDrop Onec Microvolume UV-Vis Spectrophotometer (Thermo Scientific, 

Waltham, MA), respectively. Strand-specific cDNA libraries were constructed and 

sequenced using HiSeq 2500 (Illumina, San Diego, CA) by LabGenomics 

(Seongnam, Gyeonggi, South Korea) as described previously (Lee et al., 2019b). 

The raw sequencing reads were mapped to the V. vulnificus MO6-24/O reference 

genome (GenBankTM accession numbers: CP002469 and CP002470, 

www.ncbi.nlm.nih.gov) and the expression level of each gene was calculated as a 

reads per kilobase of transcript per million mapped sequence reads (RPKM) value 

using EDGE-pro v1.3.1 (Estimated Degree of Gene Expression in PROkaryots) 

(Magoc et al., 2013). The RPKM values were normalized and analyzed statistically 

using DeSeq2 v1.26.0 to identify differentially expressed genes (fold change ≥ 4 

with p < 0.05) when exposed to murine blood (Love et al., 2014). All manipulations 
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for murine blood sampling were performed following the National Institutes of 

Health Guidelines for Humane Treatment and approved by the Animal Care and Use 

Committee of Seoul National University (SNU-170116-1).  

 

II-2-3. Quantitative RT-PCR 

Relative vvhBA transcript levels in the total RNA isolated from V. vulnificus grown 

under various environmental conditions were determined by quantitative RT-PCR 

(qRT-PCR). In details, V. vulnificus was grown in LBS to an A600 of 0.5, and then 

exposed to RAW 264.7 cells at a multiplicity of infection 10 or DMEM (negative 

control) for 1 h in the presence or absence of 500 μM L-NG-monomethyl arginine 

citrate (L-NMMA; Sigma), which is a known NO synthase inhibitor (Kim et al., 

2019; Nathan and Hibbs, 1991). Moreover, V. vulnificus was exposed to 25 μM 

Diethylammonium (Z)-1-(N,N-diethylamino)diazen-1-ium-1,2-diolate (DEA 

NONOate; Cayman Chemical, Ann Arbor, MI) for 20 min or 50 μM 2,2’-dipyridyl 

(DP; Sigma) for 10 min when necessary. cDNA was synthesized from 1 μg of the 

total RNA by using the iScriptTM cDNA synthesis kit (Bio-Rad, Hercules, CA). Real-

time PCR amplification of the cDNA was performed by using the Chromo 4 real-

time PCR detection system (Bio-Rad) with pairs of specific primers (Table II-2) as 

described previously (Jang et al., 2017). Relative expression levels of the vvhBA 

transcript were calculated by using the 16S rRNA expression level as an internal 

reference for normalization (Jang et al., 2017). 
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Table II-2. Oligonucleotides used in this study 

Primer Oligonucleotide sequence, 5’ →3’a, b Use 

For mutant construction  

HNS01-F GTGAAGGAATTGCTTCTACAACTTTCGTC 

Deletion of hns ORF 
HNS01-R CTTGGATCCGCTTCTTGACGCTCT 

HNS02-F AGCGAATCCAAGCTCAATTAGATGCG 

HNS02-R AAATTAATACCAATGGGGCAGGC 

FUR01-F AATGTGCCTTGCAGAGCTTGAAGAC 

Deletion of fur ORF 
FUR01-R AAGTGATCAATCCGGTTGCTGTAGTACTT 

FUR02-F GATTGATCACTTTACGGCAAGTGTGG 

FUR02-R CACACCTGCGTCAATTCGCG 

NSRR01-F GAGCTCAGGTTACCCGCATGCTATTGTCCTGGTTTGAAGCTA 

Deletion of nsrR ORF and 3×FLAG 

fusion to nsrR ORF 

NSRR01-R CGTTGTCATCATCAGTAAAGCTCGTCAGTTGCAT 

NSRR02-F CTTTACTGATGATGACAACGCAGAGCTCCTGATC 

NSRR02-R CGACCCTCGAGTACGCGTCACTAGTGCCATGCCACCACTCAAAGTGATC 

NSRR01F-R 
GTCGATGTCATGATCTTTATAATCACCGTCATGGTCTTTGTAGTCGGCTTT

TTGCAGCAAGATC 

NSRR02F-F 
GATTATAAAGATCATGACATCGACTACAAAGACGATGACGACAAGTAAC

TGGCGTTGCCAGTATG 

NORR01-F GAGCTCAGGTTACCCGCATGATGTCCCAAACGATTGAC Deletion of norR ORF 
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NORR01-R GAAAGAGGGTAAATCCCACCATTTCTCC 

NORR02-F GGTGGGATTTACCCTCTTTCCTGAACAAAC 

NORR02-R CGACCCTCGAGTACGCGTCATTTTACGGCTGGGGTTTG 

For mutant complementation  

ISCR01-F GGTACCGAGAAAGTGTTACTGAAAACC 
Amplification of iscR ORF 

ISCR01-R GGTACCTTAAGAGCGGAAATTTACACC 

HNS03-F GGTACCTTTGTTATAAAGCCATCTAATCATTC 
Amplification of hns ORF 

HNS03-R GAGCTCTTAGATTTCGAAATCTTCTAGAGATTTAC 

NSRRC-F GATCCCCGGGTACCAGCGGGCTTCCTATTAGGATTATT 
Amplification of nsrR ORF 

NSRRC-R ACGAATTCGAGCTCTTAGGCTTTTTGCAGCAAGATCAG 

NSRREC01-F CTCAGGTTACCCGCATGCGGCCACTATGTCGGTTTTAG 

Ectopic integration of nsrR 

regulatory region and ORF 

NSRREC01-R ATGAGCAACCCGACCTTTCCTTGGTGATC 

NSRREC02-F GGAAAGGTCGGGTTGCTCATGTTAAAGATATCTTTGAG 

NSRREC02-R ATCACTTCCAAATGTGCGCCATGCCATTG 

NSRREC03-F GGCGCACATTTGGAAGTGATCCCACAAC 

NSRREC03-R CTCGAGTACGCGTCACTAGTCGGTCTTCTTCGTAGTGCACC 

For protein overexpression  

HNS04-F CCATGGTTCTGAACTAACAAAAAC 
Amplification of hns ORF 

HNS04-R GTCGACGATTTCGAAATCTTCTAG 
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OMPU01-F CCATGGTTAAAAAGACATTAATCGCAC 
Amplification of ompU ORF 

OMPU01-R GTCGACTTAGAAGTCGTAACGTAGAC 

VVHBA01-F CCATGGGAAAAAAAATGACTCTGTTTAC Amplification of truncated vvhA 

ORF VVHBA01-R GTCGACAGAGATAGGGTTGAACTTC 

NSRRP-F ACTTTAAGAAGGAGATATACCCATGGAATGCAACTGACGAGCTTTAC Amplification of nsrR and nsrR3CS 

ORF NSRRP-R CAGTGGTGGTGGTGGTGGTGGGCTTTTTGCAGCAAGATC 

For qRT-PCR analysis  

VVHBA_qRT-F ACAGCTGGTTCCAGAGTTGG Quantification of the vvhBA 

expression VVHBA_qRT-R AACGGGTTTCACCCAAAGGT 

HMPA_qRT-F GGCCGAAACAGGACCAAAAC 
Quantification of hmpA expression 

HMPA_qRT-R TGCGAGTTTGACTTTGCTGC 

NNRS_qRT-F AAATTCCCGCTTGGCTGAGA 
Quantification of nnrS expression 

NNRS_qRT-R CAAAGGTAAGTTTGCCGCCC 

16S_qRT-F CGGCAGCACAGAGAAACTTG Quantification of the 16S rRNA 

expression 16S_qRT-R CCGTAGGCATCATGCGGTAT 

For EMSA and DNase I protection assay  

VVHBA02-F CCACCCTCTTTTTTAGTCAAATC Amplification of PvvhBA regulatory 

region VVHBA02-R GCGTGACATTTTGTTGGTAC 

PnsrRhmpA-F GAAACACCAAATAGCTCAGTCACAT Amplification of nsrR-hmpA 
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PnsrRhmpA-R ATTGCGTTGGTTGCTCATG regulatory region 

Pisc-F AATAAAATGCGTCGATTGTTCAG Amplification of isc operon 

regulatory region Pisc-R CTCGGAAATATCAGCCAGAGG 

For site-directed mutagenesis  

NSRRC91S-F GGAGCCGTTGGATCTTGTCAATTCGTCGGTGGAGTTT 

Construction of nsrR3CS mutant 

NSRRC91S-R AAACTCCACCGACGAATTGACAAGATCCAACGGCTCC 

NSRRC96S-F TTGCTCGGTGGAGTTTTCGCATATTACGCCCGCATG 

NSRRC96S-R CATGCGGGCGTAATATGCGAAAACTCCACCGAGCAA 

NSRRC102S-F GCCATATTACGCCCGCATCGCGTTTGAAGGAGCG 

NSRRC102S-R CGCTCCTCCAAACGCGATGCGGGCGTAATATGGC 

For primer extension analysis  

HMPAUP-F TAATCAGTAAAGCTCGTCAGTTGC Amplification of hmpA upstream 

region and extension of hmpA 

transcript 
HMPAUP-R TCCTGTTTCGGCCAACAGG 

NSRRUP-F TAGCGGGCTTCCTATTAGGATTA Amplification of nsrR upstream 

region and extension of nsrR 

transcript 
NSRRUP-R TATCCGGCAACGACGCGA 

For reporter construction  

PnsrR-F GAGCTCATTGCGTTGGTTGCTCATG Amplification of nsrR regulatory 

region PnsrR-R  ACTAGTGAAACACCAAATAGCTCAGTCACAT 
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a The oligonucleotides were designed using the V. vulnificus MO6-24/O genomic sequence (GenBankTM accession number CP002469 and 

CP002470, www.ncbi.nlm.nih.gov). 

b Regions of oligonucleotides not complementary to the corresponding genes are underlined.
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II-2-4. Generation and complementation of the mutants  

The ΔiscR strain JK093, the iscR3CA mutant JK128, and the hlyU-deletion mutant 

(ΔhlyU) ZW141 were previously constructed and used in this study (Table II-1) 

(Jang et al., 2017; Lim et al., 2014a; Lim and Choi, 2014). For construction of the 

hns-deletion mutant (Δhns), the hns gene was inactivated in vitro by deletion of the 

ORF of hns (228 of 408 bp) using the PCR-mediated linker-scanning mutation 

method as described previously (Jang et al., 2016). Briefly, the primer pairs HNS01-

F and HNS01-R or HNS02-F and HNS02-R were used for amplification of the 5’ 

amplicon and 3’ amplicon, respectively (Table II-2). The 228-bp deleted hns was 

amplified by PCR using the mixture of both amplicons as the template, and HNS01-

F and HNS02-R as primers. The resulting product was ligated into SphI-SpeI-

digested pDM4 to generate pEJ1502 (Table II-1) (Milton et al., 1996). Similarly, 

pJK1121 carrying the 292-bp deleted fur on pDM4 was constructed using the primers 

FUR01-F, FUR01-R, FUR02-F, and FUR02-R (Table II-2). E. coli S17-1 λpir 

containing pEJ1502, pJK1121, or pZW1401 was used as a conjugal donor to V. 

vulnificus MO6-24/O, the ΔiscR, ΔhlyU, and iscR3CA strains to construct Δhns EJ151, 

the fur-deletion mutant (Δfur) JK114, the iscR hlyU double-deletion mutant 

(ΔiscRΔhlyU) KK1612, the iscR hns double-deletion mutant (ΔiscRΔhns) JK151, 

the iscR fur double-deletion mutant (ΔiscRΔfur) JK116, the hlyU hns double-

deletion mutant (ΔhlyUΔhns) JK152, the hlyU-deleted iscR3CA mutant 

(iscR3CAΔhlyU) KK1611, or the h-ns-deleted iscR3CA mutant (iscR3CAΔhns) KK1620, 
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respectively (Table II-1) (Jang et al., 2017; Simon et al., 1983). The conjugation and 

isolation of transconjugants were conducted using the method described previously 

(Jang et al., 2016).  

To complement the mutations, pZW1510 carrying the hlyU gene on the broad-

host-range vector pJH0311 was used in this study (Table II-1) (Goo et al., 2006; Jang 

et al., 2017). Similarly, the iscR gene and hns gene were amplified by PCR using 

pairs of specific primers listed in Table II-2 and cloned into pJH0311 to create 

pKK1531 and pGR1713, respectively (Table II-1). The plasmids were transferred 

into the appropriate mutants by conjugation as described above.  

 

II-2-5. Protein purification and Western blot analysis 

To overexpress IscR and HlyU, pJK0928 carrying the iscR gene on pET-22b(+) 

(Novagen, Madison, WI) and pYU1317 carrying the hlyU gene on pET-28a(+) 

(Novagen) were constructed previously and used in this study (Table II-1) (Jang et 

al., 2017; Lim and Choi, 2014). Similarly, the hns gene and ompU gene were 

subcloned into pET-28a(+) and pHIS-parallel1 using pairs of specific primers listed 

in Table II-2 to create pKK1636 and pKK1615, respectively (Table II-1) (Sheffield 

et al., 1999). Since injection of the VvhA protein is toxic to rabbit, the 5’-terminal 

region of vvhA (amino acids 1-261) was amplified by PCR using the primer pair 

VVHBA01-F and VVHBA01-R (Table II-2), subcloned into pET-28a(+) to create 

pKK1643 (Table II-1). The resulting His6-tagged IscR, HlyU, H-NS, OmpU, and 
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truncated-VvhA were expressed in E. coli BL21 (DE3) and purified by affinity 

chromatography according to the manufacturer’s instructions (Qiagen).  

The purified IscR, HlyU, H-NS, OmpU, and truncated-VvhA were used to raise 

rabbit polyclonal antibodies against the respective V. vulnificus proteins (AB Frontier, 

Seoul, South Korea). For Western blot analysis, V. vulnificus exposed to various 

environmental conditions were harvested and fractionated into cells and supernatants 

by centrifugation. The cells were lysed using B-PERTM Bacterial Protein Extraction 

Reagent with Enzymes (Thermo Fisher Scientific), and residual cell debris was 

removed by centrifugation to obtain clear cell lysates. The supernatants were filtered 

through a PuradiscTM 25-mm syringe filter (pore size 0.2 μm; GE Healthcare, 

Chicago, IL) and concentrated using Amicon Ultra-15 (cut-off 30 kDa; Millipore, 

Burlington, MA). The protein levels of IscR, HlyU, H-NS, and DnaK in the clear 

cell lysates or VvhA and OmpU in the supernatant concentrates were determined as 

described previously (Jang et al., 2016; Lee et al., 2019b).  

 

II-2-6. Electrophoretic mobility shift assay and DNase I protection assay 

For electrophoretic mobility shift assays (EMSAs), a 501-bp vvhBA promoter 

region (-353 to +148 from the transcription start site (TSS) of vvhBA) was amplified 

by PCR using unlabeled VVHBA02-F and [γ-32P]ATP-labeled VVHBA02-R as 

primers (Table II-2). The radiolabeled DNA probe (5 nM) was then incubated with 

purified IscR, HlyU, and H-NS for 30 min at 30°C in a 20-μl reaction mixture 
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containing 1× IscR binding buffer (40 mM Tris-Cl (pH 7.9), 70 mM KCl, 1 mM DTT, 

and 100 μg BSA) and 0.1 μg of poly(dI-dC) (Sigma) as a nonspecific competitor. 

For the competition analysis, various concentrations of unlabeled DNA fragment 

were added as a self-competitor to the reaction mixture before incubation. 

Electrophoretic analysis of the DNA-protein complexes was performed as described 

previously (Lee et al., 2019b).  

Similarly, the same 501-bp vvhBA promoter region was amplified by PCR using 

unlabeled VVHBA02-F and 6-carboxyfluorescein (6-FAM)-labeled VVHBA02-R 

as primers for DNase I protection assays (Table II-2). The binding of IscR, HlyU, 

and H-NS to the DNA probe (32.3 nM) was performed as described above, and 

DNase I digestion of DNA-protein complexes followed the procedures described 

previously (Jang et al., 2017). The digested DNA products were precipitated with 

ethanol and eluted in sterilized H2O, and then analyzed using an ABI 3730xl DNA 

analyzer (Applied Biosystems, Foster City, CA) with Peak ScannerTM Software v1.0 

(Applied Biosystems) (Hwang et al., 2019).  

 

II-2-7. Data analysis 

Averages and standard deviation (SD) values were calculated from at least three 

independent experiments. Statistical analysis was performed by the Student’s t test 

using GraphPad Prism 7.0 (GraphPad Software). 
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II-3. Results 

 

II-3-1. Expression of vvhBA is induced upon exposure to murine blood and 

macrophages 

In an effort to identify virulence genes significantly induced in V. vulnificus upon 

invasion of the host bloodstream, transcriptomes of the bacteria exposed to murine 

blood or M9G (negative control) were analyzed by RNA-seq. V. vulnificus exposed 

to murine blood differentially expressed 381 genes compared with that exposed to 

M9G; 222 genes were up-regulated and 159 genes were down-regulated (Table II-3 

and Fig. II-1). Among the genes encoding extracellular toxins, expression of the 

vvhBA operon was the most elevated upon exposure to murine blood (about 26.0-

fold; Fig. II-2), which was confirmed by qRT-PCR (about 81.1-fold; Fig. II-3A). 

This result suggests that vvhBA is preferentially expressed in response to host-

derived stresses which exist in the murine bloodstream. 

Since VvhA-dependent cytotoxicity of V. vulnificus toward murine peritoneal 

macrophages has been reported (Lee et al., 2004b), the expression of vvhBA upon 

exposure to murine macrophage RAW 264.7 cells was further examined. As shown 

in Fig. II-3B, V. vulnificus that was exposed to NO-producing RAW 264.7 cells 

increased vvhBA transcription compared with that exposed to DMEM (negative 

control). Strikingly, the extent of increase in the vvhBA transcript level upon 

exposure to RAW 264.7 cells diminished significantly by addition of the NO 
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synthase inhibitor L-NMMA (Fig. II-3B). This result indicates that NO is one of the 

murine macrophage-derived signals which V. vulnificus senses to induce vvhBA 

expression. Taken together, the combined results show that vvhBA expression is 

induced under host-like conditions in response to certain host-derived stresses. 
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Table II-3. The genes differentially expressed upon exposure to murine blood   

Locus taga Gene product 
Fold change 

(log2) 

Up-regulated (222 genes)  

VVMO6_RS16525 Purine nucleoside phosphorylase 8.36 

VVMO6_RS20870 Ferric vulnibactin receptor VuuA 7.61 

VVMO6_RS16375 Hypothetical protein 7.61 

VVMO6_RS20820 2-keto-3-deoxy-D-arabino-heptulosonate-7- phosphate synthase I alpha 7.52 

VVMO6_RS20830 Isochorismate synthase of siderophore biosynthesis 7.29 

VVMO6_RS16175 Hypothetical protein 7.15 

VVMO6_RS19725 Hexose phosphate transport protein UhpT 7.06 

VVMO6_RS20840 Vulnibactin utilization protein VuuB 6.90 

VVMO6_RS20835 2,3-dihydroxybenzoate-AMP ligase 6.90 

VVMO6_RS19265 Glycerol-3-phosphate transporter 6.89 

VVMO6_RS20815 Non-ribosomal peptide synthetase modules siderophore biosynthesis 6.84 

VVMO6_RS01095 Manganese superoxide dismutase 6.74 

VVMO6_RS20845 Isochorismatase of siderophore biosynthesis 6.71 

VVMO6_RS20850 Isochorismate pyruvate-lyase of siderophore biosynthesis 6.57 

VVMO6_RS19985 Phosphosugar mutase of unknown sugar 6.50 
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VVMO6_RS15805 Ribosyl nicotinamide transporter, PnuC-like protein 6.22 

VVMO6_RS20810 Non-ribosomal peptide synthetase modules siderophore biosynthesis 6.18 

VVMO6_RS03655 Glycerol uptake facilitator protein 6.13 

VVMO6_RS15810 N-Ribosylnicotinamide phosphorylase 6.11 

VVMO6_RS16520 Hypothetical protein 6.10 

VVMO6_RS03640 Aerobic glycerol-3-phosphate dehydrogenase 6.03 

VVMO6_RS19270 Glycerophosphoryl diester phosphodiesterase 6.03 

VVMO6_RS09165 Predicted manganese transporter, 11 TMS 5.96 

VVMO6_RS20855 2,3-dihydroxybenzoate-AMP ligase 5.88 

VVMO6_RS20860 Aryl carrier domain 5.87 

VVMO6_RS20865 Catechol siderophore ABC transporter, substrate-binding protein 5.87 

VVMO6_RS20825 2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase 5.86 

VVMO6_RS20625 Hypothetical protein 5.69 

VVMO6_RS20630 ABC transporter, ATP-binding protein 5.65 

VVMO6_RS14770 
Enoyl-CoA hydratase / delta(3)-cis-delta(2)-trans-enoyl-CoA isomerase / 3-hydroxyacyl-CoA 

dehydrogenase / 3-hydroxybutyryl-CoA epimerase 
5.61 

VVMO6_RS14920 Peptide ABC transporter ATP-binding protein 5.60 

VVMO6_RS04140 Butyryl-CoA dehydrogenase 5.47 

VVMO6_RS20325 Sialic acid-induced transmembrane protein YjhT(NanM) possible mutarotase 5.41 
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VVMO6_RS20805 Phosphopantetheinyl transferase component of siderophore synthetase 5.37 

VVMO6_RS14775 3-ketoacyl-CoA thiolase / acetyl-CoA acetyltransferase 5.36 

VVMO6_RS05730 TRAP transporter solute receptor, unknown substrate 6 5.32 

VVMO6_RS15635 Galactose/methyl galactoside ABC transport system D-galactose-binding periplasmic protein MglB 5.30 

VVMO6_RS18705 TonB-dependent heme and hemoglobin receptor HutA / TonB-dependent hemin ferrichrome receptor 5.26 

VVMO6_RS03650 Glycerol kinase 5.22 

VVMO6_RS05735 TRAP dicarboxylate transporter, DctQ subunit, unknown substrate 6 5.09 

VVMO6_RS17965 Hypothetical protein 4.92 

VVMO6_RS16565 TonB-dependent heme receptor HutR 4.92 

VVMO6_RS20350 TRAP-type transport system periplasmic component predicted N-acetylneuraminate-binding protein 4.89 

VVMO6_RS21780 Aerobactin siderophore receptor IutA 4.89 

VVMO6_RS08480 Tricarboxylate transport protein TctC 4.87 

VVMO6_RS01090 tRNA (cytosine34-2'-O-)-methyltransferase 4.85 

VVMO6_RS10460 Cysteine synthase B 4.81 

VVMO6_RS16560 Protease II 4.76 

VVMO6_RS17495 Ribose ABC transport system, periplasmic ribose-binding protein RbsB 4.76 

VVMO6_RS17480 Ribose ABC transport system, high affinity permease RbsD 4.71 

VVMO6_RS19260 Cytolysin precursor 4.70 

VVMO6_RS14915 Oligopeptide transport ATP-binding protein OppF 4.70 
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VVMO6_RS19255 Cytolysin secretion protein 4.63 

VVMO6_RS20320 Sialic acid-induced transmembrane protein YjhT(NanM) possible mutarotase 4.59 

VVMO6_RS23415 Hypothetical protein 4.58 

VVMO6_RS10365 2,4-dienoyl-CoA reductase [NADPH] 4.58 

VVMO6_RS16865 TonB family protein 4.54 

VVMO6_RS16880 Pyridoxamine 5'-phosphate oxidase-related putative heme iron utilization protein 4.52 

VVMO6_RS15235 Hypothetical protein 4.51 

VVMO6_RS22135 Hypothetical protein 4.47 

VVMO6_RS18545 Hypothetical protein 4.39 

VVMO6_RS08485 Tricarboxylate transport protein TctB 4.35 

VVMO6_RS17265 Anaerobic glycerol-3-phosphate dehydrogenase subunit A 4.33 

VVMO6_RS20345 TRAP-type transport system small permease component predicted N-acetylneuraminate transporter 4.31 

VVMO6_RS02145 Arginine deiminase 4.31 

VVMO6_RS16845 Hemin ABC transporter permease protein 4.30 

VVMO6_RS16580 Hypothetical protein in cluster with HutR 4.29 

VVMO6_RS15240 Hypothetical protein 4.27 

VVMO6_RS01410 Hypothetical protein 4.25 

VVMO6_RS16860 Ferric siderophore transport system biopolymer transport protein ExbB 4.19 

VVMO6_RS16850 Periplasmic hemin-binding protein 4.17 
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VVMO6_RS18360 PTS system fructose-specific IIB component / PTS system fructose-specific IIC component 4.13 

VVMO6_RS16570 Hypothetical with regulatory P domain of a subtilisin-like proprotein convertase 4.11 

VVMO6_RS16840 ABC-type hemin transport system ATPase component 4.10 

VVMO6_RS16875 Putative heme iron utilization protein 4.10 

VVMO6_RS16855 Biopolymer transport protein ExbD1 4.07 

VVMO6_RS09515 Iron-regulated protein A precursor 4.01 

VVMO6_RS16870 
Radical SAM family protein HutW, coproporphyrinogen III oxidase-like protein, oxygen-

independent, associated with heme uptake 
4.00 

VVMO6_RS20340 TRAP-type transport system large permease component predicted N-acetylneuraminate transporter 3.97 

VVMO6_RS15630 Galactose/methyl galactoside ABC transport system ATP-binding protein MglA 3.92 

VVMO6_RS14365 Phosphoenolpyruvate carboxykinase (ATP) 3.88 

VVMO6_RS06180 Hypothetical protein 3.88 

VVMO6_RS16265 Thermolabile hemolysin precursor 3.88 

VVMO6_RS20335 N-acetylneuraminate lyase 3.87 

VVMO6_RS00730 O-methyltransferase-related protein 3.84 

VVMO6_RS12285 Isocitrate lyase 3.83 

VVMO6_RS19730 Transcriptional regulatory protein UhpA 3.81 

VVMO6_RS05960 Glycine radical enzyme activase 3.80 

VVMO6_RS06245 Chitinase 3.80 
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VVMO6_RS03380 Thymidine phosphorylase 3.77 

VVMO6_RS12290 Malate synthase 3.74 

VVMO6_RS04535 3-ketoacyl-CoA thiolase / Acetyl-CoA acetyltransferase 3.72 

VVMO6_RS06170 Hypothetical protein 3.70 

VVMO6_RS18365 1-phosphofructokinase 3.68 

VVMO6_RS17270 Anaerobic glycerol-3-phosphate dehydrogenase subunit B 3.67 

VVMO6_RS06175 Hypothetical protein 3.63 

VVMO6_RS11415 UDP-sugar hydrolase / 5'-nucleotidase 3.59 

VVMO6_RS21640 TRAP transporter solute receptor TAXI family precursor 3.52 

VVMO6_RS06435 Hypothetical protein 3.52 

VVMO6_RS17275 Anaerobic glycerol-3-phosphate dehydrogenase subunit C 3.51 

VVMO6_RS05740 TRAP dicarboxylate transporter, DctM subunit, unknown substrate 6 3.51 

VVMO6_RS18370 Fructose-specific phosphocarrier protein HPr / PTS system fructose-specific IIA component 3.50 

VVMO6_RS21530 Predicted thioesterase 3.49 

VVMO6_RS20875 Amide synthase component of siderophore synthetase 3.44 

VVMO6_RS17485 Ribose ABC transport system, ATP-binding protein RbsA 3.44 

VVMO6_RS06185 Flp pilus assembly protein CpaB 3.41 

VVMO6_RS19910 Transketolase 3.41 

VVMO6_RS15625 Galactose/methyl galactoside ABC transport system permease protein MglC 3.40 
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VVMO6_RS15675 Ferrichrome-iron receptor 3.40 

VVMO6_RS04540 
Enoyl-CoA hydratase / Delta(3)-cis-delta(2)-trans-enoyl-CoA isomerase / 3-hydroxyacyl-CoA 

dehydrogenase / 3-hydroxybutyryl-CoA epimerase 
3.39 

VVMO6_RS19060 MotA/TolQ/ExbB proton channel family protein 3.32 

VVMO6_RS15680 Transcriptional regulator AraC family 3.32 

VVMO6_RS16260 Regulatory P domain of the subtilisin-like proprotein convertase 3.28 

VVMO6_RS08815 Hypothetical protein 3.26 

VVMO6_RS19065 TonB system biopolymer transport component / chromosome segregation ATPase 3.25 

VVMO6_RS19055 Ferric siderophore transport system biopolymer transport protein ExbB 3.21 

VVMO6_RS20355 N-acetylmannosamine-6-phosphate 2-epimerase 3.19 

VVMO6_RS08490 Tricarboxylate transport membrane protein TctA 3.19 

VVMO6_RS19245 Methyl-accepting chemotaxis protein hemolysin secretion protein HylB 3.19 

VVMO6_RS19905 Transaldolase 3.18 

VVMO6_RS19040 Ferric siderophore transport system, periplasmic binding protein TonB 3.18 

VVMO6_RS13360 Malate dehydrogenase 3.18 

VVMO6_RS19050 Biopolymer transport protein ExbD/TolR 3.16 

VVMO6_RS03375 Deoxyribose-phosphate aldolase 3.15 

VVMO6_RS19045 Biopolymer transport protein ExbD/TolR 3.15 

VVMO6_RS16370 Uncharacterized conserved protein 3.13 
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VVMO6_RS20940 Hypothetical protein 3.10 

VVMO6_RS12095 D-amino acid dehydrogenase small subunit 3.07 

VVMO6_RS17020 Predicted transcriptional regulator 3.07 

VVMO6_RS20360 N-acetylmannosamine kinase 3.06 

VVMO6_RS08910 Butyryl-CoA dehydrogenase 3.06 

VVMO6_RS06485 Urocanate hydratase 3.03 

VVMO6_RS08810 Cysteine desulfurase 2.97 

VVMO6_RS17940 Ferric vibriobactin, enterobactin transport system, permease protein VctD 2.94 

VVMO6_RS19735 Sensor histidine protein kinase UhpB, glucose-6-phosphate specific 2.92 

VVMO6_RS18205 NADH:ubiquinone oxidoreductase subunit 2 2.91 

VVMO6_RS17490 Ribose ABC transport system, permease protein RbsC 2.91 

VVMO6_RS17950 Ferric vibriobactin, enterobactin transport system, ATP-binding protein 2.90 

VVMO6_RS21765 Ferric aerobactin ABC transporter, periplasmic substrate binding protein 2.89 

VVMO6_RS05845 Serine transporter 2.86 

VVMO6_RS10155 Hypothetical protein 2.84 

VVMO6_RS07725 NAD-specific glutamate dehydrogenase large form 2.83 

VVMO6_RS17090 Aspartate aminotransferase (AspB-4) 2.82 

VVMO6_RS17945 Ferric vibriobactin, enterobactin transport system, permease protein VctG 2.81 

VVMO6_RS08260 Outer membrane protein 2.81 
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VVMO6_RS03385 Phosphopentomutase 2.79 

VVMO6_RS08085 Hypothetical protein 2.78 

VVMO6_RS19030 Methyl-accepting chemotaxis protein 2.77 

VVMO6_RS08915 Predicted transcriptional regulator for fatty acid degradation FadQ TetR family 2.74 

VVMO6_RS21645 C4-dicarboxylate transport transcriptional regulatory protein 2.72 

VVMO6_RS08265 
Predicted membrane fusion protein (MFP) component of efflux pump, membrane anchor protein 

YbhG 
2.71 

VVMO6_RS21760 Ferric aerobactin ABC transporter, ATPase component 2.71 

VVMO6_RS06470 Trypsin, putative 2.71 

VVMO6_RS04515 Long-chain fatty acid transport protein 2.70 

VVMO6_RS15650 Melibiose carrier protein, Na+/melibiose symporter 2.69 

VVMO6_RS20365 N-acetylglucosamine-6-phosphate deacetylase 2.65 

VVMO6_RS14660 Multidrug resistance transporter Bcr/CflA family 2.64 

VVMO6_RS21770 Ferric aerobactin ABC transporter, permease component 2.64 

VVMO6_RS18630 Isopenicillin N synthase 2.63 

VVMO6_RS01080 Aspartate ammonia-lyase 2.61 

VVMO6_RS19765 Cold shock protein CspE 2.59 

VVMO6_RS23495 Hypothetical protein 2.59 

VVMO6_RS14105 Methyl-accepting chemotaxis protein 2.59 
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VVMO6_RS06190 Flp pilus assembly protein, secretin CpaC 2.57 

VVMO6_RS06195 Hypothetical protein 2.56 

VVMO6_RS12840 Putative membrane protein YfcA 2.56 

VVMO6_RS06495 Imidazolonepropionase 2.55 

VVMO6_RS14910 Oligopeptide transport ATP-binding protein OppF 2.55 

VVMO6_RS08315 1-acyl-sn-glycerol-3-phosphate acyltransferase 2.54 

VVMO6_RS03370 Nucleoside permease NupC 2.51 

VVMO6_RS06480 Histidine ammonia-lyase 2.50 

VVMO6_RS20960 Putative sugar phosphotransferase component II B 2.49 

VVMO6_RS03580 UDP-glucose 4-epimerase 2.49 

VVMO6_RS20300 Periplasmic nitrate reductase component NapD 2.49 

VVMO6_RS01555 Bacterioferritin-associated ferredoxin 2.49 

VVMO6_RS21915 Hypothetical protein 2.48 

VVMO6_RS21950 6-phospho-beta-glucosidase 2.47 

VVMO6_RS19740 Hexose phosphate uptake regulatory protein UhpC 2.46 

VVMO6_RS21545 Oxygen-insensitive NAD(P)H nitroreductase / dihydropteridine reductase 2.42 

VVMO6_RS21755 Hypothetical protein in aerobactin uptake cluster 2.42 

VVMO6_RS03555 Putative oxidoreductase 2.41 

VVMO6_RS19240 Glycosidase 2.37 
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VVMO6_RS17970 Hydroxymethylglutaryl-CoA reductase 2.37 

VVMO6_RS17260 Hypothetical protein 2.36 

VVMO6_RS08270 ABC-type multidrug transport system, permease component 2.34 

VVMO6_RS09840 Ribonucleotide reductase of class Ia (aerobic), alpha subunit 2.34 

VVMO6_RS06975 PAS factor 2.33 

VVMO6_RS11045 Hypothetical protein 2.32 

VVMO6_RS24000 Hypothetical protein 2.31 

VVMO6_RS07085 PAS factor 2.31 

VVMO6_RS08215 Putative lipoprotein 2.31 

VVMO6_RS03390 Purine nucleoside phosphorylase 2.29 

VVMO6_RS10590 DNA-binding protein HU-beta 2.28 

VVMO6_RS06490 Formiminoglutamase 2.27 

VVMO6_RS21540 Hypothetical protein 2.27 

VVMO6_RS18500 Cytochrome B561 2.26 

VVMO6_RS02170 Inner membrane protein YjgN 2.26 

VVMO6_RS08275 ABC-type multidrug transport system, permease component 2.25 

VVMO6_RS13560 Protein YtfJ precursor 2.22 

VVMO6_RS19990 Histone acetyltransferase HPA2 2.22 

VVMO6_RS06205 Flp pilus assembly protein TadA 2.20 



47 

VVMO6_RS03130 Chitin catabolic cascade sensor histidine kinase ChiS 2.19 

VVMO6_RS21635 TRAP-type uncharacterized transport system fused permease component 2.18 

VVMO6_RS21590 D-3-phosphoglycerate dehydrogenase 2.18 

VVMO6_RS02215 Deacetylase DA1 2.16 

VVMO6_RS02175 Zn-dependent protease with chaperone function 2.16 

VVMO6_RS02455 Hypothetical protein 2.16 

VVMO6_RS15520 Hypothetical protein 2.16 

VVMO6_RS09510 Probable thiol oxidoreductase with 2 cytochrome c heme-binding sites 2.15 

VVMO6_RS14820 Hypothetical protein 2.14 

VVMO6_RS21560 TPR repeat protein 2.13 

VVMO6_RS14180 TonB-dependent receptor / outer membrane receptor for ferrienterochelin and colicins 2.07 

VVMO6_RS09200 Periplasmic nitrate reductase component NapE 2.04 

VVMO6_RS09630 Predicted esterase of the alpha-beta hydrolase superfamily 2.04 

VVMO6_RS03595 Aldose 1-epimerase 2.03 

VVMO6_RS17500 Ribokinase 2.03 

VVMO6_RS03560 Evolved beta-D-galactosidase beta subunit 2.02 

VVMO6_RS06210 Flp pilus assembly protein TadB 2.01 

VVMO6_RS23080 Hypothetical protein 2.01 

VVMO6_RS13620 2',3'-cyclic-nucleotide 2'-phosphodiesterase 2.01 
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VVMO6_RS19545 Adenosine deaminase 2.01 

VVMO6_RS05955 Hypothetical protein 2.01 

Down-regulated (159 genes)  

VVMO6_RS18510 Formate efflux transporter -9.01 

VVMO6_RS12730 Pyruvate formate-lyase -7.85 

VVMO6_RS05445 Hypothetical protein -7.21 

VVMO6_RS07500 Formate dehydrogenase subunit or accessory protein -7.12 

VVMO6_RS12790 Glutamate synthase [NADPH] large chain -7.09 

VVMO6_RS12795 Glutamate synthase [NADPH] small chain -6.87 

VVMO6_RS20745 Arginine ABC transporter, periplasmic arginine-binding protein ArtI -6.77 

VVMO6_RS01695 Argininosuccinate synthase -6.47 

VVMO6_RS20740 Arginine ABC transporter, ATP-binding protein ArtP -6.47 

VVMO6_RS01690 Acetylglutamate kinase -6.38 

VVMO6_RS01700 Argininosuccinate lyase / N-acetylglutamate synthase -6.12 

VVMO6_RS07495 Putative formate dehydrogenase-specific chaperone -6.10 

VVMO6_RS01685 N-acetyl-gamma-glutamyl-phosphate reductase -6.03 

VVMO6_RS07505 Formate dehydrogenase-O, major subunit -5.98 

VVMO6_RS02140 Ornithine carbamoyltransferase -5.78 

VVMO6_RS13615 Uroporphyrinogen-III methyltransferase -5.64 
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VVMO6_RS03705 N-acetylglutamate synthase -5.52 

VVMO6_RS18115 Acetate kinase -5.48 

VVMO6_RS07510 Formate dehydrogenase-O, iron-sulfur subunit / Putative formate dehydrogenase iron-sulfur subunit -5.43 

VVMO6_RS05650 5-methyltetrahydropteroyltriglutamate- homocysteine methyltransferase -5.27 

VVMO6_RS20750 Arginine ABC transporter, permease protein ArtQ -5.23 

VVMO6_RS13610 Sulfate adenylyltransferase subunit 2 -5.12 

VVMO6_RS00290 Ketol-acid reductoisomerase -5.08 

VVMO6_RS01850 Sulfite reductase [NADPH] flavoprotein alpha-component -5.07 

VVMO6_RS20755 Arginine ABC transporter, permease protein ArtM -4.98 

VVMO6_RS13605 Sulfate adenylyltransferase subunit 1 -4.88 

VVMO6_RS07490 Iron-sulfur cluster-binding protein -4.73 

VVMO6_RS20260 GMP reductase -4.72 

VVMO6_RS23435 Hypothetical protein -4.66 

VVMO6_RS07515 Formate dehydrogenase -O, gamma subunit -4.49 

VVMO6_RS01855 Sulfite reductase [NADPH] hemoprotein beta-component -4.41 

VVMO6_RS10200 Alcohol dehydrogenase / acetaldehyde dehydrogenase -4.35 

VVMO6_RS13245 Probable transcriptional activator for leuABCD operon -4.27 

VVMO6_RS01860 Phosphoadenylyl-sulfate reductase (thioredoxin) -4.24 

VVMO6_RS04160 Phosphoribosylformylglycinamidine cyclo-ligase -4.24 
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VVMO6_RS07685 3-hydroxydecanoyl-[acyl-carrier-protein] dehydratase -4.21 

VVMO6_RS18910 Hypothetical protein -4.19 

VVMO6_RS07520 Hypothetical protein -4.16 

VVMO6_RS16155 ABC transporter, periplasmic spermidine putrescine-binding protein PotD -4.04 

VVMO6_RS23305 Hypothetical protein -3.98 

VVMO6_RS05075 Pyruvate formate-lyase -3.91 

VVMO6_RS14860 Amino acid ABC transporter, periplasmic amino acid-binding portion -3.77 

VVMO6_RS11210 Cysteine synthase -3.72 

VVMO6_RS01675 Phosphoenolpyruvate carboxylase -3.70 

VVMO6_RS00215 Phosphoribosylaminoimidazole carboxylase catalytic subunit -3.65 

VVMO6_RS13600 Sulfate permease Trk-type -3.64 

VVMO6_RS05095 Amino acid ABC transporter, periplasmic amino acid-binding protein -3.58 

VVMO6_RS09650 PTS system glucose-specific IIB component / PTS system glucose-specific IIC component -3.57 

VVMO6_RS04255 Hypothetical protein -3.54 

VVMO6_RS08765 Phosphoribosylaminoimidazole-succinocarboxamide synthase -3.54 

VVMO6_RS04960 NADH dehydrogenase -3.53 

VVMO6_RS04720 Lactoylglutathione lyase -3.51 

VVMO6_RS09395 Dethiobiotin synthetase -3.48 

VVMO6_RS10185 Superoxide dismutase (Fe) -3.47 
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VVMO6_RS00655 Hypothetical protein -3.47 

VVMO6_RS20500 Hypothetical protein -3.44 

VVMO6_RS08295 Sodium/glycine symporter GlyP -3.43 

VVMO6_RS06475 Hypothetical protein -3.40 

VVMO6_RS19825 Tripeptide aminopeptidase -3.36 

VVMO6_RS20400 Protein-export membrane protein SecD -3.33 

VVMO6_RS04910 Lead, cadmium, zinc and mercury transporting ATPase / Copper-translocating P-type ATPase -3.30 

VVMO6_RS20395 Protein-export membrane protein SecF -3.25 

VVMO6_RS13595 Adenylylsulfate kinase -3.23 

VVMO6_RS03870 Hypothetical protein -3.23 

VVMO6_RS02525 D-3-phosphoglycerate dehydrogenase -3.22 

VVMO6_RS05660 Acetate kinase -3.22 

VVMO6_RS21700 Hypothetical protein -3.17 

VVMO6_RS11370 Lead, cadmium, zinc and mercury transporting ATPase / copper-translocating P-type ATPase -3.17 

VVMO6_RS00210 Phosphoribosylaminoimidazole carboxylase ATPase subunit -3.16 

VVMO6_RS16190 Permease of the drug/metabolite transporter (DMT) superfamily -3.10 

VVMO6_RS07440 ABC-type tungstate transport system periplasmic binding protein -3.07 

VVMO6_RS09040 Functional role page for Anaerobic nitric oxide reductase transcription regulator NorR -3.06 

VVMO6_RS08770 Hypothetical protein -3.05 
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VVMO6_RS04715 Hypothetical protein -3.04 

VVMO6_RS12105 Hypothetical protein -3.04 

VVMO6_RS11870 Xanthine/uracil/thiamine/ascorbate permease family protein -3.02 

VVMO6_RS11700 Methionine ABC transporter ATP-binding protein -2.98 

VVMO6_RS10400 Aldose 1-epimerase family protein YeaD -2.98 

VVMO6_RS23510 Hypothetical protein -2.97 

VVMO6_RS00755 Outer membrane vitamin B12 receptor BtuB -2.96 

VVMO6_RS21695 5-methyltetrahydropteroyltriglutamate- homocysteine methyltransferase -2.96 

VVMO6_RS09810 Cytochrome c552 precursor -2.95 

VVMO6_RS05050 Hypothetical protein -2.94 

VVMO6_RS21740 Type I secretion outer membrane protein TolC precursor -2.93 

VVMO6_RS03060 Ammonium transporter -2.92 

VVMO6_RS09530 Outer membrane receptor protein -2.89 

VVMO6_RS05645 Transcriptional activator MetR -2.86 

VVMO6_RS08820 Thioredoxin reductase -2.84 

VVMO6_RS18970 Transcriptional regulator ArsR family -2.82 

VVMO6_RS09525 MoxR-like ATPase -2.78 

VVMO6_RS05655 Phosphate acetyltransferase -2.76 

VVMO6_RS20505 Transcriptional regulator LysR family -2.75 
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VVMO6_RS11900 
Phosphoribosylformylglycinamidine synthase synthetase subunit / phosphoribosylformylglycin 

-amidine synthase glutamine amidotransferase subunit 
-2.74 

VVMO6_RS21745 Membrane-fusion protein -2.74 

VVMO6_RS03055 Nitrogen regulatory protein P-II -2.73 

VVMO6_RS23760 Hypothetical protein -2.71 

VVMO6_RS18965 Probable transmembrane protein -2.71 

VVMO6_RS11710 Methionine ABC transporter substrate-binding protein -2.68 

VVMO6_RS15145 Maltoporin (maltose/maltodextrin high-affinity receptor, phage lambda receptor protein) -2.68 

VVMO6_RS10395 NAD-dependent glyceraldehyde-3-phosphate dehydrogenase -2.66 

VVMO6_RS17515 Fatty acid desaturase / delta-9 fatty acid desaturase -2.62 

VVMO6_RS09640 Sodium-dependent transporter -2.62 

VVMO6_RS09310 ATP phosphoribosyltransferase -2.59 

VVMO6_RS09400 8-amino-7-oxononanoate synthase -2.58 

VVMO6_RS08970 Membrane protein -2.57 

VVMO6_RS11705 Methionine ABC transporter permease protein -2.57 

VVMO6_RS23850 Hypothetical protein -2.55 

VVMO6_RS21160 Arsenical resistance operon repressor -2.53 

VVMO6_RS07540 Ammonium transporter -2.53 

VVMO6_RS15985 Diacylglycerol kinase -2.51 
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VVMO6_RS03700 Hypothetical protein -2.51 

VVMO6_RS16830 Hypothetical protein -2.48 

VVMO6_RS11090 Di-/tripeptide transporter -2.47 

VVMO6_RS06415 Hypothetical protein -2.43 

VVMO6_RS18975 Rhodanese-related sulfurtransferase -2.43 

VVMO6_RS08650 Homoserine O-succinyltransferase -2.39 

VVMO6_RS09305 Histidinol dehydrogenase -2.37 

VVMO6_RS01120 6-phosphofructokinase -2.35 

VVMO6_RS14865 Amino acid ABC transporter, permease protein -2.35 

VVMO6_RS17305 Alcohol dehydrogenase -2.35 

VVMO6_RS12785 Predicted Fe-S oxidoreductase -2.33 

VVMO6_RS18220 Multidrug resistance protein A -2.32 

VVMO6_RS21725 Macrolide export ATP-binding/permease protein MacB -2.32 

VVMO6_RS01665 5,10-methylenetetrahydrofolate reductase -2.32 

VVMO6_RS11215 Phosphocarrier protein of PTS system -2.32 

VVMO6_RS18355 Membrane protein -2.31 

VVMO6_RS03455 Flp pilus assembly protein -2.30 

VVMO6_RS08975 Two-component system response regulator QseB -2.27 

VVMO6_RS06425 Phosphoribosylglycinamide formyltransferase 2 -2.25 
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VVMO6_RS21735 ABC-type antimicrobial peptide transport system permease component -2.25 

VVMO6_RS03460 Flp pilus assembly protein -2.24 

VVMO6_RS14405 Glutamine synthetase type I -2.23 

VVMO6_RS21390 Phospholipid-binding protein -2.20 

VVMO6_RS15975 Phosphoglycerol transferase I -2.19 

VVMO6_RS18960 Predicted transporter component -2.19 

VVMO6_RS09300 Histidinol-phosphate aminotransferase -2.19 

VVMO6_RS08610 Hypothetical protein -2.18 

VVMO6_RS03860 Hypothetical protein -2.15 

VVMO6_RS08905 Short-chain alcohol dehydrogenase family -2.14 

VVMO6_RS03865 Hypothetical protein -2.14 

VVMO6_RS22655 Hypothetical protein -2.14 

VVMO6_RS09965 Trp operon leader peptide -2.11 

VVMO6_RS11220 Phosphoenolpyruvate-protein phosphotransferase of PTS system -2.10 

VVMO6_RS01200 Hypothetical protein -2.09 

VVMO6_RS03320 Putative protease -2.08 

VVMO6_RS04595 3-oxoacyl-[acyl-carrier-protein] synthase, KASI -2.08 

VVMO6_RS01230 2,3-bisphosphoglycerate-independent phosphoglycerate mutase -2.07 

VVMO6_RS05290 Aldehyde dehydrogenase / Probable coniferyl aldehyde dehydrogenase -2.06 
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VVMO6_RS14870 ABC-type polar amino acid transport system, ATPase component -2.06 

VVMO6_RS16665 Transcriptional regulator VpsT -2.06 

VVMO6_RS05100 Arginine/ornithine ABC transporter, permease protein AotQ -2.05 

VVMO6_RS05370 Cytochrome bd biosynthesis protein -2.05 

VVMO6_RS07810 Hypothetical protein -2.04 

VVMO6_RS11080 Asparagine synthetase (glutamine-hydrolyzing) -2.03 

VVMO6_RS05360 Cytochrome d ubiquinol oxidase subunit II -2.01 

VVMO6_RS16025 1,4-alpha-glucan branching enzyme -2.01 

VVMO6_RS08035 WD40 repeat -2.01 

VVMO6_RS09440 
Leucine-responsive regulatory protein regulator for leucine (or lrp) regulon and high-affinity 

branched-chain amino acid transport system 
-2.01 

VVMO6_RS21850 Ornithine decarboxylase / Arginine decarboxylase -2.00 

a Locus tags are based on the V. vulnificus MO6-24/O genome (GenBankTM accession numbers: CP002469 and CP002470, www.ncbi.nlm.nih.gov).   
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Figure II-1. Transcriptome analysis of the differentially expressed genes upon 

exposure to murine blood. The volcano plot depicting the genes differentially 

expressed in V. vulnificus exposed to murine blood (fold change ≥ 4 with p < 0.05). 

The red dots and green dots represent the differentially up-regulated and down-

regulated genes, respectively.  
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Figure II-2. The expression of extracellular toxin-encoding genes upon exposure 

to murine blood. The transcriptomes of V. vulnificus upon exposure to murine blood 

were analyzed by RNA-seq. Each column represents the expression of extracellular 

toxin-encoding genes in V. vulnificus exposed to murine blood relative to M9G 

(negative control). Error bars represent the standard errors calculated using DeSeq2. 

Locus tags are based on the V. vulnificus MO6-24/O genome sequence (GenBankTM 

accession numbers: CP002469 and CP002470) and the product of each gene is 

presented on the right.  
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Figure II-3. Expression of vvhBA upon exposure to murine blood and RAW 

264.7 cells. (A) The genes induced in V. vulnificus upon exposure to murine blood 

were identified by RNA-seq. vvhBA was selected as the most highly induced 

extracellular toxin-encoding gene, and its induction was confirmed by qRT-PCR. 

Each column represents the vvhBA transcript level in V. vulnificus exposed to murine 

blood relative to M9G (negative control). Error bars represent the standard error 

calculated using DeSeq2 for RNA-seq and the SD for qRT-PCR. (B) The wild-type 

V. vulnificus was exposed to DMEM (negative control) or RAW 264.7 cells in the 

presence or absence of L-NMMA. The vvhBA transcript levels were determined by 

qRT-PCR, and the vvhBA transcript level in the cells exposed to DMEM without L-

NMMA was set to 1. Error bars represent the SD. Statistical significance was 

determined by the Student’s t test (*, p < 0.05; ***, p < 0.0005; ns, not significant). 
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II-3-2. IscR positively regulates vvhBA transcription 

The previous microarray analysis predicted that the expression of vvhBA is up-

regulated by IscR (Lim and Choi, 2014). Consistent with this, vvhBA transcript and 

VvhA protein levels were reduced in the ΔiscR strain and restored by 

complementation (Fig. II-4A and B). This result confirms that IscR activates vvhBA 

expression mostly at the transcription level. Since IscR exists in two forms, holo- 

and apo-IscR, whose regulatory characteristics are distinct from each other (Nesbit 

et al., 2009), the effect of apo-IscR on the vvhBA transcription was investigated. For 

this purpose, vvhBA transcript and VvhA protein levels were determined in the 

iscR3CA strain of which the iscR coding region on the chromosome was replaced with 

iscR3CA encoding apo-locked IscR (Lim et al., 2014a). Notably, vvhBA transcript and 

VvhA protein levels were significantly increased in the iscR3CA strain compared with 

the wild-type and ΔiscR strains (Fig. II-4C and D), demonstrating that apo-IscR is 

able to activate vvhBA transcription in vivo. Moreover, the IscR3CA protein level in 

the iscR3CA strain was higher than the IscR protein level in the wild-type strain 

possibly due to derepression of the isc operon (Fig. II-4D) (Giel et al., 2013; 

Schwartz et al., 2001). This result suggests that the elevated IscR3CA level contributes 

to the increased vvhBA expression, because both holo- and apo-IscR bind to the Type 

2 DNA motif with similar affinities in E. coli (Nesbit et al., 2009).  
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Figure II-4. The effect of iscR mutation on vvhBA expression. Total RNA and 

proteins were isolated from the wild-type and mutant strains grown aerobically to an 

A600 of 0.3. (A, C) The vvhBA transcript levels were determined by qRT-PCR, and 

the vvhBA transcript levels in the wild-type strain were set to 1. Error bars represent 

the SD. Statistical significance was determined by the Student’s t test (*, p < 0.05; 

**, p < 0.005; ***, p < 0.0005; ns, not significant). (B, D) The secreted VvhA and 

OmpU (internal control), and cellular IscR or IscR3CA and DnaK (internal control) 

protein levels were determined by Western blot analysis. Molecular size markers 

(Bio-Rad) are shown in kDa. WT (pJH0311) and WT, wild type; ΔiscR (pJH0311) 

and ΔiscR, iscR-deletion mutant; ΔiscR (pJH0311::iscR), iscR-complemented strain 

with pKK1531; iscR3CA, strain expressing apo-locked IscR.  
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II-3-3. IscR activates vvhBA by sensing nitrosative stress and iron starvation 

Because the Fe-S cluster is sensitive to nitrosative stress (Py et al., 2011), it was 

examined whether IscR mediates the induction of vvhBA expression in response to 

NO. The vvhBA transcript and VvhA protein levels were significantly elevated by an 

NO donor DEA NONOate in the wild-type strain (Fig. II-5A and B), consistent with 

Fig. II-3B. In contrast, vvhBA transcript and VvhA protein levels were not increased 

in response to DEA NONOate in the ΔiscR strain (Fig. II-5A and B), suggesting that 

IscR responds to host-derived nitrosative stress and activates vvhBA transcription.  

Meanwhile, the observation that many genes essential for V. vulnificus to survive 

under iron starvation were up-regulated in murine blood (Fig. II-6) led me to 

investigate the effect of iron starvation on vvhBA expression. As shown in Fig. II-5C 

and D, vvhBA transcript and VvhA protein levels were significantly increased in the 

presence of iron chelator DP in the wild-type strain, which was not apparent in the 

ΔiscR strain. This result revealed that IscR recognizes iron starvation as another 

environmental change in the host and induces vvhBA expression. Strikingly, the IscR 

level in the wild-type strain was increased upon exposure to DEA NONOate and DP 

(Fig. II-5B and D), implying that induction of vvhBA expression is attributed to 

increased IscR levels. The combined observations propose a model in which IscR 

senses nitrosative stress and iron starvation and shifts to the apo-form, which leads 

to relief of repression of the isc operon, elevation of apo-IscR level, and subsequent 

activation of vvhBA transcription. 
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Figure II-5. The effect of nitrosative stress and iron starvation on vvhBA and 

IscR expression. Total RNA and proteins were isolated from the wild-type and 

ΔiscR strains grown aerobically to an A600 of 0.3, and then exposed to 25 μM DEA 

NONOate for 20 min (A, B) or 50 μM DP for 10 min (C, D). (A, C) The vvhBA 

transcript levels were determined by qRT-PCR, and the vvhBA transcript levels in 

the wild-type strain unexposed to DEA NONOate (A) or DP (C) were set to 1. Error 

bars represent the SD. Statistical significance was determined by the Student’s t test 

(*, p < 0.05; ***, p < 0.0005; ns, not significant). (B, D) The secreted VvhA and 

OmpU (internal control), and cellular IscR and DnaK (internal control) protein levels 

were determined by Western blot analysis. Molecular size markers (Bio-Rad) are 

shown in kDa. WT, wild type; ΔiscR, iscR-deletion mutant.  
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Figure II-6. Iron uptake-related genes up-regulated upon exposure to murine 

blood. Among the V. vulnificus genes identified to be induced upon exposure to 

murine blood by RNA-seq, the iron uptake-related genes were presented. Each 

column represents the expression of each ORF in V. vulnificus exposed to murine 

blood relative to M9G (negative control). Error bars represent the standard errors 

calculated using DeSeq2. Locus tags are based on the V. vulnificus MO6-24/O 

genome sequence (GenBankTM accession numbers: CP002469 and CP002470) and 

the product of each gene is presented on the right. 
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II-3-4. IscR binds downstream of the vvhBA promoter to activate vvhBA 

To examine whether IscR directly binds to the vvhBA promoter PvvhBA, EMSAs 

were performed. Because IscR was purified and used under aerobic conditions, most 

of purified IscR would be in the apo-form (Lim et al., 2014a; Yeo et al., 2006). 

Addition of IscR to the radiolabeled DNA probe encompassing the PvvhBA regulatory 

region (-353 to +148 from the TSS of vvhBA (Choi et al., 2002)) resulted in two 

retarded bands in a concentration-dependent manner (Fig. II-7A). This result 

indicates that at least two binding sites of IscR with different DNA-binding affinities 

are present in the PvvhBA regulatory region. The same unlabeled DNA fragment 

competed for IscR binding in a dose-dependent manner (Fig. II-7A), confirming the 

specific binding of IscR to the PvvhBA regulatory region.  

To determine the precise location of the IscR-binding sites in the PvvhBA regulatory 

region, DNase I protection assays were performed using the same DNA probe 

labeled with 6-FAM. IscR protected two regions extending from +48 to +75 

(ISCRB2, centered at +61.5) and +89 to +118 (ISCRB3, centered at +103.5), 

respectively, from DNase I digestion (Fig. II-7B). Increasing IscR levels revealed an 

additional protected region extending from -5 to +24 (ISCRB1, centered at +10) (Fig. 

II-7B). The sequence of ISCRB1, ISCRB2, and ISCRB3 showed about 83%, 93%, 

and 93% identity, respectively, to the consensus IscR-binding sequence of type 2 

DNA motif which both holo- and apo-IscR can bind (Fig. II-8) (Nesbit et al., 2009), 

supporting apo-IscR-mediated vvhBA activation (Fig. II-4C and D). Combined with 
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the EMSA data (Fig. II-7A), this result indicates that IscR binds directly to ISCRB2 

and ISCRB3 with similar binding affinities, but binds relatively weakly to ISCRB1. 

It is noteworthy that all three binding sites of IscR are located downstream of PvvhBA 

(Fig. II-8), which is unusual for a positive regulator.  
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Figure II-7. Specific binding of IscR to PvvhBA. (A) A 501-bp DNA of the PvvhBA 

regulatory region (5 nM) was radiolabeled, and then incubated with increasing 

amounts of IscR as indicated. For the competition analysis, various amounts of the 

unlabeled DNA fragment were added as a self-competitor. B1, DNA-IscR complex; 

F, free DNA. (B) The same DNA of the PvvhBA regulatory region (32.3 nM) was 

labeled with 6-FAM, incubated with increasing amounts of IscR as indicated, and 

then digested with DNase I. The regions protected by IscR are indicated by black 

boxes (ISCRB1, ISCRB2, ISCRB3). Nucleotide numbers shown are relative to the 

TSS of vvhBA, which was determined previously (Choi et al., 2002). 
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Figure II-8. Sequence analysis of the PvvhBA regulatory region. The TSS of vvhBA and the putative translation start codon of VvhB are indicated 

by solid and dashed bent arrows, respectively. The putative -10 and -35 regions are underlined and the putative ribosome-binding site (AGGA) is 

boldface. The binding sequences of IscR are shown with the black boxes (ISCRB1, ISCRB2, ISCRB3). The binding sequences of HlyU (HLYUB; 

a white box) and H-NS (HNSB1, HNSB2, HNSB3, HNSB4, HNSB5, HNSB6; gray boxes) were determined in the later parts of this study (Fig. 

II-10C and D). The consensus sequences of the IscR-binding Type 2 DNA motif are indicated above the V. vulnificus DNA sequences. W, A or T; 

Y, C or T; R, A or G; x, any nucleotide.  



69 

II-3-5. HlyU and H-NS regulate vvhBA by directly binding to the PvvhBA 

regulatory region 

To further understand how IscR activates vvhBA transcription despite binding 

downstream of PvvhBA, it was investigated whether IscR interacts with other 

transcription factor(s) in the PvvhBA regulatory region. Among the previously 

proposed transcription factors of vvhBA, the exact regulatory mechanisms of HlyU 

and H-NS have not been elucidated yet (Elgaml and Miyoshi, 2015; Kim et al., 2003). 

Hence, the role of these two transcription factors in vvhBA regulation was further 

examined. The vvhBA transcript and VvhA protein levels were reduced in the ΔhlyU 

strain, whereas elevated in the Δhns strain (Fig. II-9A and B). The varied levels of 

vvhBA transcript and VvhA protein in the deletion mutants were restored by 

complementation (Fig. II-9C and D). This result confirms that HlyU is a positive 

regulator, but H-NS is a negative regulator of vvhBA transcription.  

Next, EMSAs revealed that each transcription factor binds specifically to the 

PvvhBA regulatory region (Fig. II-10A and B). Based on this result, the precise binding 

sites of HlyU and H-NS in the PvvhBA regulatory region were determined by DNase I 

protection assays. HlyU clearly protected the region extending from -128 to -114 

(HLYUB, centered at -121) from DNase I digestion (Fig. II-10C). In addition, the 

regions protected by H-NS extended from -119 to -109 (HNSB1, centered at -114), 

-98 to -76 (HNSB2, centered at -87), +16 to +26 (HNSB3, centered at +21), +60 to 

+74 (HNSB4, centered at +67), +87 to +99 (HNSB5, centered at +93), and +105 to 
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+129 (HNSB6, centered at +117) (Fig. II-10D). Notably, the binding sites of both 

IscR and HlyU overlapped with those of H-NS which were located throughout the 

PvvhBA regulatory region (Fig. II-8). In addition, IscR and HlyU bound to the PvvhBA 

regulatory region at 30 nM, while H-NS showed binding at a much higher 

concentration of 200 nM (Fig. II-7A, II-10A, and B). The combined results suggest 

that IscR and HlyU compete with H-NS for binding to the PvvhBA regulatory region 

and exhibit higher DNA-binding affinities.  
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Figure II-9. IscR and HlyU activate, but H-NS represses the vvhBA 

transcription. Total RNA and proteins were isolated from the wile-type and mutant 

strains grown aerobically to an A600 of 0.3. (A, C) The vvhBA transcript levels were 

determined by qRT-PCR, and the vvhBA transcript levels in the wild-type strain were 

set to 1. Error bars represent the SD. Statistical significance was determined by the 

Student’s t test (*, p < 0.05; **, p < 0.005; ns, not significant). (B, D) The secreted 

VvhA and OmpU (internal control) protein levels were determined by Western blot 

analysis. Molecular size markers (Bio-Rad) are shown in kDa. WT (pJH0311), wild 

type; ΔiscR (pJH0311), iscR-deletion mutant; ΔhlyU (pJH0311), hlyU-deletion 

mutant; Δhns (pJH0311), hns-deletion mutant; ΔiscR (pJH0311::iscR), iscR-

complemented strain with pKK1531; ΔhlyU (pJH0311::hlyU), hlyU-complemented 

strain with pZW1510; Δhns (pJH0311::hns), hns-complemented strain with 

pGR1713. 
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Figure II-10. Specific binding of HlyU and H-NS to PvvhBA. (A, B) A 501-bp DNA 

of the PvvhBA regulatory region (5 nM) was radiolabeled, and then incubated with 

increasing amounts of HlyU (A) or H-NS (B) as indicated. For the competition 

analysis, various amounts of the unlabeled DNA fragment were added as a self-

competitor. B2, DNA-HlyU complex; B3, DNA-H-NS complex; F, free DNA. (C, 

D) The same DNA of the PvvhBA regulatory region (32.3 nM) was labeled with 6-FAM, 

incubated with increasing amounts of HlyU (C) or H-NS (D) as indicated, and then 

digested with DNase I. The regions protected by HlyU and H-NS are indicated by a 

white box (HLYUB) and gray boxes (HNSB1, HNSB2, HNSB3, HNSB4, HNSB5, 

HNSB6), respectively. Nucleotide numbers shown are relative to the TSS of vvhBA. 
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II-3-6. IscR and HlyU outcompete H-NS by simultaneous binding to the PvvhBA 

regulatory region 

To determine whether IscR and HlyU compete with H-NS for binding, EMSAs 

were performed using reaction mixtures containing a fixed concentration of H-NS 

with various amounts of IscR. As the concentration of IscR increased, the DNA-H-

NS complex (B3) was completely replaced by DNA-IscR complexes (B1) (Fig. II-

11A). This result indicates that IscR outcompetes H-NS that binds to the PvvhBA 

regulatory region. Similarly, EMSAs with a fixed concentration of H-NS and 

increasing amounts of HlyU revealed that HlyU also relieves H-NS binding to the 

PvvhBA regulatory region (Fig. II-11B). Then, the effect of IscR and HlyU on the 

binding of each other to the PvvhBA regulatory region was examined. When IscR and 

HlyU were incubated together in the reaction mixture, the DNA-IscR-HlyU 

complexes (B4), as well as DNA-IscR (B1) and DNA-HlyU complexes (B2), were 

observed (Fig. II-11C). This result shows that IscR and HlyU can bind 

simultaneously to the PvvhBA regulatory region and they do not compete for binding 

sites. Taken together, the combined results suggest that IscR and HlyU bind 

simultaneously with strong DNA-binding affinities to alleviate H-NS binding from 

the PvvhBA regulatory region. Since these three transcription factors did not regulate 

the expression of one another (Fig. II-12), it was hypothesized that IscR, together 

with HlyU, relieves H-NS repression of vvhBA transcription by binding downstream 

of PvvhBA.   
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Figure II-11. Interactions between IscR, HlyU, and H-NS in binding to PvvhBA. 

(A, B) A 501-bp DNA of the PvvhBA regulatory region (5 nM) was radiolabeled, and 

then incubated with a mixture of 200 nM H-NS and increasing amounts of either 

IscR (A) or HlyU (B) as indicated. (C) The same radiolabeled DNA (5 nM) was 

incubated with a mixture of 30 nM HlyU and increasing amounts of IscR as indicated. 

B1, DNA-IscR complex; B2, DNA-HlyU complex; B3, DNA-H-NS complex; B4, 

DNA-IscR-HlyU complex; F, free DNA.  
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Figure II-12. Cellular protein levels of IscR, HlyU, and H-NS are unaffected by 

one another. Total proteins were isolated from the wild-type and mutant strains 

grown aerobically to an A600 of 0.3 (Log phase) and 2.5 (Stationary phase). The 

cellular IscR, HlyU, H-NS, and DnaK (internal control) protein levels were 

determined by Western blot analysis. Molecular size markers (Bio-Rad) are shown 

in kDa. WT, wild type; ΔiscR, iscR-deletion mutant; ΔhlyU, hlyU-deletion mutant; 

Δhns, hns-deletion mutant. 
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II-3-7. IscR and HlyU alleviate H-NS repression to activate vvhBA additively 

in vivo 

To ascertain whether IscR and HlyU activate vvhBA by relieving H-NS repression 

in vivo, vvhBA transcript and VvhA protein levels were compared in the wild-type 

and various mutant strains. Interestingly, vvhBA transcript and VvhA protein levels 

were comparable in the Δhns, ΔiscRΔhns, and iscR3CAΔhns strains (Fig. II-13A and 

B). This observation that IscR did not affect vvhBA transcription in the absence of 

H-NS suggests that IscR merely relieves H-NS repression. Furthermore, this result 

shows that IscR does not act as a roadblock for RNA polymerases in vivo despite its 

unusual binding site on the PvvhBA regulatory region. Similarly, vvhBA transcript and 

VvhA protein levels in the ΔhlyUΔhns strain were comparable with those in the Δhns 

strain (Fig. II-14A), indicating that HlyU also does not positively affect vvhBA 

transcription in the absence of H-NS. These results support the hypothesis that IscR 

and HlyU relieve repression of vvhBA transcription by outcompeting H-NS for 

binding to the PvvhBA regulatory region.  

The relationship between IscR and HlyU in vvhBA regulation was also 

investigated in vivo. The vvhBA transcript and VvhA protein levels in the 

ΔiscRΔhlyU strain were significantly lower than those in either the ΔiscR or ΔhlyU 

strain (Fig. II-13C and D). This result revealed that these two transcription factors 

have an additive effect in activating vvhBA transcription in vivo. The elevated 

IscR3CA level did not increase vvhBA transcript and VvhA protein levels in the 
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iscR3CAΔhlyU strain compared with those in either the ΔiscR or ΔhlyU strain (Fig. 

II-13C and D), indicating that IscR alone cannot induce vvhBA expression to the 

wild-type level in the absence of HlyU. Taken together, the combined results 

demonstrate that both IscR and HlyU are required for complete relief of H-NS 

repression, leading to full activation of vvhBA transcription in vivo.  
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Figure II-13. IscR relieves H-NS repression of vvhBA in cooperation with HlyU 

in vivo. Total RNA and proteins were isolated from the wile-type and mutant strains 

grown aerobically to an A600 of 0.3. (A, C) The vvhBA transcript levels were 

determined by qRT-PCR, and the vvhBA transcript levels in the wild-type strain were 

set to 1. Error bars represent the SD. Statistical significance was determined by the 

Student’s t test (*, p < 0.05; **, p < 0.005; ns, not significant). (B, D) The secreted 

VvhA and OmpU (internal control), and cellular IscR or IscR3CA, H-NS, HlyU, and 

DnaK (internal control) protein levels were determined by Western blot analysis. 

Molecular size markers (Bio-Rad) are shown in kDa. WT, wild type; Δhns, hns-

deletion mutant; ΔiscRΔhns, iscR hns double-deletion mutant; iscR3CAΔhns, hns-

deletion mutant expressing apo-locked IscR; ΔiscR, iscR-deletion mutant; ΔhlyU, 
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hlyU-deletion mutant; ΔiscRΔhlyU, iscR hlyU double-deletion mutant; 

iscR3CAΔhlyU, hlyU-deletion mutant expressing apo-locked IscR.  
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Figure II-14. The effect of hns and fur mutation on vvhBA expression. Total RNA 

was isolated from the wild-type and mutant strains grown aerobically to an A600 of 

0.3. The vvhBA transcript levels were determined by qRT-PCR, and the vvhBA 

transcript level in the wild-type strain was set to 1. Error bars represent the SD. 

Statistical significance was determined by the Student’s t test (**, p < 0.005; ***, p 

< 0.0005; ****, p < 0.0001; ns, not significant). WT, wild type; Δhns, hns-deletion 

mutant; ΔhlyUΔhns, hlyU hns double-deletion mutant; Δfur, fur-deletion mutant; 

ΔiscRΔfur, iscR fur double-deletion mutant.  

  



81 

II-4. Discussion 

 

The V. vulnificus vvhBA operon encodes a well-studied extracellular pore-forming 

toxin VvhA, which exhibits powerful hemolytic and cytolytic activities (Gray and 

Kreger, 1985; Lee et al., 2004b). VvhA is actually expressed during infection and 

contributes to the severe intestinal tissue damage, subsequent invasion of V. 

vulnificus into the bloodstream, and dissemination of the pathogen to other organs in 

a murine infection model (Jeong and Satchell, 2012; Lee et al., 2004b). In this study, 

transcriptome analysis identified vvhBA as the most highly induced extracellular 

toxin-encoding gene in V. vulnificus upon exposure to murine blood (Fig. II-2 and 

II-3A). In addition, vvhBA expression was increased upon exposure to NO-producing 

murine macrophage RAW 264.7 cells (Fig. II-3B). These observations indicate that 

V. vulnificus recognizes certain host-derived stress(s) to induce vvhBA expression 

during infection. 

The next concern was with the host-derived stress(s) that V. vulnificus senses to 

activate vvhBA. Interestingly, the Fe-S cluster-containing transcription factor IscR 

activated vvhBA transcription in response to nitrosative stress and iron starvation 

(Fig. II-4 and II-5). This IscR-mediated activation of VvhA could be beneficial for 

V. vulnificus because the pathogen inevitably encounters host-derived nitrosative 

stress and iron starvation during infection (Fang, 2004; Skaar, 2010). In the host, NO 

is produced by immune cells, particularly by macrophages, as a primary 
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antimicrobial agent (Fang, 2004). Simultaneously, free iron is depleted by the host 

iron-sequestering system to prevent outgrowth of invading pathogens (Skaar, 2010). 

Under these hostile conditions, the IscR-mediated induction of VvhA could disrupt 

the macrophages and components of the iron-sequestering system (Lee et al., 2004b; 

Runyen-Janecky, 2013), thereby contributing to survival of V. vulnificus in the host.  

Then, the molecular mechanism by which IscR activates vvhBA transcription was 

investigated. Intriguingly, IscR directly bound downstream of PvvhBA (Fig. II-7), 

which is unusual as a positive regulator. In addition to IscR, HlyU and H-NS acted 

as a positive and negative regulator for vvhBA transcription, respectively, by directly 

binding to the PvvhBA regulatory region (Fig. II-9 and II-10). IscR and HlyU 

effectively relieve the H-NS binding with higher DNA-binding affinities (Fig. II-

11A and B) and do not further affect vvhBA transcription in the absence of H-NS 

(Fig. II-13A, B, and II-14A). These results demonstrate that IscR and HlyU function 

as antirepressors against H-NS rather than direct activators for vvhBA transcription. 

H-NS binds to multiple AT-rich regions throughout the promoter, which possibly 

results in the formation of nucleoprotein filaments and subsequent RNA polymerase 

trapping (Dorman, 2004; Liu et al., 2009). In a similar way, H-NS represses rtxA in 

V. vulnificus, but HlyU can disrupt the whole H-NS nucleoprotein complex by 

binding to a single site located far upstream of the rtxA promoter, resulting in 

antirepression of rtxA (Liu et al., 2009). However, this study revealed that IscR and 

HlyU bind simultaneously to the PvvhBA regulatory region (Fig. II-11C) and additively 
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induce vvhBA transcription in vivo (Fig. II-13C and D). These results indicate that 

both antirepressors are required to bind upstream as well as downstream of PvvhBA for 

complete disruption of a possible H-NS nucleoprotein complex and antirepression 

of vvhBA. To my knowledge, this is the first report describing the additive mode of 

antirepression for gene activation.  

Since the Fe-S cluster is one of the most abundant enzymatic cofactors in 

fundamental cellular processes, the isc operon, iscRSUA-hscBA-fdx, is highly 

conserved in many bacteria (Imlay, 2006). IscR binds downstream of the iscR 

promoter in V. vulnificus, and iscR, yadR, and yhgI promoters in E. coli to act as a 

negative regulator (Giel et al., 2006; Lim et al., 2014b). In contrast, IscR binds 

upstream of the target promoters to positively regulate prx3 and gbpA in V. vulnificus, 

the suf operon and ydiU in E. coli, and the yscW-lcrF operon in Y. pseudotuberculosis 

(Giel et al., 2006; Jang et al., 2016; Lim et al., 2014a; Miller et al., 2014). However, 

unlike these conserved and typical regulatory roles of IscR according to its binding 

sites, the results of this study showed that V. vulnificus IscR atypically binds 

downstream of PvvhBA to activate vvhBA as an antirepressor.  

In general, transcription factors that bind downstream of a target promoter prevent 

the binding and progress of RNA polymerases as negative regulators (Kim et al., 

2011). Nevertheless, few positive regulators such as MetR, PhoP, DnaA, and Rns 

still bind downstream of their target promoter (Cowan et al., 1993; Liu et al., 1998; 

Munson and Scott, 2000; Qi and Hulett, 1998; Szalewska-Palasz et al., 1998). 
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Likewise, IscR binds downstream of PvvhBA and does not prevent vvhBA transcription 

even in the absence of H-NS (Fig. II-13A and B). One possible mechanism can be 

explained by the effect of other transcription factors participating in vvhBA 

regulation. Previous study reported that CRP activates vvhBA as a Class I activator 

(Fig. II-15) (Choi et al., 2002). Thus, CRP may strongly recruit RNA polymerases 

to PvvhBA, even though the TSS of vvhBA overlaps with ISCRB1 (Fig. II-8). Moreover, 

once RNA polymerases switch to an elongation complexes, trailing elongation 

complexes could overcome an IscR-mediated roadblock by pushing the leading 

elongation complexes forward (Epshtein et al., 2003). Taken together, the combined 

results led me to conclude that alleviation of H-NS binding from the PvvhBA regulatory 

region by IscR is much more effective for vvhBA transcription than the possible 

roadblock effect of IscR against the action of RNA polymerases.  

Besides IscR, HlyU, and CRP, ferric uptake regulator (Fur) represses vvhBA 

transcription in the presence of iron by directly binding to PvvhBA (Fig. II-15) (Lee et 

al., 2013). Consistent with this, the vvhBA transcript level was greatly increased in 

the Δfur strain compared with that in the wild-type strain (Fig. II-14B). Although 

Fur might be the major regulator responsive to iron availability, the vvhBA transcript 

level in the ΔiscRΔfur strain was significantly decreased compared with that in the 

Δfur strain (Fig. II-14B), demonstrating the distinct role of IscR in the elaborate 

regulation of vvhBA. 
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The current understanding of the transcriptional regulation of V. vulnificus vvhBA 

in the host environment is described in Fig. II-15. IscR, together with HlyU, relieves 

H-NS repression of vvhBA by sensing nitrosative stress and iron starvation. Although 

the exact environmental signal affecting the regulatory activity of HlyU is still 

unknown, it is verified that HlyU is preferentially expressed in the host (Kim et al., 

2003). CRP activates vvhBA possibly by sensing the depletion of specific nutrients 

(Choi et al., 2002). At the same time, H-NS repression is weakened at elevated 

temperature in the host (Elgaml and Miyoshi, 2015), and the iron-Fur complex 

repression is also alleviated under iron starvation (Lee et al., 2013), leading to 

increased vvhBA expression during infection. These transcription factors take 

advantage of the multiple binding sites encompassing both downstream and 

upstream of PvvhBA for tight regulation of vvhBA in response to various host-derived 

stresses.  

In summary, this study demonstrated that vvhBA, encoding a cytolysin/hemolysin 

of V. vulnificus, is preferentially expressed upon exposure to murine blood and 

macrophages. The positive regulator IscR activates vvhBA transcription by sensing 

host-derived nitrosative stress and iron starvation. IscR exerts its effect additively 

with another positive regulator HlyU by binding downstream of PvvhBA to relieve 

binding of the negative regulator H-NS from the PvvhBA regulatory region. The 

collaborative regulation by multiple global regulators allows more precise tuning of 

vvhBA expression through integrating various host-derived stresses encountered 
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during infection, and thereby enhances the overall success of V. vulnificus 

pathogenesis. 
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Figure II-15. A proposed model for the regulation of vvhBA by multiple transcription factors during host infection. Upon entering the host, 

V. vulnificus induces vvhBA expression in response to drastic environmental changes. IscR, along with HlyU, which is preferentially produced in 
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the host (Kim et al., 2003), activates vvhBA by relieving H-NS repression by sensing nitrosative stress and iron starvation. Additionally, CRP 

activates vvhBA expression via Class I activation under certain nutrient-depleted conditions (Choi et al., 2002; Green et al., 2014b). Meanwhile, a 

repressive interaction of H-NS and Fur at PvvhBA would be relieved in response to the increase in temperature and iron starvation in the host, 

respectively (Elgaml and Miyoshi, 2015; Lee et al., 2013). Taken together, the transcription factors integrate diverse host-derived stresses to 

collaboratively regulate vvhBA transcription during the course of infection. Solid lines indicate activation of vvhBA by positive regulators while 

dashed lines show relieved repression of vvhBA by negative regulators in the host. The TSS of vvhBA and the putative translation start codon of 

VvhB are indicated by solid bent arrows. The putative -10 and -35 regions, and ribosome-binding site (RBS) are underlined. ISCRB, IscR-binding 

site; HLYUB, HlyU-binding site; HNSB, H-NS-binding site; CRPB, CRP-binding site; FURB, Fur-binding site. 
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Chapter III. 

 

NsrR tightly regulates the hmpA gene in response to 

nitrosative stress in Vibrio vulnificus 

 

 

 

 

 

 

 

 

 

Part of this work in Chapter III was published in Frontiers in Microbiology in 2021, 

as an article entitled “A Nitric Oxide-Responsive Transcriptional Regulator NsrR 

Cooperates With Lrp and CRP to Tightly Control the hmpA Gene in Vibrio 

vulnificus”. 
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III-1. Introduction 

 

Nitric oxide (NO) is a highly reactive, toxic, and membrane-permeable radical gas. 

As one of the major components of the host innate immune system, NO is produced 

by inducible NO synthase (iNOS) which is expressed in phagocytes and epithelial 

cells under infectious conditions (Fang, 2004; Wang et al., 2010). NO produced by 

iNOS can subsequently be converted into other toxic reactive nitrogen species (RNS) 

such as nitrogen dioxide (NO2), peroxynitrite (ONOO-), and dinitrogen trioxide 

(N2O3) which impose the nitrosative stress on pathogens (Fang, 2004; Stern and Zhu, 

2014). Furthermore, intestinal commensals can reduce nitrate (NO3
-) in the diet to 

nitrite (NO2
-), which interacts with gastric acid, resulting in RNS that act as 

antimicrobial barriers against ingested enteric pathogens (Sobko et al., 2005; Tiso 

and Schechter, 2015). RNS can cause damage to cellular components, including the 

metal centers of proteins, membrane lipids and nucleotide bases, and thereby inhibit 

respiration and interfere with the DNA replication of pathogens (Fang, 2004). 

Therefore, pathogens have evolved sophisticated mechanisms to sense the increased 

level of RNS and express the proper genes to overcome nitrosative stress in a host 

(Bang et al., 2006; Stern et al., 2012).  

To understand the NO-responsive gene expression in pathogens, numerous 

transcription factors have been characterized (Spiro, 2007). Among them, two 

transcription factors, NorR and NsrR, are known to have focused functions on 
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sensing NO in a wide range of bacteria (Stern and Zhu, 2014). NorR directly 

recognizes NO using its non-heme iron center and controls the expression of genes 

for NO detoxification: norVW in Escherichia coli and hmpA and nnrS in Vibrio 

cholerae (D'Autreaux et al., 2005; Stern et al., 2012). Meanwhile, NsrR uses an iron-

sulfur (Fe-S) cluster as a cofactor to directly sense NO and regulates a variety of 

genes involved in NO detoxification and NO damage repair, particularly hmpA in E. 

coli, Salmonella enterica serovar Typhimurium, and Streptomyces coelicolor (Bang 

et al., 2006; Spiro, 2007; Tucker et al., 2008). The NO-responsive Fe-S cluster is 

coordinated to NsrR by three cysteine residues which are widely conserved in 

various bacterial NsrR (Tucker et al., 2010). A recent study showed that both [2Fe-

2S] and [4Fe-4S] clusters can be coordinated to S. coelicolor NsrR (Crack et al., 

2015). Upon exposure to NO, the Fe-S cluster is nitrosylated, forming the iron-

nitrosyl species such as dinitrosyl iron complex, Roussin’s Red Ester, and Roussin’s 

Black Salt (Crack and Le Brun, 2019; Serrano et al., 2016). The resulting apo-NsrR 

lacking an intact Fe-S cluster shows a distinct protein conformation from that of 

holo-NsrR, leading to loss of DNA-binding activity and the subsequent derepression 

of its regulons (Crack et al., 2015; Volbeda et al., 2017). NsrR, as a homodimer, binds 

to the consensus NsrR-binding site consisting of inverted repeats of two 11 bp motifs 

(AAxATGCATTT; x, any nucleotide) separated by 1 bp spacing (Crack et al., 2015; 

Partridge et al., 2009). 

During infection, V. vulnificus exploits various transcription factors to sense host-



92 

derived stresses and modulate the expression of its virulence genes (Fang et al., 2016; 

Miller et al., 1989). Particularly, a leucine-responsive regulatory protein (Lrp) and a 

cyclic AMP receptor protein (CRP) are widely conserved and well-characterized 

global transcription factors in bacteria (Cho et al., 2008; Manneh-Roussel et al., 

2018). Lrp controls diverse cellular functions including amino acid metabolism, 

stress resistance, and virulence (Jeong, 2003; Lee et al., 2020; Rhee et al., 2008). The 

regulatory activity of Lrp on its regulons can be enhanced, reversed, or unaffected 

by the binding of a small effector molecule leucine (Cho et al., 2008). CRP is a 

central regulator of carbon and energy metabolism that forms a complex with cyclic 

AMP (cAMP) (Kim et al., 2011; Lee et al., 2020). In the absence of glucose, the 

intracellular cAMP level is increased by adenylate cyclase and the resulting cAMP-

CRP complex binds DNA to regulate gene expression (Manneh-Roussel et al., 2018). 

In this way, Lrp and CRP coordinate the expression of genes involved in metabolism 

and pathogenesis in response to changing environmental conditions such as nutrient 

availability.  

Like many other enteropathogenic bacteria, V. vulnificus is inevitably exposed to 

host-derived nitrosative stress in the course of infection. Previous study revealed that 

a multidomain NO dioxygenase HmpA is highly expressed in V. vulnificus exposed 

to NO (Kim et al., 2019). HmpA belongs to the flavohemoglobin family composed 

of the N-terminal heme-binding globin domain and the C-terminal NAD- and FAD-

binding oxidoreductase domain, and detoxifies NO by oxidizing it to a less toxic 
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NO3
- under aerobic conditions (Bonamore and Boffi, 2008; Forrester and Foster, 

2012; Kim et al., 2019). Because the in vitro NO-decomposition activity of V. 

vulnificus is mostly dependent on HmpA, it has a significant role in the survival and 

pathogenesis of V. vulnificus under nitrosative stress in a host (Kim et al., 2019). 

Nevertheless, definitive regulatory mechanisms and transcription factors, by which 

V. vulnificus senses NO and induces HmpA, have not been yet elucidated in detail. 

In this study, NsrR was newly identified in V. vulnificus as an NO-responsive 

transcription factor. The transcriptome analysis of the wild-type and isogenic nsrR-

deletion mutant (ΔnsrR) strains revealed that NsrR controls the expression of 47 

genes. Notably, hmpA was the most highly induced gene by the nsrR deletion, 

indicating that NsrR acts as a strong repressor of hmpA. To investigate the exact 

mechanism by which NsrR regulates hmpA expression, the hmpA transcript levels 

were compared in the wild-type and ΔnsrR strains under nitrosative stress in vitro 

and ex vivo. Furthermore, the combined effect of NsrR, Lrp, and CRP on hmpA 

expression was analyzed at the molecular level. In conclusion, this study suggests 

that NsrR tightly regulates hmpA transcription in response to nitrosative stress 

together with Lrp and CRP, contributing to the survival and overall success of V. 

vulnificus during host infection. 
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III-2. Materials and Methods 

 

III-2-1. Strains, plasmids, and culture conditions 

The strains and plasmids used in this study are listed in Table II-1. Unless 

otherwise noted, the V. vulnificus strains were grown aerobically in Luria-Bertani 

(LB) medium supplemented with 2% (w/v) NaCl (LBS) at 30°C and their growth 

was monitored spectrophotometrically at 600 nm (A600). When required, 3 μg/ml 

chloramphenicol was added to the media. To visualize the cellular NsrR protein 

levels, V. vulnificus GR204, which carries 3×FLAG-coding sequence fused to the 3’-

end of nsrR ORF on the chromosome, was constructed as a parent strain (Table II-

1). The parent strain and its isogenic mutants were used to quantify the cellular NsrR 

protein levels. The murine macrophage RAW 264.7 cells were grown in Dulbecco’s 

Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (VWR, 

Radnor, PA) and the antibiotics (100 units/ml penicillin G and 100 μg/ml 

streptomycin (Gibco-BRL, Gaithersburg, MD)) in air supplemented with 5% CO2 at 

37°C. To induce NO production, the RAW 264.7 cells were suspended in fresh 

DMEM containing 500 ng/ml E. coli O111:B4 lipopolysaccharide (Sigma, St. Louis, 

MO) and 1 mM L-arginine (Sigma) (Choi et al., 2020; Walker et al., 1997). 

 

III-2-2. Generation and complementation of the mutants 

For construction of the isogenic deletion mutants, target genes were inactivated in 
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vitro by deletion of each ORF using the PCR-mediated linker-scanning mutation 

method as described previously (Choi et al., 2020; Jang et al., 2016). Briefly, the 

deleted ORF fragment was amplified by PCR with appropriate primer pairs (Table 

II-2), and the resulting fragment was ligated into SphI-SpeI-digested pDM4 (Milton 

et al., 1996). E. coli S17-1 λpir (Simon et al., 1983) containing pDM4 with the 

desired insert was used as a conjugal donor to an appropriate V. vulnificus strain to 

generate the deletion mutant (Table II-1). The conjugation and isolation of the 

transconjugants were conducted using a method described previously (Choi et al., 

2020). The lrp-deletion mutant ZW181 and the crp-deletion mutant DI0201 were 

constructed previously (Choi et al., 2002; Lee et al., 2020). 

For construction of the parent strain GR204 encoding 3×FLAG-tagged NsrR 

(NsrRFLAG) on the chromosome, the 3×FLAG-coding sequence was fused to the 3’-

end of nsrR ORF by PCR using the primer pairs NSRR01-F and NSRR01F-R, or 

NSRR02F-F and NSRR02-R (Table II-2). The amplified fragment was cloned into 

pDM4, resulting in pGR2008 (Table II-1). E. coli S17-1 λpir containing pGR2008 

was used as a conjugal donor to the ΔnsrR strain as described above to generate 

GR204 (Table II-1). 

The three cysteine residues in NsrR (C91, C96, and C102) were replaced with 

serine to examine their regulatory function with the minimal structural change of 

NsrR. For construction of the nsrR3CS strain DY192, three cysteine residues were 

substituted with serine in vitro by using the QuikChange® site-directed mutagenesis 
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kit (Agilent Technologies, Loveland, CO) (Bang et al., 2012; Lim et al., 2014a). The 

complementary mutagenic primers listed in Table II-2 were used to create pDY1907 

carrying the nsrR3CS gene on pDM4 (Table II-1). E. coli S17-1 λpir containing 

pDY1907 was used as a conjugal donor to the ΔnsrR strain as described above to 

generate DY192, and the nsrR3CS mutation in DY192 was confirmed by DNA 

sequencing. For construction of the 3×FLAG-tagged nsrR3CS strain GR217 (Table II-

1), a similar method was adopted except using pGR2016 carrying 3×FLAG-coding 

sequence fused to the 3’-end of nsrR3CS ORF on pDM4 instead of pDY1907.  

To complement the nsrR mutation with a plasmid-based system, the nsrR gene 

was amplified by PCR using the primer pair NSRRC-F and -R (Table II-2). The 

amplified fragment was cloned into the broad-host-range vector pJH0311 (Goo et al., 

2006) to create pDY1702 (Table II-1). To complement the lrp and crp mutation, 

pZW1818 and pKK1502 carrying the lrp and crp gene on pJH0311, respectively, 

were used in this study (Table II-1) (Jang et al., 2017; Lee et al., 2020). The plasmids 

were transferred into appropriate mutants by conjugation as described above.  

To complement the nsrR mutation by ectopic expression of nsrR on the 

chromosome, the nsrR regulatory region and its ORF was integrated into a cryptic 

lacZ gene by PCR using specific primer pairs listed in Table II-2 (Chodur et al., 2017; 

Hall, 1999). The amplified fragment was cloned into pDM4, resulting in pGR2007 

(Table II-1). E. coli S17-1 λpir containing pGR2007 was used as a conjugal donor to 

the ΔnsrR strain as described above to generate GR203 (Table II-1). 
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III-2-3. RNA-seq and transcriptome analysis 

To analyze the effect of the nsrR deletion on the V. vulnificus transcriptome, total 

RNA was isolated from biological duplicates of the wild-type and ΔnsrR strains, 

grown aerobically to an A600 of 0.5 in M9 minimal media supplemented with 0.4% 

(w/v) glucose (M9G) and then exposed to poly(lactic-co-glycolic acid)-

polyethylenimine nanoparticles (PPNPs) for 10 min (Kim et al., 2019; Nurhasni et 

al., 2015). The RNA was further purified by removing DNA using TURBO DNase 

(Ambion, Austin, TX), and mRNA was selectively enriched by depleting rRNA 

using a Ribo-Zero rRNA removal kit (Epicentre, Madison, WI) according to the 

manufacturer’s instructions. Strand-specific cDNA libraries were constructed and 

sequenced using HiSeq 2500 (Illumina, San Diego, CA) as described previously (Lee 

et al., 2019b). The raw sequencing reads were mapped to the V. vulnificus MO6-24/O 

reference genome (GenBankTM accession numbers: CP002469 and CP002470, 

www.ncbi.nlm.nih.gov), and the expression level of each gene was calculated as a 

reads per kilobase of transcript per million mapped sequence reads (RPKM) value 

using EDGE-pro v1.3.1 (Estimated Degree of Gene Expression in PROkaryots) 

(Magoc et al., 2013). The RPKM values were normalized and analyzed statistically 

using DeSeq2 v1.26.0 to identify the differentially expressed genes (fold change ≥ 2 

with p < 0.05) (Love et al., 2014). A heat map was generated by the Matplotlib 

python package using the RPKM-fold change for each gene (Hunter, 2007). 
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III-2-4. Quantitative RT-PCR and primer extension analysis 

Relative transcript levels in the total RNA isolated from the V. vulnificus strains 

grown under various environmental conditions were determined by quantitative RT-

PCR (qRT-PCR). In detail, V. vulnificus was grown to an A600 of 0.5 in M9G, and 

then exposed to either 0.15 mg/ml PPNPs (negative control) or NO-releasing 

poly(lactic-co-glycolic acid)-polyethylenimine nanoparticles (NO/PPNPs) for 10 

min (Kim et al., 2019; Nurhasni et al., 2015). Additionally, V. vulnificus grown to an 

A600 of 0.5 in LBS was exposed to DMEM (negative control) or RAW 264.7 cells at 

a multiplicity of infection 10 for 10 min in the presence or absence of 500 μM L-NG-

monomethyl arginine citrate (L-NMMA; Sigma), which is a known NO synthase 

inhibitor (Choi et al., 2020; Nathan and Hibbs, 1991). When necessary, V. vulnificus 

was grown to an A600 of 0.5 in LBS with various amounts of L-leucine (Sigma) or 1% 

glucose (Sigma). Total RNA from the V. vulnificus cells was isolated and quantified 

using a RNeasy® Mini Kit (Qiagen, Valencia, CA) and a NanoDrop Onec 

Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific, Waltham, MA), 

respectively. cDNA was synthesized from 500 ng of the total RNA with the iScriptTM 

cDNA synthesis kit (Bio-Rad, Hercules, CA). Real-time PCR amplification of the 

cDNA was performed with the Chromo 4 real-time PCR detection system (Bio-Rad) 

and specific primer pairs (Table II-2) as described previously (Jang et al., 2017). 

Relative expression levels were calculated with the 16S rRNA expression level as an 

internal reference for normalization (Jang et al., 2017). 
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For primer extension analysis, primers HMPAUP-R and NSRRUP-R (Table II-2) 

complementary to the coding region of hmpA and nsrR, respectively, were end-

labeled with [γ-32P]-ATP and added to the RNA. The primers were extended with 

SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA). The cDNA products 

were purified and resolved on a sequencing gel alongside sequencing ladders 

generated from pDY1706 and pDY1707 (Table II-1) with the same primers, 

respectively. The plasmid pDY1706 was constructed by cloning the 219-bp hmpA 

upstream region extending from -120 to +99, amplified by PCR using a primer pair 

HMPAUP-F and -R (Table II-2), into pGEM-T Easy (Promega, Madison, WI). 

Similarly, pDY1707 carrying the 198-bp nsrR upstream region extending from -113 

to +85 on pGEM-T Easy was constructed using a primer pair NSRRUP-F and -R 

(Table II-2). The primer extension product was visualized with the Typhoon FLA 

7000 phosphorimager (GE healthcare, Menlo Park, CA). 

 

III-2-5. Protein purification and Western blot analysis 

To overexpress NsrR and NsrR3CS, each ORF of nsrR and nsrR3CS was amplified 

by PCR using specific primer pairs (Table II-2). The amplified fragments were 

cloned into pET-28a(+) (Novagen, Madison, WI) to create pEJ1902 and pEJ1903, 

respectively (Table II-1). The resulting His6-tagged NsrR and NsrR3CS were 

expressed in E. coli BL21 (DE3) and purified by affinity chromatography according 

to the manufacturer’s instructions (Qiagen). The buffers used for NsrR and NsrR3CS 
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are as follows: 20 mM Tris-Cl (pH 8.0), 500 mM NaCl, and 5 mM β-mercaptoethanol; 

additional 10% glycerol for a lysis buffer; additional 20 mM imidazole for a wash 

buffer; additional 250 mM imidazole for an elution buffer; additional 50% glycerol 

for a dialysis buffer. To overexpress Lrp and CRP, pZW1903 carrying the lrp gene 

on pET-28a(+) and pHK0201 carrying the crp gene on pRSET A (Invitrogen) were 

used in this study (Table II-1) (Choi et al., 2002; Lee et al., 2020). The His6-tagged 

Lrp and CRP were purified as described previously (Lee et al., 2020). 

For Western blot analysis, V. vulnificus cells were lysed using B-PERTM Bacterial 

Protein Extraction Reagent with Enzymes (Thermo Fisher Scientific), and residual 

cell debris was removed by centrifugation to obtain clear cell lysates. The protein 

levels of HmpA, Lrp, CRP, and DnaK in the clear cell lysates were determined as 

described previously (Kim et al., 2019; Lee et al., 2020). Similarly, cellular NsrRFLAG 

protein was detected using Monoclonal ANTI-FLAG® M2 antibody produced in 

mouse (Sigma).  

 

III-2-6. Construction of PnsrR-luxCDABE transcriptional fusion 

A 393-bp nsrR-hmpA regulatory region (-262 to +131 from the transcription start 

site (TSS) of nsrR) was amplified with the primer PnsrR-F carrying a SacI restriction 

site and PnsrR-R carrying a SpeI restriction site (Table II-2). The resulting DNA 

fragment was cloned into the SacI-SpeI-digested pBBR-lux carrying the 

promoterless luxCDABE genes to create pGR2025 (Table II-1) (Lenz et al., 2004). 
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pGR2025 was transferred into the V. vulnificus strains by conjugation as described 

above. The cellular luminescence and growth (A600) of each strain grown to an A600 

of 0.5 in LBS were measured using a microplate reader (InfiniteTM microplate reader, 

Tecan, Männedorf, Switzerland), and RLUs were calculated by dividing the 

luminescence with the A600 (Lee et al., 2019b). 

 

III-2-7. Electrophoretic mobility shift assay and DNase I protection assay 

For electrophoretic mobility shift assays (EMSAs), a 393-bp nsrR-hmpA 

regulatory region (-186 to +207 from the TSS of hmpA, equivalent to -262 to +131 

from the TSS of nsrR) was amplified by PCR using 6-carboxyfluorescein (6-FAM)-

labeled PnsrRhmpA-F and -R as primers (Table II-2). Similarly, a 321-bp isc operon 

regulatory region (-194 to +127 from the TSS of isc operon (Lim and Choi, 2014)) 

was amplified by PCR using 6-FAM-labeled Pisc-F and -R as primers (Table II-2). 

The 6-FAM-labeled DNA probe (10 nM) was then incubated with purified NsrR or 

CRP for 30 min at 30°C in a 20-μl reaction mixture containing 1× NsrR binding 

buffer (10 mM Tris-Cl (pH 8.0), 10 mM KCl, 1 mM DTT, and 100 μg BSA; 

additional 1 mM cAMP only for CRP) and 0.1 μg of poly(dI-dC) (Sigma) as a 

nonspecific competitor. Similarly, the DNA probe was incubated with purified Lrp 

or both NsrR and Lrp for 30 min at 30°C in a 20-μl reaction mixture containing 1× 

Lrp binding buffer (50 mM Tris-Cl (pH 8.0), 20 mM KCl, 1 mM DTT, and 100 μg 

BSA, and 10% glycerol) and 0.1 μg of poly(dI-dC) (Sigma) as a nonspecific 
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competitor. For the competition analysis, various concentrations of unlabeled DNA 

fragment were added as a self-competitor to the reaction mixture before incubation. 

Electrophoretic analysis of the DNA-protein complexes was performed as described 

previously (Lee et al., 2020).  

The same 393-bp nsrR-hmpA regulatory region was amplified by PCR using 

unlabeled PnsrRhmpA-F and 6-FAM-labeled PnsrRhmpA-R as primers for the 

DNase I protection assays (Table II-2). The binding of NsrR, Lrp, and CRP to the 

DNA probe (40 nM) was performed as described above, and DNase I digestion of 

the DNA-protein complexes followed the procedures described previously (Jang et 

al., 2017). The digested DNA products were precipitated with ethanol and eluted in 

sterilized H2O, and then analyzed using an ABI 3730xl DNA analyzer (Applied 

Biosystems, Foster City, CA) with Peak ScannerTM Software v1.0 (Applied 

Biosystems) (Hwang et al., 2019).  

 

III-2-8. Data analysis 

Average and standard deviation (SD) values were calculated from at least three 

independent experiments. Statistical analysis was performed by the Student’s t test 

using GraphPad Prism 7.0 (GraphPad Software, San Diego, CA). 
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III-3. Results 

 

III-3-1. Genome and transcriptome analyses identified NsrR in V. vulnificus  

Previous report discovered that NO-induced HmpA encoded by VVMO6_ 

RS01375 is crucial for survival under host-derived nitrosative stress and 

pathogenesis of V. vulnificus during infection (Kim et al., 2019). Notably, the 

expression of VVMO6_RS01380, which is divergently transcribed from hmpA (Fig. 

III-1A), is also found to be induced by NO (Kim et al., 2019). VVMO6_RS01380 

encodes an Rrf2-family transcription factor showing an amino acid sequence 

homology to E. coli NsrR, S. Typhimurium NsrR, and S. coelicolor NsrR (61%, 62%, 

and 35% identity, respectively) (Fig. III-1B). Moreover, the protein encoded by 

VVMO6_RS01380 contains three conserved cysteine residues, C91, C96, and C102, 

which are known to be essential for the Fe-S cluster ligation of Rrf2-family 

transcription factors (Fig. III-1B) (Volbeda et al., 2017). Based on this observation, 

the VVMO6_RS01380 gene product was designated as an Fe-S cluster-containing 

transcription factor NsrR.  

For the comprehensive identification of NsrR-regulated genes in V. vulnificus, the 

transcriptomes of the wild-type and ΔnsrR strains were compared by RNA-seq. The 

transcriptome analysis revealed that, in total, 47 genes were differentially expressed 

by the nsrR deletion: 44 genes were up-regulated and 3 genes were down-regulated 

(Fig. III-1C and Table III-1). The overall fold changes of the up-regulated genes were 
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greater than those of the down-regulated genes. This result implies that NsrR serves 

mainly as a repressor rather than as an activator. Intriguingly, the up-regulated genes 

included several genes that are predicted to encode proteins involved in the defense 

against nitrosative stress such as NO dioxygenase HmpA, NO detoxification protein 

NnrS, NO2
- reductase large subunit, NO2

- reductase small subunit, cytochrome c 

NO2
- reductase subunit c552 NrfA, and NO reductase transcription factor NorR (Kim 

et al., 2019; Stern et al., 2012). Among them, hmpA was the most highly up-regulated 

gene in the ΔnsrR strain (Fig. III-1C), suggesting that NsrR is a strong repressor of 

hmpA expression. Meanwhile, the down-regulated genes, iscR, iscS, and iscU, 

constitute the isc operon (iscRSUA-hscBA-fdx) encoding proteins required for the 

biogenesis of the Fe-S cluster (Lim et al., 2014b). Taken together, this result shows 

that NsrR controls the expression of multiple genes involved in nitrosative stress 

responses, especially hmpA. 
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Figure III-1. Identification of NsrR and transcriptome analysis of its downstream genes. (A) The physical map of nsrR and hmpA on the V. 

vulnificus MO6-24/O genome. The open arrows represent the coding regions and transcriptional directions of the genes. (B) The amino acid 

sequences of various bacterial NsrRs were retrieved from the NCBI protein database and aligned using the T-Coffee alignment program 
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(Notredame et al., 2000). Identical sequences and conserved sequences are shaded in black and gray, respectively. Dashed lines represent missing 

sequences. Conserved helix-turn-helix DNA-binding motif and three cysteine residues potentially involved in the Fe-S cluster ligation are 

indicated by a blue open box and red open boxes, respectively. VvNsrR, V. vulnificus NsrR; EcNsrR, E. coli NsrR; StNsrR, S. Typhimurium NsrR; 

ScNsrR, S. coelicolor NsrR. (C) The volcano plot depicting the genes differentially expressed by the nsrR deletion (fold change ≥ 2 with p < 0.05). 

The red dots and green dots represent the differentially up-regulated and down-regulated genes, respectively.
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Table III-1. The genes differentially expressed by the nsrR deletion 

Locus taga Gene product 
Fold change 

(log2) 

Up-regulated (44 genes)  

VVMO6_RS01375 Flavohemoprotein / hemoglobin-like protein / flavohemoglobin / nitric oxide dioxygenase 9.83 

VVMO6_RS03620 NnrS protein involved in response to NO 6.57 

VVMO6_RS23435 Hypothetical protein 3.02 

VVMO6_RS17305 Alcohol dehydrogenase 2.47 

VVMO6_RS10920 Iron transporter FeoA 2.37 

VVMO6_RS19095 Nitrite reductase [NAD(P)H] large subunit 2.36 

VVMO6_RS03320 Putative protease 2.36 

VVMO6_RS05915 Transporter, putative 2.29 

VVMO6_RS05050 Hypothetical protein 2.15 

VVMO6_RS09040 Functional role page for anaerobic nitric oxide reductase transcription regulator NorR 2.00 

VVMO6_RS19825 Tripeptide aminopeptidase 1.93 

VVMO6_RS19090 Nitrite reductase [NAD(P)H] small subunit 1.92 

VVMO6_RS01180 Succinate dehydrogenase flavoprotein subunit 1.89 

VVMO6_RS10915 Ferrous iron transport protein A 1.84 

VVMO6_RS08640 Peptidase, M20A family 1.82 

VVMO6_RS09395 Dethiobiotin synthetase 1.81 

VVMO6_RS00655 Hypothetical protein 1.80 
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VVMO6_RS10200 Alcohol dehydrogenase / acetaldehyde dehydrogenase 1.74 

VVMO6_RS03315 Putative protease 1.69 

VVMO6_RS16865 TonB family protein 1.65 

VVMO6_RS19085 Nitrite transporter from formate / nitrite family 1.61 

VVMO6_RS09810 Cytochrome c552 precursor 1.55 

VVMO6_RS16860 Ferric siderophore transport system biopolymer transport protein ExbB 1.44 

VVMO6_RS03330 Putative lipid carrier protein 1.44 

VVMO6_RS08610 Hypothetical protein 1.38 

VVMO6_RS19080 Uroporphyrinogen-III methyltransferase 1.36 

VVMO6_RS05920 Sensor histidine kinase 1.32 

VVMO6_RS09400 8-amino-7-oxononanoate synthase 1.31 

VVMO6_RS16870 
Radical SAM family protein HutW, coproporphyrinogen III oxidase-like protein, oxygen-

independent, associated with heme uptake 
1.30 

VVMO6_RS16855 Biopolymer transport protein ExbD1 1.27 

VVMO6_RS16850 Periplasmic hemin-binding protein 1.23 

VVMO6_RS17945 Ferric vibriobactin, enterobactin transport system, permease protein VctG 1.23 

VVMO6_RS01385 Cytosine deaminase 1.20 

VVMO6_RS09865 Glycine cleavage system regulatory protein 1.16 

VVMO6_RS05810 Hypothetical protein 1.15 

VVMO6_RS17940 Ferric vibriobactin, enterobactin transport system, permease protein VctD 1.15 

VVMO6_RS16845 Hemin ABC transporter permease protein 1.15 

VVMO6_RS20630 ABC transporter, ATP-binding protein 1.12 
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VVMO6_RS08325 Ferredoxin-type protein NapG (periplasmic nitrate reductase) 1.10 

VVMO6_RS20625 Hypothetical protein 1.08 

VVMO6_RS09515 Iron-regulated protein A precursor 1.07 

VVMO6_RS18940 Ribonucleotide reductase of class III (anaerobic) large subunit 1.05 

VVMO6_RS09510 Probable thiol oxidoreductase with 2 cytochrome c heme-binding sites 1.04 

VVMO6_RS18655 Uncharacterized paraquat-inducible protein B 1.01 

Down-regulated (3 genes)  

VVMO6_RS12225 Iron-sulfur cluster regulator IscR -1.26 

VVMO6_RS12220 Cysteine desulfurase IscS subfamily -1.16 

VVMO6_RS12215 Iron-sulfur cluster assembly scaffold protein IscU -1.00 

a Locus tags are based on the V. vulnificus MO6-24/O genome (GenBankTM accession numbers: CP002469 and CP002470, www.ncbi.nlm.nih.gov). 
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III-3-2. hmpA transcription is derepressed by NsrR in response to NO 

To validate the RNA-seq results and examine whether NsrR mediates the 

induction of hmpA in response to NO, the hmpA transcript levels in the wild-type 

and ΔnsrR strains were compared under nitrosative stress in vitro and ex vivo. The 

hmpA transcript level in the wild-type strain was significantly elevated upon 

exposure to an in vitro NO donor, NO/PPNPs (Fig. III-2A) (Nurhasni et al., 2015). 

This result confirms the previous observation that hmpA is induced by NO (Kim et 

al., 2019). Additionally, the hmpA transcript level was dramatically increased in the 

ΔnsrR strain compared with that in the wild-type strain even in the absence of 

NO/PPNPs (Fig. III-2A), verifying that NsrR negatively regulates hmpA. Strikingly, 

the hmpA transcript level in the ΔnsrR strain was not affected by the addition of 

NO/PPNPs (Fig. III-2A), indicating that NsrR recognizes NO and alleviates the 

repression of hmpA expression in vitro.  

The role of NsrR in hmpA expression was further investigated ex vivo using NO-

producing murine macrophage RAW 264.7 cells. As shown in Fig. III-2B, the hmpA 

transcript level in the wild-type strain exposed to NO-producing RAW 264.7 cells 

was considerably elevated compared with that exposed to DMEM (negative control). 

The extent of the increase in the hmpA transcript level upon exposure to the RAW 

264.7 cells diminished by the addition of the NO synthase inhibitor L-NMMA (Fig. 

III-2B). This result suggests that the hmpA induction upon exposure to RAW 264.7 

cells is attributable to NO produced by the murine macrophages. In contrast, the 
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highly increased hmpA transcript level in the ΔnsrR strain was not altered by the 

RAW 264.7 cells and L-NMMA (Fig. III-2B), confirming that NsrR mediates the 

derepression of hmpA under nitrosative stress derived from host immune cells. The 

combined results show that NsrR has a critical role to sense NO and to induce the 

hmpA expression both in vitro and ex vivo.  

Then, recombinant nsrR was introduced to the ΔnsrR strain and examined whether 

it can reduce the increased hmpA transcript level. Introduction of a nsrR-expressing 

plasmid significantly decreased the hmpA transcript level although it was not 

comparable with that in the wild-type strain (Fig. III-3A). One possible explanation 

for this lack of complementation is that the recombinant NsrR expressed from the 

exogenous plasmid is less functional for unknown reasons. On the other hand, 

ectopic expression of nsrR on the chromosome effectively reduced the hmpA 

transcript level comparable with that in the wild-type strain (Fig. III-3B). Similarly, 

the HmpA protein levels in the ΔnsrR strain were highly increased compared with 

those in the wild-type strain and significantly decreased by complementation (Fig. 

III-3C and D). Altogether, the results suggest that NsrR is a major transcription factor 

that recognizes NO and regulates hmpA expression mainly at the transcription level.  



112 

 

Figure III-2. The effect of nitrosative stress and the nsrR mutation on hmpA 

transcription in vitro and ex vivo. The wild-type and ΔnsrR strains were grown 

aerobically to an A600 of 0.5, and then exposed to 0.15 mg/ml NO/PPNPs in vitro (A) 

or NO-producing RAW 264.7 cells ex vivo in the presence or absence of L-NMMA 

(B) for 10 min. The hmpA transcript levels were determined by qRT-PCR, and the 

hmpA transcript levels in the wild-type strain exposed to PPNPs (A) or DMEM 

without L-NMMA (B) were set to 1. Error bars represent the SD. Statistical 

significance was determined by the Student’s t test (*, p < 0.05; ***, p < 0.0005; ns, 

not significant). WT, wild type; ΔnsrR, nsrR-deletion mutant. 
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Figure III-3. The effect of the nsrR mutation on hmpA transcription. Total RNA 

and proteins were isolated from the wild-type and mutant strains grown aerobically 

to an A600 of 0.5. (A, B) The hmpA transcript levels were determined by qRT-PCR, 

and the hmpA transcript levels in the wild-type strain were set to 1. Error bars 

represent the SD. Statistical significance was determined by the Student’s t test (****, 

p < 0.00005; ns, not significant). (C, D) The cellular HmpA and DnaK (internal 

control) protein levels were determined by Western blot analysis. Molecular size 

markers (Bio-Rad) are shown in kDa. WT (pJH0311) and WT, wild type; ΔnsrR 

(pJH0311) and ΔnsrR, nsrR-deletion mutant; ΔnsrR (pJH0311::nsrR), nsrR-

complemented strain with pDY1702; ΔnsrR-C, strain ectopically expressing NsrR. 
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III-3-3. Three conserved cysteine residues are essential for NsrR to regulate 

hmpA and nsrR 

As shown in Fig. III-1B, V. vulnificus NsrR contains three conserved cysteine 

residues (C91, C96, and C102) that are predicted to act as ligands of the NO-

responsive Fe-S cluster (Tucker et al., 2008; Volbeda et al., 2017). To investigate the 

role of these three cysteine residues, three different strains were constructed: a parent 

strain GR204 chromosomally encoding NsrRFLAG, an isogenic nsrR-deletion mutant, 

and an isogenic nsrR3CS mutant chromosomally encoding apo-locked NsrRFLAG 

(NsrR3CS
FLAG). The hmpA transcript and HmpA protein levels in the ΔnsrR strain 

were highly elevated compared with those in the parent strain (Fig. III-4A and B), 

indicating that NsrRFLAG in the parent strain is still functional as a repressor of hmpA. 

Notably, the hmpA transcript and HmpA protein levels in the nsrR3CS strain were 

comparable with those in the ΔnsrR strain (Fig. III-4A and B). This result that 

NsrR3CS cannot repress the hmpA transcription reveals that coordination of the Fe-S 

cluster by the three cysteine residues is essential for the NsrR activity to repress 

hmpA.  

Furthermore, the NsrR3CS
FLAG protein level in the nsrR3CS strain was significantly 

elevated compared with the NsrRFLAG protein level in the parent strain (Fig. III-4B). 

Based on this observation, the activities of the nsrR promoter (PnsrR, determined in 

Fig. III-5B and C) in the wild-type, ΔnsrR, and nsrR3CS strains were examined using 

the PnsrR-luxCDABE transcriptional fusion reporter. The PnsrR activity in the ΔnsrR 
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strain was higher than that in the wild-type strain (Fig. III-4C), demonstrating that 

NsrR represses its own transcription. Additionally, the increased PnsrR activity in the 

nsrR3CS strain was comparable with that in the ΔnsrR strain (Fig. III-4C). This result 

suggests that NsrR relieves the repression of its own transcription by the mutation in 

the three cysteine residues and the consequent loss of the Fe-S cluster. The combined 

data propose a model in which holo-NsrR containing the Fe-S cluster represses both 

hmpA and nsrR transcription, shifts to the clusterless apo-form under nitrosative 

stress, and then alleviates the repression of hmpA and nsrR transcription.  
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Figure III-4. The role of the three cysteine residues in NsrR on hmpA and nsrR 

transcription. (A, B) Total RNA and proteins were isolated from the parent and 

mutant strains grown aerobically to an A600 of 0.5. (A) The hmpA transcript levels 

were determined by qRT-PCR, and the hmpA transcript level in the parent strain was 

set to 1. (B) The cellular HmpA, NsrRFLAG or NsrR3CS
FLAG, and DnaK (internal 

control) protein levels were determined by Western blot analysis. Molecular size 

markers (Bio-Rad) are shown in kDa. Parent, parent strain; ΔnsrR, nsrR-deletion 

mutant; nsrR3CS, strain expressing apo-locked NsrRFLAG. (C) A PCR fragment 

carrying the PnsrR was cloned into pBBR-lux to create a reporter plasmid, pGR2025. 

The wild-type and mutant strains containing pGR2025 were grown aerobically to an 

A600 of 0.5, and then used to measure the cellular luminescence. Error bars represent 

the SD. Statistical significance was determined by the Student’s t test (****, p < 
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0.00005; ns, not significant). RLU, relative luminescence unit; WT, wild type; ΔnsrR, 

nsrR-deletion mutant; nsrR3CS, strain expressing apo-locked NsrR. 

  



118 

III-3-4. PhmpA and PnsrR overlap divergently with each other 

To map the hmpA promoter, the TSS of hmpA was determined by primer extension 

analysis. A single reverse transcript was produced from the primer extension of RNA 

isolated from the ΔnsrR strain grown to an A600 of 0.5 (Fig. III-5A). This reverse 

transcript observed in the ΔnsrR strain was not detected in the wild-type strain (Fig. 

III-5A), confirming that the hmpA transcription is strongly repressed by NsrR. The 

5’-end of hmpA was located 57-bp upstream of the translation start codon of hmpA. 

Next, the TSS of nsrR was determined in a similar way. A single reverse transcript 

was produced from the primer extension of RNA isolated from the wild-type strain 

grown to an A600 of 0.5 (Fig. III-5B). The 5’-end of nsrR was located 18-bp upstream 

of the translation start codon of nsrR. The putative promoters constituting the TSSs 

were named PhmpA and PnsrR to represent the hmpA promoter and the nsrR promoter, 

respectively. The sequences for putative -10 and -35 regions of each promoter were 

assigned based on the similarity to the consensus sequences of E. coli σ70
 promoters 

(Fig. III-5C). Strikingly, these results show that PhmpA and PnsrR overlap with each 

other. This overlapping promoter region was termed the nsrR-hmpA regulatory 

region for the further research.  
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Figure III-5. Sequence analysis of the nsrR-hmpA regulatory region. (A, B) The 

TSSs of hmpA (A) and nsrR (B) were determined by the primer extension of RNA 

isolated from the wild-type and ΔnsrR strains grown aerobically to an A600 of 0.5. 

Lanes C, T, A, and G represent the nucleotide sequencing ladders. The asterisks 

indicate the TSSs. WT, wild type; ΔnsrR, nsrR-deletion mutant. (C) Double-stranded 

DNA sequence of the nsrR-hmpA regulatory region is shown. The TSS and putative 

translation start codon of nsrR are indicated by dashed bent arrows, and those of 

hmpA are indicated by solid bent arrows. The putative -10 and -35 regions are 

underlined with dashed lines for PnsrR and solid lines for PhmpA. The putative 

ribosome-binding sites (AGGA) are boldface. The binding sequences of NsrR 
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(NSRRB; a white box), Lrp (LRPB; a gray box), and CRP (CRPB1, CRPB2, CRPB3; 

black boxes) were determined in the later parts of this study. 
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III-3-5. NsrR directly binds to the nsrR-hmpA regulatory region to repress 

hmpA and its own expression 

To investigate whether NsrR directly binds to the nsrR-hmpA regulatory region, 

EMSAs were performed. The addition of NsrR to 6-FAM-labeled DNA probe 

encompassing the nsrR-hmpA regulatory region resulted in a single retarded band in 

an NsrR concentration-dependent manner (Fig. III-6A). The same unlabeled DNA 

fragment competed for NsrR binding in a dose-dependent manner (Fig. III-6A), 

confirming the specific binding of NsrR. Then, the binding of NsrR3CS to the nsrR-

hmpA regulatory region was compared with that of NsrR. The amount of the retarded 

band of the DNA-NsrR3CS complex was reduced compared with that of the DNA-

NsrR complex (Fig. III-6B). This result implies that the DNA-binding affinity of 

NsrR3CS is considerably lower than that of NsrR, which leads to the derepression of 

hmpA and nsrR under nitrosative stress. 

To determine the precise location of NsrR-binding site(s) in the nsrR-hmpA 

regulatory region, DNase I protection assays were performed using the same DNA 

probe. When NsrR was added to the DNA probe, NsrR protected a single region 

extending from -2 to +18 (NSRRB, centered at +8.5 from the TSS of hmpA) from 

DNase I digestion (Fig. III-6C). The sequence of NSRRB showed about 87% 

similarity to the 11-1-11 bp consensus NsrR-binding sequence in E. coli 

(Bodenmiller and Spiro, 2006; Partridge et al., 2009). Combined with the EMSA 

data (Fig. III-6A), these results indicate that NsrR concurrently represses hmpA and 
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its own transcription by directly binding to the single specific sequence in the nsrR-

hmpA regulatory region.  
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Figure III-6. Specific binding of NsrR to the nsrR-hmpA regulatory region. (A, B) A 393-bp DNA fragment of the nsrR-hmpA regulatory 

region (10 nM) was labeled with 6-FAM, and then incubated with increasing amounts of NsrR (A, B) or NsrR3CS (B) as indicated. For the 

competition analysis, various amounts of the unlabeled DNA fragment were added as a self-competitor. B, bound DNA; F, free DNA. (C) The 

same DNA probe (40 nM) was incubated with increasing amounts of NsrR as indicated, and then digested with DNase I. The region protected by 

NsrR is indicated by a white box (NSRRB). Nucleotide numbers shown are relative to the TSS of hmpA. 
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III-3-6. Lrp represses hmpA in an NsrR-dependent manner by directly binding 

to the nsrR-hmpA regulatory region 

To determine other factors involved in the hmpA regulation, various known 

transcription factors in V. vulnificus were further explored. Among them, the role of 

Lrp in the hmpA regulation was evaluated. The hmpA transcript and HmpA protein 

levels in the lrp-deletion mutant (Δlrp) were significantly increased compared with 

those in the parent strain and restored by complementation (Fig. III-7A and B). The 

hmpA transcript level in the wild-type strain was not altered by exogenous leucine 

(Fig. III-8A), suggesting that Lrp negatively affects the hmpA transcription in a 

leucine-independent manner. To investigate the regulatory relationship between 

NsrR and Lrp, the lrp-deleted nsrR3CS mutant (nsrR3CSΔlrp), in which both NsrR and 

Lrp are not functional, was constructed from the parent strain. Interestingly, the 

hmpA transcript and HmpA protein levels in the nsrR3CSΔlrp strain were comparable 

with those in the nsrR3CS strain (Fig. III-7C and D). The observation that Lrp was not 

able to affect hmpA transcription in the absence of functional NsrR indicates that the 

negative effect of Lrp on hmpA is mediated by NsrR. This result led me to examine 

whether Lrp positively regulates the cellular level of NsrR to repress hmpA. However, 

both the PnsrR activity and NsrRFLAG protein level were not affected by the lrp deletion 

(Fig. III-7B and III-8B). 

Next, EMSAs were performed to investigate whether Lrp directly binds to the 

nsrR-hmpA regulatory region. The addition of Lrp to the DNA probe resulted in a 
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single retarded band in an Lrp concentration-dependent manner (Fig. III-9A). The 

same unlabeled DNA fragment showed competition for Lrp binding in a dose-

dependent manner (Fig. III-9A), demonstrating the specific binding of Lrp. DNase I 

protection assays revealed that Lrp largely protected a single region extending from 

-75 to -11 (LRPB, centered at -43 from the TSS of hmpA) from DNase I digestion 

(Fig. III-9B). Combined with the EMSA data (Fig. III-9A), these results indicate that 

Lrp binds directly and specifically to the nsrR-hmpA regulatory region. Notably, 

within the region protected by Lrp, a periodic pattern of reduced cleavage followed 

by short regions of enhanced cleavage was observed (Fig. III-9B). This pattern 

known as phased hypersensitivity implies DNA bending by a multimeric Lrp (Pul et 

al., 2007), suggesting that the Lrp multimer induces a conformation change of the 

nsrR-hmpA regulatory region. Moreover, EMSA with both NsrR and Lrp showed 

that NsrR and Lrp simultaneously bind to the nsrR-hmpA regulatory region, rather 

than displace each other (Fig. III-10). Altogether, the combined results propose that 

direct binding of Lrp to the nsrR-hmpA regulatory region does not alter the nsrR 

transcription but represses hmpA transcription presumably through the modification 

of the DNA conformation enhancing the hmpA repression by NsrR. 
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Figure III-7. The effect of the lrp mutation on hmpA transcription. Total RNA 

and proteins were isolated from the parent and mutant strains grown aerobically to 

an A600 of 0.5. (A, C) The hmpA transcript levels were determined by qRT-PCR, and 

the hmpA transcript levels in the parent strain were set to 1. Error bars represent the 

SD. Statistical significance was determined by the Student’s t test (****, p < 0.00005; 

ns, not significant). (B, D) The cellular HmpA, NsrRFLAG or NsrR3CS
FLAG, Lrp, and 

DnaK (internal control) protein levels were determined by Western blot analysis. 

Molecular size markers (Bio-Rad) are shown in kDa. Parent (pJH0311) and Parent, 

parent strain; Δlrp (pJH0311), lrp-deletion mutant; Δlrp (pJH0311::lrp), lrp-

complemented strain with pZW1818; nsrR3CS, strain expressing apo-locked 

NsrRFLAG; nsrR3CSΔlrp, lrp-deletion mutant expressing apo-locked NsrRFLAG. 
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Figure III-8. The effect of leucine on hmpA transcription and the effect of the 

lrp mutation on nsrR transcription. (A) Total RNA was isolated from the wild-

type strain grown aerobically to an A600 of 0.5 with or without various amounts of L-

leucine. The hmpA transcript levels were determined by qRT-PCR, and the hmpA 

transcript level in the wild-type strain grown without L-leucine was set to 1. (B) A 

PCR fragment carrying the PnsrR was cloned into pBBR-lux to create a reporter 

plasmid, pGR2025. The wild-type and Δlrp strains containing pGR2025 were grown 

aerobically to an A600 of 0.5, and then used to measure the cellular luminescence. 

Error bars represent the SD. Statistical significance was determined by the Student’s 

t test (ns, not significant). RLU, relative luminescence unit; WT, wild type; Δlrp, lrp-

deletion mutant. 
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Figure III-9. Specific binding of Lrp to the nsrR-hmpA regulatory region. (A) A 

393-bp DNA fragment of the nsrR-hmpA regulatory region (10 nM) was labeled with 

6-FAM, and then incubated with increasing amounts of Lrp as indicated. For the 

competition analysis, various amounts of the unlabeled DNA fragment were added 

as a self-competitor. B, bound DNA; F, free DNA. (B) The same DNA probe (40 nM) 

was incubated with increasing amounts of Lrp as indicated, and then digested with 

DNase I. The region protected by Lrp is indicated by a gray box (LRPB). The 

nucleotides showing enhanced cleavage are indicated by asterisks. Nucleotide 

numbers shown are relative to the TSS of hmpA.   
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Figure III-10. Interaction of NsrR and Lrp on the nsrR-hmpA regulatory region. 

A 393-bp DNA fragment of the nsrR-hmpA regulatory region (10 nM) was labeled 

with 6-FAM, and then incubated with increasing amounts of NsrR in the presence of 

750 nM Lrp as indicated. B1, DNA-NsrR complex; B2, DNA-Lrp complex; B3, 

DNA-NsrR-Lrp complex; F, free DNA. 
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III-3-7. CRP activates hmpA, but represses nsrR by directly binding to the 

nsrR-hmpA regulatory region 

The role of CRP in the hmpA regulation was also explored. The hmpA transcript 

and HmpA protein levels in the crp-deletion mutant (Δcrp) were considerably 

decreased compared with those in the parent strain and restored by complementation 

(Fig. III-11A and B). In addition, the hmpA transcript level in the wild-type strain 

was decreased by exogenous glucose while that in the Δcrp strain was not affected 

(Fig. III-12A). These results indicate that CRP has a positive effect on the hmpA 

transcription which is relieved in the presence of exogenous glucose. Then, the hmpA 

transcript and HmpA protein levels in the parent strain, the nsrR3CS strain, and the 

crp-deleted nsrR3CS mutant (nsrR3CSΔcrp) were compared. Similar to Lrp, the hmpA 

transcript and HmpA protein levels in the nsrR3CSΔcrp strain were comparable with 

those in the nsrR3CS strain (Fig. III-11C and D), suggesting that the positive effect of 

CRP on the hmpA transcription is also mediated by NsrR. Thus, it was further 

examined whether the effect of CRP on hmpA expression results from the increased 

cellular level of NsrR. Notably, the PnsrR activity and NsrRFLAG protein level were 

significantly increased by the crp deletion (Fig. III-11B and III-12B), showing that 

CRP acts as a repressor of nsrR transcription. Moreover, the Lrp protein level in the 

Δcrp strain was elevated compared with that in the parent strain as observed 

previously (Fig. III-11B) (Lee et al., 2020). Accordingly, it was hypothesized that 

CRP indirectly activates hmpA through the repression of both nsrR and lrp in a 
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sequential manner.  

To investigate whether CRP directly binds to the nsrR-hmpA regulatory region, 

EMSAs were performed. As shown in Fig. III-13A, the addition of CRP to the DNA 

probe resulted in a single retarded band in a CRP concentration-dependent manner. 

The same unlabeled DNA fragment competed for CRP binding in a dose-dependent 

manner (Fig. III-13A), confirming the specific binding of CRP. DNase I protection 

assays determined three regions protected by CRP extending from -10 to +10 

(CRPB1, centered at -0.5 from the TSS of nsrR), -69 to -31 (CRPB2, centered at -50 

from the TSS of nsrR), and -99 to -88 (CRPB3, centered at -93.5 from the TSS of 

nsrR) from DNase I digestion (Fig. III-13B). Combined with the EMSA data 

showing a single retarded band by CRP (Fig. III-13A), this result implies that CRP 

binds to CRPB1, CRPB2, and CRPB3 with similar DNA-binding affinities. Taken 

together, the combined results propose that CRP directly and specifically binds to 

the nsrR-hmpA regulatory region to repress nsrR as well as lrp, and consequently 

induces the hmpA transcription in a sequential cascade. In conclusion, the results in 

this study suggest that NsrR tightly regulates the hmpA transcription in response to 

NO, which could be elaborated by Lrp and CRP.  
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Figure III-11. The effect of the crp mutation on hmpA and nsrR transcription. 

Total RNA and proteins were isolated from the parent and mutant strains grown 

aerobically to an A600 of 0.5. (A, C) The hmpA transcript levels were determined by 

qRT-PCR, and the hmpA transcript levels in the parent strain were set to 1. Error bars 

represent the SD. Statistical significance was determined by the Student’s t test (*, p 

< 0.05; ***, p < 0.0005; ****, p < 0.00005; ns, not significant). (B, D) The cellular 

HmpA, NsrRFLAG or NsrR3CS
FLAG, Lrp, CRP, and DnaK (internal control) protein 

levels were determined by Western blot analysis. Molecular size markers (Bio-Rad) 

are shown in kDa. Parent (pJH0311) and Parent, parent strain; Δcrp (pJH0311), crp-

deletion mutant; Δcrp (pJH0311::crp), crp-complemented strain with pKK1502; 

nsrR3CS, strain expressing apo-locked NsrRFLAG; nsrR3CSΔcrp, crp-deletion mutant 

expressing apo-locked NsrRFLAG.  
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Figure III-12. The effect of glucose on hmpA transcription and the effect of the 

crp mutation on nsrR transcription. (A) Total RNA was isolated from the wild-

type and Δcrp strains grown aerobically to an A600 of 0.5 with or without 1% glucose. 

The hmpA transcript levels were determined by qRT-PCR, and the hmpA transcript 

level in the wild-type strain grown without 1% glucose was set to 1. (B) A PCR 

fragment carrying the PnsrR was cloned into pBBR-lux to create a reporter plasmid, 

pGR2025. The wild-type and Δcrp strains containing pGR2025 were grown 

aerobically to an A600 of 0.5, and then used to measure the cellular luminescence. 

Error bars represent the SD. Statistical significance was determined by the Student’s 

t test (***, p < 0.0005; ****, p < 0.00005; ns, not significant). WT, wild type; Δcrp, 

crp-deletion mutant; RLU, relative luminescence unit.  
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Figure III-13. Specific binding of CRP to the nsrR-hmpA regulatory region. (A) 

A 393-bp DNA fragment of the nsrR-hmpA regulatory region (10 nM) was labeled 

with 6-FAM, and then incubated with increasing amounts of CRP as indicated. For 

the competition analysis, various amounts of the unlabeled DNA fragment were 

added as a self-competitor. B, bound DNA; F, free DNA. (B) The same DNA probe 

(40 nM) was incubated with increasing amounts of CRP as indicated, and then 

digested with DNase I. The regions protected by CRP are indicated by block boxes 

(CRPB1, CRPB2, CRPB3). The nucleotides showing enhanced cleavage are 

indicated by asterisks. Nucleotide numbers shown are relative to the TSS of nsrR. 
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III-4. Discussion 

 

In this study, an NO-responsive transcription factor NsrR in V. vulnificus was 

newly identified and characterized (Fig. III-1). The transcriptome analysis 

discovered that 44 genes are negatively regulated and 3 genes are positively 

regulated by NsrR (Table III-1). Notably, the previous transcriptome analysis of the 

wild-type strain revealed that 42 of the 44 genes repressed by NsrR are significantly 

induced upon exposure to NO (Fig. III-14A) (Kim et al., 2019). Among the 42 genes, 

the induction of nnrS, in addition to hmpA, was further identified to be mediated by 

NsrR in response to NO (Fig. III-2 and III-14B). Accordingly, it is possible to 

propose that NsrR also regulates the expression of various genes other than hmpA 

and nnrS by sensing nitrosative stress. Meanwhile, although iscR, iscS, and iscU 

were positively regulated by NsrR (Table III-1), NsrR did not directly bind to the 

promoter region of the isc operon under the conditions tested (Fig. III-15), indicating 

that NsrR controls the isc operon indirectly. Considering that functional NsrR 

requires the intact Fe-S cluster, up-regulation of the isc operon would be 

advantageous for NsrR to control its regulons effectively.  

Besides nsrR, the expression of norR, encoding another putative NO-responsive 

transcription factor NorR, is also induced by NO (Kim et al., 2019). In V. cholerae, 

NorR activates hmpA and nnrS by sensing NO, contributing to NO detoxification 

and the sustained colonization of host intestines (Stern et al., 2012). However, NorR 
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did not affect the hmpA transcription in V. vulnificus under my experimental 

conditions (Fig. III-16). Meanwhile, NorR in E. coli is known to activate the norVW 

genes encoding a flavorubredoxin to detoxify NO (D'Autreaux et al., 2005), but 

norVW homologues were not found in the V. vulnificus genome. Although NorR-

regulated genes and their role require further studies, NsrR appears to be the major 

transcription factor for V. vulnificus to respond against nitrosative stress so far.  

Fig. III-17 depicts the regulatory network comprising NsrR, Lrp, and CRP for the 

hmpA transcription proposed by this study. NsrR relieves the direct repression of 

hmpA losing its Fe-S cluster and DNA-binding affinity under nitrosative stress (Fig. 

III-4 and III-6). The strong repression of hmpA by NsrR could allow V. vulnificus to 

prevent unnecessary waste of cellular components such as heme, NAD, and FAD as 

cofactors of HmpA (Kim et al., 2019). On the other hand, it could facilitate the rapid 

and strong induction of hmpA when the repression by NsrR is abolished, which may 

ensure an effective response against nitrosative stress (Alon, 2007). Thus, it is 

tempting to suppose that NsrR has evolved to regulate hmpA transcription by a 

derepression mechanism rather than simple activation.  

Furthermore, Lrp and CRP elaborate the hmpA regulation by functional NsrR. Lrp 

directly binds to the nsrR-hmpA regulatory region but is not able to repress hmpA in 

the absence of functional NsrR (Fig. III-7 to III-9). As one of the bacterial nucleoid-

associated proteins, Lrp can modulate gene expression by remodeling the DNA 

structure (Dillon and Dorman, 2010). Thus, one possible explanation for the NsrR-
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dependent hmpA repression by Lrp is that the formation of a multicomponent 

complex containing Lrp multimers and the resulting conformation change of DNA 

enhance the ability of holo-NsrR to repress hmpA. The regulatory mode of Lrp for 

hmpA in response to exogenous leucine is found to be the independent mode (Fig. 

III-8A) (Cho et al., 2008). Since the regulatory activity of Lrp also can be altered by 

other amino acids or nutrient levels (Hart and Blumenthal, 2011; Kroner et al., 2019), 

it should be further investigated what factors are involved in the hmpA regulation by 

Lrp.  

Meanwhile, this study further demonstrated that CRP acts as a repressor of nsrR 

by directly binding to the nsrR-hmpA regulatory region (Fig. III-11 to III-13). In 

addition, the previous report that CRP directly represses lrp by binding to its 

promoter was confirmed (Lee et al., 2020) (Fig. III-11B). These results propose that 

CRP activates hmpA by the repression of nsrR and lrp as a sequential cascade. 

Particularly, CRP upregulates the hmpA transcription in response to low levels of 

glucose (Fig. III-12A). During conditions of intestinal inflammation, NO produced 

by host cells is rapidly decomposed to less toxic NO3
- by diverse detoxifying 

enzymes of enteric pathogens including HmpA. The accumulated NO3
- in the 

intestinal lumen can be utilized as an electron acceptor for anaerobic respiration of 

pathogens in hypoxic environments (Bueno et al., 2018; Vazquez-Torres and 

Baumler, 2016). In the NO3
-/NO2

- respiration, NO3
- is converted to NO2

- that is 

harmful to bacteria. Thus, NO2
- is subsequently reduced to ammonia (NH3) by an 
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NO2
- reductase, which can generate NO as a by-product (Spiro, 2007; Tiso and 

Schechter, 2015). Intriguingly, it has been reported that CRP activates the NO3
-/NO2

- 

respiration under nutrient-poor or low-oxygen conditions in E. coli and Shewanella 

oneidensis (Dong et al., 2012; Stewart et al., 2009). Accordingly, it is assumed that 

CRP induces hmpA as well as activates NO3
-/NO2

- respiration under low-glucose 

conditions to scavenge the low levels of endogenous NO during NO3
-/NO2

- 

respiration. Since the utilization of host-derived NO3
- enhances the growth and 

fitness of pathogens (Vazquez-Torres and Baumler, 2016), NsrR and CRP might 

coordinate nitrosative stress defense systems and energy production in V. vulnificus 

for survival during infection. Altogether, the collaborative regulation by NsrR along 

with Lrp and CRP enables the tight and precise tuning of hmpA transcription by 

integrating various signals including nitrosative stress and nutrient availability, 

thereby contributing to the fitness and pathogenesis of V. vulnificus within the host.  

The current understanding of the nitrosative stress defense systems in V. vulnificus 

is summarized in Fig. III-18. In addition to NsrR, previous report demonstrated that 

V. vulnificus IscR, another Rrf2-family [2Fe-2S]-containing transcription factor, also 

turns to an apo-form lacking the Fe-S cluster under nitrosative stress (Choi et al., 

2020; Lim et al., 2014b). Apo-IscR dissociates from the promoter of the isc operon 

to express the isc operon and to facilitate the biogenesis of the Fe-S cluster (Lim and 

Choi, 2014). In addition, the resulting increased apo-IscR further activates the 

expression of prx3 encoding 1-cysteine peroxiredoxin with an NO-decomposition 
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activity by directly binding to the prx3 promoter region (Pprx3) (Ahn et al., 2018; Lim 

et al., 2014a). The regulatory characteristic of IscR on Pprx3 is distinguishable from 

that of NsrR on PhmpA in which IscR can bind to Pprx3 in the apo-form, and the 

increased apo-IscR protein level results in prx3 activation. Taken together, these 

assorted nitrosative stress defense systems would provide V. vulnificus with the 

benefit of having inclusive modulation of various NO-detoxifying gene expression 

and the consequent survival under host-derived nitrosative stress during infection. 
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Figure III-14. The effect of nitrosative stress on NsrR regulon expression. (A) 

The expression of the 44 genes, up-regulated by the nsrR deletion, in either the 

NO/PPNPs-exposed wild-type (left panels) or PPNPs-exposed ΔnsrR (right panels) 

strain is presented relative to that in the PPNPs-exposed wild-type strain. The fold 

changes are visualized in the heat map with colors representing the log2 RPKM ratio. 

(B) To confirm the effect of NO and the nsrR mutation on nnrS transcription, the 

wild-type and ΔnsrR strains were grown aerobically to an A600 of 0.5 in M9G, and 

then exposed to 0.15 mg/ml PPNPs or NO/PPNPs for 10 min. The nnrS transcript 

levels were determined by qRT-PCR, and the nnrS transcript level in the wild-type 
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strain exposed to PPNPs was set to 1. Error bars represent the SD. Statistical 

significance was determined by the Student’s t test (*, p < 0.05; ns, not significant). 

WT, wild type; ΔnsrR, nsrR-deletion mutant. 
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Figure III-15. Interaction between NsrR and the isc operon regulatory region. 

A 321-bp DNA fragment of the isc operon regulatory region (10 nM) was labeled 

with 6-FAM, and then incubated with increasing amounts of NsrR as indicated. F, 

free DNA. 
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Figure III-16. The effect of the norR mutation on hmpA transcription. Total RNA 

was isolated from the wild-type strain and isogenic norR-deletion mutant grown 

aerobically to an A600 of 0.5. The hmpA transcript levels were determined by qRT-

PCR, and the hmpA transcript level in the wild-type strain was set to 1. Error bars 

represent the SD. Statistical significance was determined by the Student’s t test (ns, 

not significant). WT, wild type; ΔnorR, norR-deletion mutant. 
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Figure III-17. A proposed model for the regulation of hmpA by NsrR, Lrp, and CRP in V. vulnificus. NsrR directly represses hmpA and nsrR 

itself, which is relieved upon exposure to NO. Lrp indirectly represses hmpA presumably by enhancing the repression activity of NsrR through 

DNA structure remodeling. CRP indirectly activates hmpA possibly through the repression of nsrR and lrp in a sequential cascade under low-
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glucose conditions. The TSSs and putative translation start codons of nsrR and hmpA are indicated by solid bent arrows. The putative -10 and -35 

regions, and ribosome-binding site (RBS) are underlined with double lines for PnsrR and single lines for PhmpA. NSRRB, NsrR-binding site; LRPB, 

Lrp-binding site; CRPB, CRP-binding site.  
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Figure III-18. The nitrosative stress defense systems in V. vulnificus. Apo-NsrR alleviates the repression of hmpA and nsrR upon exposure to 

nitrosative stress. On the other hand, apo-IscR relieves the repression of the isc operon, and the resulting increased apo-IscR directly activates 

prx3 encoding 1-cysteine peroxiredoxin. The induced NO-decomposition proteins, HmpA and Prx3, would facilitate the survival of V. vulnificus 

under host-derived nitrosative stress. The gray dots represent the Fe-S cluster. 
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Chapter IV. 

 

Conclusion 
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Transcription factors of pathogenic bacteria recognize host-derived stresses to 

coordinately regulate the expression of virulence factors that act cooperatively for 

the overall success of their pathogenesis. Among them, some transcription factors 

employ the Fe-S cluster to rapidly sense the changing environments and adjust the 

expression of their regulons. The Fe-S cluster-containing transcription factor IscR 

activates the vvhBA operon encoding a cytolysin/hemolysin of V. vulnificus in 

response to nitrosative stress and iron starvation. The stress-induced loss of the Fe-

S cluster leads to the increase in the cellular level of apo-IscR and subsequent 

activation of vvhBA. Notably, IscR directly binds downstream of PvvhBA, which is 

atypical for the positive regulator. IscR binds to the PvvhBA regulatory region together 

with HlyU that activates vvhBA by directly binding upstream of PvvhBA. IscR and 

HlyU displace H-NS that binds throughout the PvvhBA regulatory region to repress 

vvhBA, and thus they additively alleviate the vvhBA repression.  

Another Fe-S cluster-containing transcription factor NsrR was identified in V. 

vulnificus, which is a regulator of multiple genes potentially involved in the 

nitrosative stress responses. Particularly, NsrR strongly represses hmpA encoding an 

NO dioxygenase by directly binding to the overlapping region of PnsrR and PhmpA. 

NsrR relieves the hmpA repression under nitrosative stress that disrupts the Fe-S 

cluster and decreases DNA-binding affinity of NsrR. In addition, Lrp binds to the 

nsrR-hmpA regulatory region and indirectly represses hmpA in an NsrR-dependent 

manner. CRP is a negative regulator of nsrR and lrp by directly binding to each 
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promoter and indirectly activates hmpA in a sequential cascade.  

In conclusion, both IscR and NsrR utilize the Fe-S cluster as a sensory module for 

gene regulation. IscR senses the cellular Fe-S demand, which is elevated by 

oxidative stress, nitrosative stress, and iron starvation. The increased apo-IscR 

alleviates the repression of the isc operon while it activates several genes including 

vvhBA by directly binding to the target promoters. Accordingly, IscR serves as a 

regulator of ROS and RNS defense, host adhesion, and hemolytic activity, as well as 

the Fe-S cluster biogenesis in V. vulnificus (Fig. IV-1A). On the other hand, NsrR is 

considered to be a dedicated sensor of NO. Apo-NsrR generally loses the DNA-

binding affinity, resulting in the derepression of hmpA to defend against nitrosative 

stress (Fig. IV-1B). Altogether, the two Fe-S cluster-containing transcription factors, 

IscR and NsrR, allow V. vulnificus to precisely regulate the expression of various 

genes including vvhBA and hmpA in response to host-derived stresses, contributing 

to the fitness and pathogenesis of the pathogen during infection.    
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Figure IV-1. IscR- and NsrR-mediated regulation of various virulence factors 

in response to host-derived stresses in V. vulnificus. V. vulnificus exploits two 

distinct transcription factors, IscR (A) and NsrR (B), using the Fe-S cluster as a 

stress-sensitive cofactor. When the cellular Fe-S demand increases by oxidative 

stress, nitrosative stress, and iron starvation, apo-IscR relieves the repression of the 

isc operon to facilitate the Fe-S cluster biogenesis. Also, the increased apo-IscR 

activates the prx3 gene to survive against oxidative and nitrosative stress, and the 

gbpA gene and the vvhBA operon that are important for the host adhesion and 

hemolysis activity, respectively. Meanwhile, NsrR shifts to the apo-form by 

nitrosative stress and alleviates the repression of hmpA to detoxify NO. The gray 

dots represent the Fe-S cluster. 
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국문초록 

 

숙주 내에서 생존하고 성공적인 감염을 일으키기 위해서 병원성 

박테리아는 숙주에서 유래한 스트레스를 인지하여 독성인자들의 발현을 

적절하게 조절해야 한다. 이를 위하여 어떤 전사인자들은 산화 스트레스, 

질산화 스트레스, 철의 결핍과 같은 다양한 환경적 신호에 민감한 철-황 

클러스터를 보조인자로 활용한다. 본 연구는 치사율이 높은 식중독균인 

비브리오패혈증균이 가지고 있는 두 개의 철-황 클러스터 결합 전사인자 

IscR 과 NsrR 의 전사 조절 특성을 조사하였다. vvhBA 오페론에 의해 

암호화되어 있는 세포용해/용혈인자 VvhA 는 세포 밖으로 분비되는 세공 

형성 독소로 비브리오패혈증균의 강력한 용혈 활성에 기여하는 

독성인자이다. 전사체 및 전사물 분석 결과, vvhBA 는 쥐의 혈액 또는 

대식세포에 노출되었을 때 발현이 증가하였다. 돌연변이 분석을 통해 

IscR 이 철-황 클러스터를 파괴해 세포 내 apo-IscR 단백질의 양을 

증가시키는 질산화 스트레스와 철의 결핍을 감지하여 vvhBA 오페론의 

발현을 활성화시킨다는 것을 확인하였다. 흥미롭게도 IscR 은 양성 

조절자임에도 불구하고 vvhBA 의 프로모터인 PvvhBA의 하부에 결합하였다. 

PvvhBA 조절 영역에서 IscR 의 정확한 역할을 규명하기 위해 IscR 과 또 

다른 전사인자인 HlyU, H-NS 의 상호작용을 조사하였다. HlyU 는 PvvhBA 의 

상부에 직접적으로 결합하여 vvhBA 의 전사를 활성화하는 반면, H-NS 는 

PvvhBA 의 하부와 상부에 광범위하게 결합하여 vvhBA 의 전사를 
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억제하였다. IscR 과 HlyU 의 결합 위치가 H-NS 의 결합 위치와 중첩되어 

있다는 관찰을 바탕으로, 추가적인 생화학적 분석들을 통해 IscR 과 

HlyU 가 PvvhBA 조절 영역에 결합한 H-NS 를 떼어내어 H-NS 에 의한 

억제를 완화함으로써 vvhBA의 발현을 유도한다는 것이 밝혀졌다. PvvhBA의 

하부와 상부 모두에서 IscR 과 HlyU 가 동시에 발현 억제를 완화하는 

것은 질산화 스트레스 및 철의 결핍과 같은 숙주 유래 스트레스 신호를 

통합적으로 인식하여 vvhBA 의 전사를 정확하게 조절하는 수단으로 

활용되어 비브리오패혈증균이 숙주 감염을 성공적으로 일으킬 수 있도록 

도울 것이다. 한편, 철-황 클러스터와 결합하고 있을 것으로 추측되는 

비브리오패혈증균의 또 다른 전사인자 NsrR 이 발굴되었다. 전사체 분석 

결과, NsrR 은 질산화 스트레스 대응에 관련되었을 것으로 추정되는 

다수의 유전자들의 발현을 조절하였다. 특히, NsrR 은 유독한 

일산화질소를 효과적으로 분해하는 일산화질소 이산소화효소 암호화 

유전자 hmpA 의 강력한 음성 조절자로서 일산화질소에 노출되었을 때 

hmpA 의 발현 억제를 완화하였다. nsrR 과 hmpA 는 반대 방향으로 

전사되는데, 그들의 프로모터 영역은 서로 중첩되어 위치하고 있었다. 

분자생물학적 분석은 NsrR 이 중첩된 프로모터 영역에 직접적으로 

결합하며, 질산화 스트레스에 의해 철-황 클러스터가 손상되었을 때 

DNA 결합 능력을 상실함으로써 hmpA 의 발현 억제를 완화한다는 것을 

증명하였다. 추가적인 생화학적 분석과 돌연변이 분석을 통해 Lrp 가 

nsrR-hmpA 조절 영역에 직접적으로 결합하여 hmpA 의 발현을 억제한다는 
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것을 확인하였다. Lrp 의 hmpA 발현 억제 활성은 NsrR 의존적이었는데, 

아마도 Lrp 가 DNA 의 형태를 변화시킴으로써 NsrR 의 hmpA 발현 억제 

활성을 강화하는 것으로 추정된다. 한편, CRP 는 nsrR 과 lrp 의 프로모터 

영역에 직접적으로 결합하여 이들의 발현을 억제함으로써 순차적으로 

hmpA 의 발현을 활성화하는 것으로 보인다. NsrR 은 Lrp, CRP 와의 

협력적인 전사 조절을 통해 hmpA 의 발현을 정교하게 제어하여 

비브리오패혈증균이 숙주로부터 유래된 질산화 스트레스를 극복하고 

생존하여 병을 일으킬 수 있도록 기여할 것이다.  
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