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Brucella abortus is a Gram-negative, α-proteobacterium that causes bovine brucellosis, a 

prevalent zoonotic disease in many areas of the world.   B. abortus is an intracellular pathogen 

that survives and replicates in the phagosomal compartment of host macrophages, a property that 

is critical for virulence.  In this environment, B. abortus requires manganese, but the availability 

of this essential micronutrient is restricted in the phagosomal compartment.  Host cells resist 

bacterial infection by limiting the availability of metals in the phagosome employing what is 

known as the metal withholding defense, a process mediated by Nramp1 (Natural resistance 

associated macrophage protein).  To counter this, pathogenic bacteria produce high-affinity 

manganese transporters, and these transporters have been shown to be necessary for virulence.   

MntH is the bacterial homolog of the eukaryotic Nramp and is the only identified high 

affinity manganese transporter in Brucella strains.  In this study, the function and the metal-

specificity of this protein was examined.  Studies employing a genetically defined B. abortus 

mntH mutant show that MntH-mediated manganese acquisition is critical for normal in vitro 

growth and the establishment of infection in mice.  The α-proteobacteria employ a structural 



homolog of the ferric uptake regulator Fur which is Mn-responsive (and thus designated Mur for 

manganese uptake regulator) to control the expression of their manganese acquisition genes.  

Phenotypic analysis of a mur mutant showed that Mur is responsible for the Mn-responsive 

regulation of mntH expression in B. abortus 2308 and biochemical studies defined the Mur 

binding site in the mntH promoter.  

 

 

 

 

 

 

 



 

 



 

 

The Fur-like regulator Mur controls the expression of the gene encoding the manganese 

transporter MntH in Brucella abortus 2308 in response to manganese availability 

 

A Thesis 

Presented To the Faculty of the Department of Biology  

East Carolina University 

 

In Partial Fulfillment Of the Requirements for the Degree  

Master of Science in Biology 

 

 

 

By: 

Evan A. Menscher 

April, 2011 

 

 



 

 

 

 

 

 

 

 

All Material Except Chapter Two:  Copyright 2011, Evan A. Menscher. 

Chapter Two:  Copyright American Society for Microbiology, Infection and Immunity, 77, 2009, 

3466-3474, doi: 10.1128/IAI.00444-09. 

 

 

 



The Fur-like regulator Mur controls the expression of the gene encoding the manganese 

transporter MntH in Brucella abortus 2308 in response to manganese availability 

by 

Evan A. Menscher 

 

 

APPROVED BY: 

DIRECTOR OF DISSERTATION:_________________________________________________ 

                                                                                                                 Roy Martin Roop II, Ph.D. 

 

COMMITTEE MEMBER:________________________________________________________ 

Daniel Martin, Ph.D. 

 

COMMITTEE MEMBER:________________________________________________________ 

Paul Hager, Ph.D. 

 

COMMITTEE MEMBER:________________________________________________________ 

Cindy Putnam-Evans, Ph.D 

 

CHAIR OF THE DEPARTMENT OF BIOLOGY: 

______________________________________________________________________________ 

Jeffrey McKinnon, Ph.D. 

 

DEAN OF THE GRADUATE SCHOOL: 

______________________________________________________________________________ 

Paul J. Gemperline, Ph.D. 

 

 



Acknowledgements 

 

Many thanks are in order, but first and foremost, I would like to thank the members of the 

Roop Lab, both past and present, for your invaluable knowledge and companionship.  The 

completion of this masters degree would not be possible without the constant support from my 

family, Mom and Dad, thank you for continuing to push me in life and my siblings, Keith, Rory, 

and Perri, I love you.  

It is without due that I acknowledge Dr. Roop for your patience and knowledge in lab.  

Your passion for the sciences and unwavering commitment to constantly educating students has 

helped me become the young scientist I am today.  Also I would like to thank Dr. Eric Anderson 

for your time, late nights, and years of science discussions.  Of course, I must thank the one and 

only Dr. Clay Caswell for pushing me to strive for nothing less than fame and success.  Clay, 

you are an incredible companion and a darn good lab-mate. 

 



TABLE OF CONTENTS 

LIST OF TABLES .................................................................................................................... XVII 

LIST OF FIGURES ................................................................................................................. XVIII 

CHAPTER 1: INTRODUCTION ....................................................................................................1 

Historical perspective.......................................................................................................................1 

Taxonomy…. ...................................................................................................................................3 

Establishing infection.......................................................................................................................3 

Brucella intracellular survival..........................................................................................................4 

The ensuing disease .........................................................................................................................5 

Metals in the system.........................................................................................................................5 

Iron …………… ..............................................................................................................................6 

Manganese …………… ..................................................................................................................6 

Manganese in Brucella ....................................................................................................................8 

Nutritional immunity  ....................................................................................................................10 

Prokaryotic MntH  .........................................................................................................................11 

ABC transporters  ..........................................................................................................................12 

Regulation of Mn transport  ...........................................................................................................12 

Mechanisms of Mn
2+

 responsive regulation  .................................................................................14 



MntR ……… .................................................................................................................................14 

Mur ……… ....................................................................................................................................15 

Statement of the problem  ..............................................................................................................17 

References . ........................................................…………………………………………………18 

CHAPTER II: The manganese transporter MntH is a critical virulence determinant for Brucella 

abortus 2308 in experimentally infected mice 

Abstract ..........................................................................................................................................56 

Introduction  ...................................................................................................................................57 

Material and methods .....................................................................................................................59 

Bacterial strains and culture conditions .................................................................59 

Construction of an mntH-lacZ transcriptional fusion ............................................59 

Construction of the B. abortus mur mutant Fur2 ...................................................60 

Construction and genetic complementation of the B.abortus mntH mutant 

MWV15 .................................................................................................................60 

Capacity of MnCl2 to stimulate the growth of B. abortus strains in the presence  

of EDDA ................................................................................................................61 

Growth of the B. abortus strains in a manganese- and iron-restricted media ........62 



Resistance of the B. abortus strains to H2O2 and the superoxide generators 

paraquat and menadione in disk sensitivity assays ................................................63 

Determination of superoxide dismuatase activity in Brucella strains ...................63 

Infection of cultured murine and resident peritoneal macrophages .......................64 

Experimental infection of C57BL/6 mice ..............................................................65 

Statistical analysis ..................................................................................................65 

Results ................................................................................................................................66 

BAB1_1460 is predicted to encode an MntH homolog and the corresponding  

gene exhibits Mn-responsive repression in B. abortus 2308 .................................66 

The B. abortus mntH mutant MWV15 exhibits a manganese-selective defect  

in metal acquisition in vitro ...................................................................................67 

The B. abortus mntH mutant MWV15 displays reduced Mn superoxide  

dismutase activity compared to the parental 2308 strain .......................................69 

MntH is required for wild-type virulence of B. abortus 2308 in C57BL/6  

mouse model ..........................................................................................................70 

Discussion  .........................................................................................................................71 

Acknowledgements ............................................................................................................77 

References ..........................................................................................................................78 



CHAPTER III: Mur regulates the gene encoding the manganese transporter MntH in Brucella 

abortus  2308 

Abstract ........................................................................................................................................108 

Introduction  .................................................................................................................................109 

Material and methods ...................................................................................................................111 

Bacterial strains and media ..................................................................................111 

Construction and evaluation of an mntH-lacZ transcriptional fusion in B. abortus 

2308and an isogenic mur mutant .........................................................................111 

Production of recombinant Brucella Mur ............................................................112 

Identification of the mntH transcriptional start site by primer extension  

analysis .................................................................................................................113 

Electrophoretic mobility shift assay (EMSA) ......................................................114 

DNase I footprint analysis ...................................................................................114 

Results ..........................................................................................................................................116 

Mur represses mntH expression in B. abortus 2308 in response to increasing 

levels of Mn in a nutrient limited growth medium ..............................................116 

Mur directly binds to the mntH promoter in B. abortus 2308 .............................116 

Discussion  ...................................................................................................................................119 



Acknowledgements ......................................................................................................................123 

References ....................................................................................................................................124 

CHAPTER IV: Summary and future directions ..........................................................................146 

References ....................................................................................................................................150 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xvii 
 

LIST OF TABLES 

Table 1.1 Brucella spp. and their natural hosts .............................................................................41 

Table 2.1 Capacity of B. abortus 2308, MWV15 (2308 mntH) and MWV15. C (MWV15 

[pEA31] to use MnCl2 as a manganese source ...........................................................93 

Table 3.1 Primers used in this study ...........................................................................................133 

 

 

 



xviii 
 

LIST OF FIGURES 

Figure 1.1  Macrophages internalize bacteria by phagocytosis ....................................................42 

Figure 1.2  Development of the Brucella-containing vacoule (BCV) ..........................................44 

Figure 1.3  Amino acid alignment of selected MntH proteins identified in bacteria ....................46 

Figure 1.4  Schematic representation of Mn
2+

 transport ...............................................................48 

Figure 1.5  Amino acid alignment of Mur proteins identified in the α-proteobacteria .................50 

Figure 1.6  Model depicting Mur regulation in the α-proteobacteria  ..........................................52 

Figure 1.7  Nucleotide alignment of the identified Mur binding sites in the α-proteobacteria  ....54 

Figure 2.1  Manganese-responsive repression of an mntH-lacZ transcriptional fusion in B. 

abortus 2308 is mediated by Mur  ..............................................................................94 

Figure 2.2  Supplemental MnCl2 restores wild-type growth of the B. abortus mntH mutant in 

broth culture ...............................................................................................................96 

Figure 2.3  Growth of the B. abortus mntH mutant in low manganese medium supplemented 

Mn
++

, Fe
++

, Zn
++

, Co
++

, Ni
++

 and Cu
++

 .......................................................................98 

Figure 2.4  Resistance of B. abortus 2308, MWV15 (2308 mntH) and MWV15.C (MWV15 

[pEA31]) to  H2O2,  paraquat, and menadione in disk sensitivity assays  ................100 

Figure 2.5  Superoxide dismutase activity in B. abortus 2308, MWV15 and MWV15C  .........102 

Figure 2.6  Survival and replication of B. abortus 2308, MWV15  and MWV15C  in cultured 

resident peritoneal macrophages from C57BL/6 mice  ............................................104 



xix 
 

Figure 2.7  Spleen colonization profiles of B. abortus 2308, MWV15 (2308 mntH) and 

MWV15.C (MWV15 [pEA31])  in C57BL/6 mice .................................................106 

Figure 3.1  β–galactosidase production from a plasmid-borne mntH-lacZ transcriptional 

Fusion………... ........................................................................................................134 

Figure 3.2  Mapping the 5’-end of mntH ....................................................................................136 

Figure 3.3  Mur binds to the mntH promoter ..............................................................................138 

Figure 3.4  DNase I footprinting .................................................................................................140 

Figure 3.5  Mur binds a consensus sequence ..............................................................................142 

Figure 3.6  MRS alignment .........................................................................................................144 

Figure 4.1  EMSA analysis with the irr promoter from B. abortus with Mur ............................153 

Figure 4.2  Mur boxes identified in Brucella ..............................................................................155 

Figure 4.3  Mur binds the perR promoter ...................................................................................157 

Figure 4.4a  Mur regulation in B. abortus 2308 .........................................................................159 

Figure 4.4b  Mur regulation is necessary for normal peroxide defense in B. abortus 2308 .......161 

 

 

 

 

 



CHAPTER I: Introduction 

The Brucella spp. are Gram-negative bacteria that belong to the α-proteobacteria and are 

phylogenetic relatives of endosymbionts, plant pathogens and other animal pathogens (Moreno et 

al., 1990; Ugalde 1999).  The Brucella spp. infect both wild and domestic animals and are the 

causative agent of brucellosis, a disease that causes sterility in males and abortion in pregnant 

females (Roop et al., 2004).  The disease can also be transmitted to humans via lab exposure or 

animal handling; however, naturally occurring disease in humans is always associated with an 

animal reservoir.  In the human host, brucellosis causes a severe febrile illness that can be treated 

by extensive antibiotic therapy, but no safe, effective vaccine is available for humans (Roop et 

al., 2004).  Because in its naturally occurring form it is a strictly zoonotic infection, the most 

efficacious method of preventing human brucellosis is by controlling the disease in food animals 

(Mantur, 2007).  

Historical perspective 

 Brucellosis is a world-wide zoonosis that has been of public health concern since ancient 

times (D’Anastasio et al., 2009).  The history of brucellosis is extensive; more modern 

translations of the book Epidemics by Hippocrates (circa 450 B. C.) described symptoms 

experienced by infected individuals that are believed to have had brucellosis.  During the 

Crimean War (1854-1856) there were six recognized forms of fever:  intermittent fever, remittent 

fever, simple continued fever, relapsing fever, typhus fever, and typhoid fever experienced by 

British soldiers stationed in Malta (Dossey, 1998).  J. A. Marston, a British officer, documented 

the symptoms of soldiers who had fallen ill with varying symptoms on the island and published 

these records in a report entitled “Report on Fever (Malta)” in 1861 (Marston, 1861).  In 1887, 

David Bruce, a medic in the British army, isolated the bacterium that he identified as 
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“Micrococcus melitensis” from the spleens of deceased soldiers that had fallen ill with remittent 

fever (Bruce, 1887).  In 1897, Surgeon Captain M. Louis Hughes published his monograph 

entitled Mediterranean, Malta or Undulant Fever, and displayed a photograph of the organism 

isolated by Bruce and listed detailed symptoms of the disease.  At the time of Bruce’s discovery, 

the Danish scientist Bernard Bang (1897) had isolated an organism that caused contagious 

abortion in cattle (Nicoletti, 2002) and in 1918 Alice Evans, an American bacteriologist, 

compared the bacteria isolated by Bruce and Bang and discovered they were the same (Evans, 

1918).  The bacterium isolated by Bruce that he termed, “Micrococcus melitensis” was later 

renamed Brucella melitensis in his honor.        

 Presently, animal and human brucellosis are endemic in the Middle East, Asia and the 

Mediterranean (Pappas et al., 2006).  Annually, the disease affects approximately 500,000 people 

worldwide (Pappas et al., 2006) and the spread of disease in these regions of the world is 

dependent on custom practices and the consumption of unpasteurized dairy products from 

infected animals (Mantur, 2007).  Brucella spp. are significant agents of agricultural disease and 

are considered Class B Select Agents by the Centers for Disease Control and Prevention 

(Valderas and Roop, 2006).  Brucella can easily be disseminated by aerosol and a small 

inoculum of 10-100 bacteria is sufficient to cause disease.  For reasons such as these, Brucella 

has been considered a potential biological warfare agent (Purcell et al., 1997).   Increased 

awareness and education contribute greatly to the control of disease in animals and ultimately in 

humans; controlling disease in animals is the main reason for low incidence in humans.   Human 

acquired Brucella infections are primarily occupational and those most at risk are animal 

handlers and laboratory workers (Mantur, 2007).   
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Taxonomy 

In nature there are ten Brucella species recognized that are differentiated by their host 

specificity - B. melitensis (sheep and goats), B. abortus (cattle), B. suis (pigs), B. ovis (sheep), B. 

canis (dogs), B. neotomae (desert wood rats), B. pinnipedialis and B. cetaceae (seals, porpoises, 

and dolphins), B. microti (voles) and B. inopinata (humans) (Table 1) .  All Brucella spp. share a 

high degree of conservation in genomic content (Ugalde, 1999), and nucleotide identity as shown 

by DNA-DNA hybridization (Verger et al., 1985) suggests Brucella be considered a 

monospecific genus.  Of the ten currently recognized Brucella species, B. melitensis, B. abortus 

and B. suis are major concerns for causing human disease (Mantur, 2007).   

Establishing infection 

 A number of pathogenic bacteria, including Mycobacterium, Salmonella, Shigella, and 

Listeria, reside within macrophages where they are capable of avoiding host immune factors 

(Scott et al., 2003).  Macrophages are important cells involved in innate immunity and they 

engulf foreign particles and pathogenic organisms by a process known as phagocytosis (Gagnon 

et al., 2002).  Bacteria are internalized within macrophages during this process and reside in a 

membrane bound phagosome that undergoes fusion events with different organelles in the 

endocytic pathway (Figure 1).  During these fusion events, the phagosomal compartment 

becomes acidic, highly oxidizing and acquires hydrolytic enzymes that promote bacterial killing 

(Scott et al., 2003).  Some bacteria, however, can manipulate trafficking through the endocytic 

pathway and divert fusion events that occur during phagocytosis (Scott et al., 2003).  For 

instance, the pathogen Leishmania uses its lipophosphoglycan (LPG) to inhibit phagolysosomal 

fusion events whereas Legionella resides in specialized phagosomes that inhibit acidification 

(Duclos and Desjardins, 2000).  Bacteria may also escape from phagosomes or vacuoles as 
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observed for Shigella, Rickettsia and Listeria (Scott et al., 2003) where bacteria produce proteins 

that interfere with phagosome formation and membrane stability; or bacteria may halt 

phagosomal maturation altogether as observed for Salmonella, Neisseria and Mycobacterium 

(Scott et al., 2003) 

Brucella intracellular survival 

Brucella spp. are engulfed by macrophages and reside within a Brucella-containing 

vacuole (BCV) that has been shown to briefly interact with lysosomes (Starr et al., 2009) before 

the BCV ultimately fuses with the endoplasmic reticulum.  This course of trafficking of the BCV 

allows for the establishment of a niche suitable for replication (Gorvel and Moreno, 2002; Celli 

and Gorvel, 2004) (Figure 2).  During the short fusion event between the BCV and lysosomes, 

the BCV acquires vacuolar ATPases that acidify the phagosomal lumen which is a stimulus for 

brucellae to express critical genes necessary for survival, such as those encoding the Type IV 

secretion system (Boschiroli et al., 2001) which will be discussed in more detail below. 

Brucella spp. do not express classical virulence factors such as exotoxins, flagella, or 

capsules (Moreno and Moriyon, 2002; Seleem et al., 2008), and the brucellae stealthily avoid 

immune detection and minimize the host inflammatory response by inhibiting the biological 

activity of TNF-α and other major cytokines (Baldwin and Parent, 2002; Dornand et al., 2002).  

This stealthy nature is attributed to the low endotoxicity of the lipopolysaccaride, which is 1000 

× less active than the LPS of E. coli in eliciting the host inflammatory response (Barquero-Calvo 

et al., 2007).  Brucellae also depend on the Type IV secretion machinery, which is encoded by 

the virB operon.  The proteins expressed by the 12 genes in this operon assemble together and 

form an apparatus that secretes effector molecules that dictate the trafficking of the BCV to the 

endoplasmic reticulum (Boschiroli et al., 2002; Celli and Gorvel, 2004).  Studies employing 
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targeted mutagenesis of genes in the virB operon demonstrate the necessity of this secretion 

system for virulence as these mutants are targeted for lysosomal degradation (den Hartigh et al., 

2008); however, the effector proteins translocated by this system have not been well 

characterized (de Jong et al., 2009).   

The ensuing disease 

Brucella infects a variety of tissues and organs in the human host and these infections can 

give rise to a variety of clinical manifestations (Purcell et al., 1997).   Macrophages inhabited by 

brucellae can travel to lymph nodes and be disseminated throughout the body.  The ensuing 

illness can lay dormant for extended periods of time without the patient displaying any clinical 

symptoms, or immediately cause the patient to experience flu-like symptoms, myalgia, and 

weight-loss.  Clinical symptoms of infected patients are wide ranging and the function of various 

organ systems can be affected (Purcell et al., 1997).  More serious complications may also arise 

including orchitis, osteoarthritis, spondylitis, and endocarditis (Rajashekara et al., 2006; Mantur, 

2007; Enright, 1990; Dornand et al., 2002; Corbel, 1997). Currently, no vaccine exists for human 

brucellosis that is safe or effective (Pappas et al., 2006).  The World Health Organization (WHO) 

has recommended that a combination of antibiotics be taken, including doxycycline, rifampicin, 

streptomycin and gentamicin, as an effective treatment for brucellosis, yet, nearly 10% of all 

recovering patients relapse (Pappas et al., 2006; Ariza et al., 2007).   

Metals in the system 

Metal ions are an absolute requirement for the biological activity of one-third of all 

proteins (Pennella and Geidroc, 2005).  All living cells require trace amounts of metals, and in 

order to obtain these, prokaryotes and eukaryotes express genes responsible for metal uptake.  

The physiology of many organisms requires magnesium, manganese, copper, zinc and iron 
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(Agranoff and Krishna, 1998; Andreini et al., 2008) and these micronutrients have also been 

shown to be essential for the Brucella spp. (Gerhardt et al., 1950; Evenson and Gerhardt, 1955).   

Pathogens that reside within mammalian hosts face conditions where many micronutrients, 

specifically metals, are not found free but complexed with host proteins and macromolecules 

(Thomas, 1970).  Consequently, free metal ions are not available to pathogenic bacteria and to 

overcome this challenge bacteria utilize high affinity metal acquisition proteins to sequester 

metals from host proteins.  However, regulatory mechanisms must be in place to control the 

expression of metal uptake genes in bacteria because the accumulation of metal ions beyond their 

physiologic concentrations is toxic (discussed below).   

Iron 

Iron dependent proteins are among the most common metalloproteins in cells and 

constitute ~ 3.9% ± 1.6% of bacterial proteins.  It is hypothesized that more than 50% of these 

iron-containing proteins are utilized in electron transfer and for oxidoreductase activity (Andreini 

et al., 2009).  Iron is an absolute requirement for virtually all cells and both prokaryotes and 

eukaryotes require this important micronutrient for basic cell function (Doherty, 2007).  Iron 

homeostasis is intricately linked to bacterial pathogenesis because the mammalian host is an iron 

restricted environment where available iron is limited to 10
-24

 M (Doherty, 2007).  Because of 

this, bacteria encode proteins responsible for iron uptake and utilization.  However, iron has a 

high redox potential which means that in the ferrous form (Fe
2+

), this ion is eager to donate an 

electron.  Therefore, living cells must control total iron concentrations in the cell to prevent 

toxicity and Fenton reactions [Fe
2+

 + H2O2 → Fe
3+

 + OH- + OH∙] which damage DNA and iron-

sulfur clusters in proteins (Doherty, 2007; Griffiths, 1999; Kehres and Maguire, 2003).   
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Manganese 

In the context of transition metals, iron has been highly studied and is considered the 

most important transition element in biological systems.  However, in the past decade, much 

attention has been focused on manganese and the physiologic role it plays in the cell.  Such focus 

on manganese emerged after it was observed that some pathogenic bacteria do not require iron 

but require manganese instead as observed for the Lyme disease bacterium Borrelia burgdorferi 

(Posey and Gherardini, 2000) and Streptococcus suis (Niven et al., 1999).   

All living cells utilize manganese as an important cofactor for proteins and enzymes 

involved in basic metabolic and cellular functions (Kehres and Maguire, 2003).  Some of these 

proteins and enzymes include arginase, glutamine synthetase, phosphoglyceromutase, enolases, 

pyruvate kinase, PEP carboxylase, PEP carboxykinase, and phosphatases (Kehres and Maguire, 

2003; Papp-Wallace and Maguire, 2006; Zaharik and Finlay, 2004).  However, one of the most 

important biological roles manganese has in the cell is to serve as a cofactor for SodA.  SodA is 

the most phylogenetically widespread manganese-containing enzyme in bacteria (Kehres and 

Maguire, 2003) and is a primary anti-oxidant enzyme that facilitates the breakdown of toxic 

oxygen species, specifically superoxide radicals (O2
-
) (Whittaker, 2009).  

Early studies by Fridovich and colleagues showed that Mn
2+ 

can directly scavenge 

superoxide radicals in vitro (Archibald and Fridovich, 1982); but, the rate of this reaction is too 

slow in comparison to the enzymatic breakdown of superoxide facilitated by SodA, and is not a 

plausible mechanism for rapid detoxification in biological systems (Anjem et al., 2009).  

However, it has been demonstrated in bacteria that exogenous manganese supplementation 

increases resistance to oxidative damage independent of SodA (Horsburgh et al., 2002; Tseng et 

al., 2001).  The Imlay group has shown that the increased resistance observed in bacteria upon 
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manganese supplementation is because Mn
2+

 can replace Fe
2+

 in mono-nuclear enzymes and not 

because Mn
2+

 facilitates the catalytic breakdown of reactive oxygen species (Anjem et al, 2009; 

Martin and Imlay, 2011).  The ability of Mn
2+

 to substitute for Fe
2+

 abolishes the potential for 

Fenton reactions from occurring because Mn
2+

 does not possess the same redox potential as Fe
2+

 

(Kehres and Maguire, 2003).  In examining the electron chemistry of both these metals, Mn
2+

 has 

a lesser reducing potential than Fe
2+

 and is stable because of its electron configuration (3d
5
) 

compared to that of Fe
2+

 (3d
6
) (Kehres and Maguire, 2003).  The Fe

2+
 ion, therefore, is more 

likely to donate an electron and participate in Fenton reactions to stabilize its d orbitals and 

consequently switch oxidation states to the more stable Fe
3+

 (3d
5
).     

Manganese in Brucella 

The preferred niche of the Brucella spp. in human hosts is within macrophages of the 

reticuloendothelial system (Purcell et al., 1997), which are cells that deliberately restrict 

available metals ions from bacteria employing the metal withdrawal defense (discussed below).  

The total metal content of phagosomes inhabited by Mycobacterium tuberculosis (Wagner et al., 

1995) and Salmonella typhimurium (Rishi et al., 2010) has been analyzed and shown to be 

manganese restricted, however, the bacterial cell is still capable of acquiring manganese from 

this restricted environment.  In these bacteria, it has been shown that the expression of 

manganese acquisition systems is greatly increased in this environment (Wagner et al., 1995; 

Rishi et al., 2010).   

Past studies on the nutritional requirements of Brucella strains show that manganese is 

required for proper growth (Gerhardt et al., 1950).  Brucella not only requires manganese for 

growth under laboratory conditions, but manganese acquisition is also necessary for virulence 

(Anderson et al., 2009).  Although the exact nature of Brucella’s manganese dependence has not 
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been elucidated, a few Mn
2+

-dependent enzymes have been shown to be important for wild-type 

growth of Brucella in vivo and in vitro.  As previously mentioned, SodA is an anti-oxidant 

enzyme required for the detoxification of superoxide radicals.  Studies in Brucella show that this 

enzyme is required to detoxify oxygen species generated by aerobic metabolism (Baumgartner et 

al., 2010).  More importantly, SodA activity is necessary for the establishment of infection in 

mice (Baumgartner et al., 2010).  The activity of SodA in Brucella is dependent on manganese 

and this can be observed by measuring the activity of native SodA in wild-type B. abortus 2308 

and the isogenic mntH mutant, MWV15, which is defective in manganese transport (see Chapter 

II) (Anderson et al., 2009).  Mn
2+ 

is also an important cofactor for Rsh which is a (p)ppGpp 

synthetase/hydrolase (Papp-Wallace and Maguire, 2006).  This enzyme is necessary for 

induction of the stringent response and expression of the virB operon (Dozot et al., 2006) which 

is necessary for proper BCV trafficking in Brucella strains (Dozot et al., 2006).  The stringent 

response enables bacteria to rapidly modulate gene expression mechanistically by the alarmone 

(p)ppGpp binding to RNAP and changing its preference for target promoters (Toulokhonov et 

al., 2001).  By doing this, RNAP actively transcribes genes necessary for survival during nutrient 

deprived states.  Also, the stringent response limits ribosome production preventing protein 

synthesis (Potrykus and Cashel, 2008).  More recently, Imlay’s group discovered that the 

proteins encoded by the nrdEF operon in E. coli are manganese-dependent ribonucleotide 

reductases (Martin and Imlay, 2011).  Ribonucleotide reductases are absolutely necessary in 

living cells because they catalyze the formation of dNTP’s (Elledge et al., 1992).   This operon is 

conserved in Brucella spp., however, the metal requirements of the proteins encoded by the 

nrdEF operon in Brucella have not been determined. 
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Transcription of the manganese acquisition gene, mntH, in the enterics is highly induced 

when bacteria are exposed to oxidative stress (Kehres et al., 2000) and this induction of mntH 

transcription is observed in B. abortus 2308 when the bacterium is exposed to H2O2 (Evan 

Menscher, unpublished data).  This observation suggests that Brucella facilitate Mn
2+ 

uptake 

under environmental stress conditions similar to what is observed for the enterics to substitute for 

Fe
2+ 

in proteins to confer greater protection from oxidative damage. 

Nutritional immunity 

 The intimate link between the acquisition of metals and virulence has been demonstrated 

in a broad range of Gram-positive and Gram-negative bacteria (Agranoff and Krishna, 1998).  

Host cells restrict bacteria from acquiring metals by expressing specific metal-binding proteins 

such as transferrin, lactoferrin (Griffiths, 1999), lipocalin (Flo et al., 2004) and calprotectin 

(Corbin et al., 2008; Skaar et al., 2010).  Manganese restriction by the host is also beneficial 

because it limits manganese concentrations between 3 and 20 μM in human adult tissues (Roth 

and Garrick, 2003).  At values greater than 20 μM the potential for manganese toxicity occurring 

increases which is linked to the development of neurogenic and other severe diseases (Roth and 

Garrick, 2003).  

As just mentioned, the acquisition of metals is linked to bacterial pathogenesis and 

therefore an effective anti-microbial host defense is to limit available metals in the environment 

where pathogens reside.   Because some pathogens have evolved to reside inside macrophages, 

these pathogens have also evolved mechanisms to withstand the macrophage’s harsh intracellular 

environment which includes low pH, exposure to reactive oxygen species, and restricted nutrient 

availability (Hassett and Cohen, 1989).  After phagocytosis begins, bacteria are contained within 

phagosomes where the protein Nramp1 (natural resistance associated macrophage protein) is 
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expressed and inserted in the phagosomal membrane.  Nramp1 is expressed exclusively in 

macrophages where it is responsible for pumping metal ions, specifically Fe
2+

 and Mn
2+

, from 

the phagosomal compartment into the cytosol of the macrophage (Forbes and Gros, 2001).  This 

defense tactic is known as the metal withholding defense and is a major component of human 

resistance to bacterial infection caused by Mycobacterium spp., Salmonella enterica, and 

Leishmania donovani (Gruenheid et al., 1997; Wyllie et al., 2002; Barton et al., 1999; Cellier et 

al., 2007).  A second Nramp protein is also expressed in humans, Nramp2, which is a functional 

homolog of Nramp1 but this protein is expressed ubiquitously in cells and demonstrates a broad 

substrate specificity for metals including Fe
2+

, Mn
2+

, Co
2+

, Cu
2+

, Ni
2+

, Pb
2+

 and Zn
2+

 (Haemig 

and Brooker, 2004).  Nramp proteins are found among cells of plants, animals and yeasts with 

conserved function (Makui et al., 2000; Cellier et al., 2001) and play important roles in defense 

against invading pathogens in eukaryotic cells. 

Prokaryotic MntH 

Microbial Nramp-like proteins have been identified and are known as MntH (H
+
-

dependent manganese transporter).  MntH proteins have been identified and characterized in 

several bacteria, including Escherichia coli (Kehres et al., 2000), Salmonella enterica (Kehres et 

al., 2000), Bradyrhizobium japonicum (Hohle and O’Brien, 2009), Mycobacterium tuberculosis 

(Domenech et al., 2002) and more recently Brucella abortus (Anderson et al., 2009).  MntH 

proteins are well-conserved between bacterial species and typically demonstrate greater than 

30% amino acid sequence identity (Figure 3) (Kehres et al., 2000).  MntH spans the cytoplasmic 

membrane of bacteria and translocates manganese from the external environment into the 

bacterial cytoplasm.  The protein consists of 11-12 transmembrane domains and contains 

conserved acidic residues (Figure 4) that are critical for manganese transport (Haemig and 
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Brooker, 2004).  MntH is a proton-symporter that functions best at low pH (Papp-Wallace and 

Maguire, 2006).  For Gram-negative bacteria, manganese enters the periplasmic space through 

large porin proteins in the outer membrane but requires an inner membrane transporter to enter 

the cytoplasmic place because it is a charged ion (Figure 4).  

ABC transporters 

Another class of Mn
2+

 transporters are the ABC-type permeases identified in a large 

number of bacteria including Neisseria gonorrhoeae (Lim et al., 2008), Streptococcus 

pneumoniae (Novak et al., 1998), Escherichia coli (Sabri et al., 2006), and Salmonella enterica 

(Kehres et al., 2002).  Genes encoding for Mn
2+

 specific ABC-type permeases have been shown 

to be important for virulence in Yersinia spp., Streptococcus pneumoniae and Staphylococcus 

aureus (Basavanna et al. 2009).  These Mn
2+

 permeases are ATP-dependent and unlike MntH, 

function best at slightly alkaline pH (Davidson et al., 2008).  Mechanistically ABC transporters 

rely on their cognate periplasmic binding protein, SitA, to bind Mn
2+ 

and place the ion in 

position for transport through the protein products of sitBC (Figure 4).  Genes encoding ABC 

proteins have been implicated in the import and export of a variety of substrates and constitute 

up to 5% of the E. coli and B. subtilis genomes (Davidson et al., 2008).  However, not all 

bacteria possess Mn
2+

 specific ABC transporters.  Genomic analysis of the Brucella spp. does 

not identify any homologs of the known Mn
2+

 specific ABC permeases that have been described 

in bacteria, and suggests Brucella relies solely on MntH for its high affinity manganese 

acquisition (Anderson et al., 2009).  

Regulation of Mn transport 

The beneficial transition elements Mg
2+

, Ca
2+

, Mn
2+

, Fe
2+

, Co
2+

, Ni
2+

, Cu
2+

 and Zn
2+

 are 

required for all living cells, however, an over abundance of any of these elements can be toxic to 
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the cell (Waldron and Robinson, 2009).   Metals are competitive in their binding to proteins in 

cells and this can be explained by the Irving-Williams series (Mg
2+

 and Ca
2+

 (weakest binding) < 

Mn
2+

 < Fe
2+

 < Co
2+

 < Ni
2+

 < Cu
2+

 > Zn
2+

).  The Irving-Williams series lists, in order, the affinity 

each metal possesses for binding to proteins based on the presenting ligand environments 

(Kehres and Maguire, 2003; Waldron and Robinson, 2009).  Because of this, cells must regulate 

metal acquisition in order to limit metals from wrongly binding active sites and perturbing 

biological function.   

Because Mn
2+ 

does not participate in Fenton chemistry (Kehres and Maguire, 2003) and 

ranks low in terms of its propensity to incorrectly bind with cellular proteins (Waldron and 

Robins, 2010), manganese is generally considered to be a metal of low toxicity (Waldron and 

Robinson, 2010).  Nevertheless, many bacteria will not grow in the presence of elevated levels of 

this metal in vitro (Silver et al., 1972).  Moreover, manganese-responsive transcriptional 

regulators that tighly control the expression of genes involved in manganese acquisition have 

been described in Streptococcus pneumoniae (Jakubovics and Valentine, 2009) and Deinococcus 

radiodurans (Sun et al., 2010).  In cases where it has been examined, it appears that the basis for 

manganese toxicity is indirect.  For instance, elevated intracellular levels of manganese in 

bacteria can result in the binding of Mn
2+ 

instead of Fe
2+ 

to the transcriptional regulators Fur 

(Hantke, 1987; Lam et al., 1994; Funahashi et al., 2000; Loprasert et al., 2000; Benson et al., 

2004), Irr (Puri et al., 2010) and PerR (Fuangthong et al., 2002), which interferes with the 

capacity of these proteins to control the expression of genes involved in iron homeostasis and 

resistance to oxidative stress. 
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Mechanisms of Mn
2+ 

responsive
 
regulation 

Bacteria concentrate Mn
2+

 between 10 μM and 100 μM in the cytoplasm (Finney and 

O’Halloran, 2003) by regulating the expression of metal transport proteins.  Many metal-binding 

transcriptional regulators exert control at the genetic level by binding directly to DNA elements 

in target promoters via helix-turn-helix domains (Que and Helmann, 2000).  The two most 

prevalent metal-responsive regulators in bacteria are the Fur (ferric uptake regulator) proteins 

identified in E. coli (Hantke, 1981) and DtxR (diptheria toxin repressor) from Corynebacterium 

diphtheriae (Schmitt and Holmes, 1991).  Fur and DtxR are prototypical iron-sensing regulators 

and both undergo conformational changes in the presence of iron and repress transcription of 

target genes.   

MntR 

 MntR is a manganese-sensing regulator first identified in Bacillus subtilis (Que and 

Helmann, 2000) and is a functional homolog of DtxR.  In B. subtilis, E. coli and Salmonella, 

MntR is responsible for controlling manganese homeostasis (Que and Helmann, 2000; Patzer 

and Hantke, 2001; Kehres et al., 2002).  In these bacteria, MntR has been shown to repress 

transcription of the manganese acquisition genes mntH and sitABC by binding to a 20 base pair 

DNA sequence,  5’- AACATAGCnnnnGCTATGTT-3’ known as the MntR box in the promoter 

regions of these genes.  Genes encoding for MntRs have been identified in the α-proteobacteria 

Rhodobacter capsulatus and Mesorhizobium loti, but the phenoytpes of mntR mutants of these 

strains have not been examined.  A MntR-like binding site upstream of the mntH paralog in 

Bradyrhizobium japonicum has also been detected, but manganese responsive regulation of this 

gene (see below) has been shown to be under control of another metalloregulator (Rodionov et 

al., 2006). Consequently, MntR has not been linked to manganese homeostasis in the α-
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proteobacteria and review of the B. abortus 2308 genome sequence does not reveal any genes 

that encode a homolog of MntR.  This suggests that manganese homeostasis is under control of 

another manganese-sensing regulator in this strain.  

Mur 

The transcriptional regulator Mur belongs to the Fur family of metalloregulators (Lee and 

Helmann, 2007).  Fur was first identified in E. coli as a transcriptional repressor involved in 

controlling the expression of iron transport genes (Hantke, 1981).  Experimental evidence shows 

that Fur proteins repress their target genes under metal-replete conditions and that a metal 

cofactor is essential for DNA binding activity (Bagg and Neilands, 1987).  Fur and its homologs 

are ~17-kDa polypeptides that share high conservation in amino acid sequence (Figure 5) and 

contain an N-terminal domain involved in DNA binding and a C-terminal domain that 

participates in multimerization of the protein (Escolar et al., 1999).  The standing model of Fur-

mediated repression is that in the presence of iron Fur dimerizes, and recognizes a 19-21 base 

pair palindrome GATAATGATAATCATTATC (DeLorenzo et al., 1988) known as a Fur 

box in target promoters (Lee and Helmann, 2007).   

 In the α-proteobacteria, Fur-like proteins have been identified but they are not involved 

in controlling iron metabolism genes in an iron-responsive manner.  Rather, these Fur-like 

proteins are specific for manganese.  Because of this differential preference for manganese, these 

proteins were renamed Mur (manganese uptake regulator) (Díaz-Mireles et al., 2004).  Mur has 

been characterized in the Rhizobaceae and Agrobacterium tumefaciens, and is responsible for the 

manganese-responsive control of mntH and sitABC (Díaz-Mireles et al., 2004; Hohle and 

O’Brian, 2009; Kitphati et al., 2007; Platero et al., 2007) (Figure 6).  Analysis of the nucleotide 

sequences critical for Mur binding upstream of manganese acquisition genes in R. 
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leguminosarum (Díaz-Mireles et al., 2005), S. meliloti (Platero et al., 2007) and B. japonicum 

(Hohle and O’Brian., 2009) by DNase I footprint analysis shows Mur binds a nucleotide 

sequence degenerate from the canonical Fur box found in E. coli.  This binding site has been 

renamed the MRS (Mur-responsive site) (Díaz-Mireles et al., 2005) (Figure 7).   
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Statement of the Problem 

The studies that form the basis for this thesis were performed to test two hypothesises: a) 

that B. abortus 2308 relies on MntH as its sole high affinity manganese transporter; and b) that 

the transcriptional repressor Mur regulates mntH expression in this strain in accordance with the 

availability of Mn
2+ 

in the external environment. 
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Table 1.1 Brucella spp. and their natural hosts 

 

 

Taxonomic Classification of the Brucella species 

 

Species Natural host  

   

B. melitensis Goats, sheep, camels  

   

B. abortus Cows, camels, yaks, buffalo  

   

B. suis Pigs, wild hares, caribou, 

reindeer, wild rodents 

 

   

B. canis Canines  

   

B. ovis Sheep  

   

B. neotomae Rodents  

   

B. pinnipedialis and B. 

cetaceae 

Mink whales, dolphins, 

porpoises, seals 

 

   

B. microti 

 

B. inopinata 

 

Voles 

 

Humans(?) 
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Figure 1.1  Macrophages internalize bacteria by phagocytosis.   Bacteria are engulfed and 

trafficked normally through the endocytic pathway and interact with early and late endosomes 

before vacuoles containing bacteria fuse with lysosomes (Scott et al., 2003). 
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Figure 1.2 Development of the Brucella-containing vacoule (BCV).  Brucella entry into 

macrophages via phagocytosis precedes trafficking through the endocytic pathway. The BCV 

interacts with both early and late endosomes and then briefly with lysosomes prior to fusion with 

the ER (Starr et al., 2008).  Following the transient interaction with lysosomes the BCV interacts 

with the ER where it is suitable for bacterial replication (Starr et al., 2008).   
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Figure 1.3 Amino acid alignment of selected MntH proteins identified in bacteria.  The 

asterisk depicts amino acid residues shown by site-directed mutagenesis to be critical for Mn
2+ 

transport by the E. coli MntH and residues in red are conserved among MntH proteins 

(Chaloupke et al., 2005; Haemig and Brooker, 2004) 
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Figure 1.4 Schematic representation of the different methods of Mn
2+

 transport in bacterial 

cells.  A)  MntH utilizes a proton gradient to co-transport Mn
2+ 

and H
+ 

across the cytoplasmic 

membrane and functions best at acidic pH.  B) SitABC is an efficient transporter in alkaline 

conditions and requires a periplasmic binding protein to bind Mn
2+ 

and bring this metal within 

proximity to the permease for transport through a transmembrane domain that requires the 

hydrolysis of ATP. C) Schematic representation of the MntH transmembrane domains.  Residues 

that have been shown to be important for Mn
2+ 

transport are highlighted in red. 

 

 

 



50 
 

 

 

 

 

 

 



51 
 

 

Figure 1.5 Amino acid alignment of Mur proteins identified in the α-proteobacteria and 

Fur proteins identified in E. coli and P. aeruginosa.  Asterices above indicated residues show 

identified metal bindings sites of the P. aeruginosa Fur protein (Bellini and Hemmings, 2006). 
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Figure 1.6 Model depicting Mur regulation in the α-proteobacteria.  Mur negatively 

regulates the expression of mntH and sitABC in response to manganese availability.  In the model 

shown, in the presence of Mn
2+

, Mur dimerizes and binds to its cognate Mur box upstream of 

target genes to repress transcription.  In the absence of metal, Mur can be found in the apo-form 

and does not possess DNA binding capabilities enabling active transcription.  
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Figure 1.7  Nucleotide alignment of the identified Mur binding sites in the α-proteobacteria 

A) Nucleotide alignments of Mur binding sites in Rhizobium leguminosarum and Sinorhizobium 

meliloti (Díaz-Mireles et al., 2004; Platero et al., 2007) B) Nucleotide alignment comparing the 

consensus Mur binding site from the α-proteobacteria to potential Mur binding sites identified in 

B. abortus 2308. C) Schematic of the Mur binding sites upstream of mntH and perR in B. abortus 

2308.  

 

 

 

 



 

 

Chapter II: The manganese transporter MntH is a critical virulence determinant for Brucella 

abortus 2308 in experimentally infected mice 

 

Abstract 

The gene designated as BAB1_1460 in the Brucella abortus 2308 genome sequence is predicted 

to encode the manganese transporter MntH. Phenotypic analysis of an isogenic mntH mutant 

indicates that MntH is the sole high affinity manganese transporter in this bacterium, but that 

MntH does not play a detectable role in the transport of Fe
++

, Zn
++

, Co
++

 or Ni
++

. Consistent with 

the apparent selectivity of the corresponding gene product, expression of the mntH gene in B. 

abortus 2308 is repressed by Mn
++

, but not Fe
++

, and this Mn-responsive expression is mediated 

by a Mur-like repressor. The B. abortus mntH mutant MWV15 exhibits increased susceptibility 

to oxidative killing in vitro compared to 2308, and a comparative analysis of  the superoxide 

dismutase activity present in these two strains indicates that the parental strain requires MntH in 

order to make wild-type levels of its manganese superoxide dismutase SodA. The B. abortus 

mntH mutant also exhibits extreme attenuation in both cultured murine macrophages and 

experimentally infected C57BL/6 mice. These experimental findings indicate that Mn
++

 transport 

mediated by MntH plays an important role in the physiology of B. abortus 2308 particularly 

during its intracellular survival and replication in the host. 
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Introduction 

  Brucella abortus is a Gram-negative bacterium that is responsible for the zoonotic 

disease brucellosis. Brucellosis causes spontaneous abortion and sterility in ruminants (Enright, 

1990) and a debilitating febrile illness in humans known as undulant fever (Corbel, 1997). The 

ability of the brucellae to cause disease is directly related to their capacity to establish and 

maintain intracellular infection in host macrophages (Roop et al., 2004). Within the phagosomal 

compartment in these host cells, the brucellae must cope with oxidative stress, low pH, and 

nutrient deprivation. The availability of metal ions is restricted within this environment due in 

part to the activity of the host natural resistance-associated macrophage protein (NRAMP-1) 

which transports divalent cations out of the phagosome (Jabado et al., 2000). Mn
++ 

serves as an 

important co-factor for a variety of bacterial enzymes including those involved in carbon 

metabolism, induction of the stringent response and detoxification of reactive oxygen species 

(ROS) (Papp-Wallace and Maguire, 2006). Consequently, the inability of the brucellae to acquire 

sufficient levels of this divalent cation may compromise their ability to successfully adapt to the 

environmental conditions encountered during residence in their intracellular niche. 

  Manganese uptake by bacteria is typically accomplished through the activity of either 

ABC-type transporters like the SitABC complex (Bearden and Perry, 1999; Kehres et al., 2002; 

Platero et al., 2003; Runyen-Janecky et al., 2006) or H
+
-dependent manganese transporters such 

as MntH  (Kehres et al., 2000; Makui et al., 2000; Que and Helmann, 2000; Hohle et al., 2009). 

Many bacteria possess both types of Mn
++

 transporters (Papp-Wallace and Maguire, 2006), but a 

survey of the publicly available Brucella genome sequences (del Vecchio et al., 2002; Paulsen et 

al., 2002; Chain et al., 2005; Halling et al., 2005) suggests that these bacteria do not produce a 
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SitABC-type transporter and rely solely on an MntH homolog for the high affinity transport of 

Mn
++

. The E. coli MntH was originally described as being able to transport both Mn
++ 

and Fe
++

 

(Makui et al., 2000), but subsequent studies indicated that this and other bacterial MntH proteins 

are highly selective Mn
++

 transporters that play a minor, if any, role in Fe
++

 transport under 

physiologically relevant conditions (Kehres et al., 2000). To examine the role of the Brucella 

mntH in Mn
++

 transport and virulence, the gene annotated as BAB1_1460 in the B. abortus 2308 

genome sequence was disrupted in this strain by gene replacement and the phenotype of the 

resulting mutant (MWV15) examined. The results of these studies indicate that MntH plays a 

critical role in Mn
++

 transport in B. abortus 2308, and that the presence of this manganese 

transporter is essential for the wild-type resistance of this strain to oxidative killing in vitro and 

its virulence in the mouse model. 
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Materials and methods 

Bacterial strains and culture conditions.   

Brucella abortus 2308 and derivatives of this strain were cultivated on Schaedler agar 

supplemented with 5% defibrinated bovine blood (SBA) at 37C with 5% CO2 or in brucella 

broth at 37C with shaking unless otherwise noted. Escherichia coli strain DH5- was used as 

the host strain for recombinant DNA procedures, and this strain was cultivated on tryptic soy 

agar at 37C or in LB broth at 37C with shaking. Growth media were supplemented with 

ampicillin (25 g/ml for B. abortus and 100 g/ml for E. coli DH5-), chloramphenicol (5 g/ml 

for B. abortus and 30 g/ml for E. coli DH5-) and/or kanamycin (45 g/ml) as necessary. 

Brucella stock cultures were maintained in brucella broth supplemented with 25% glycerol and 

E. coli stock cultures were maintained in LB supplemented with 25% glycerol at -80C.  

Construction of an mntH-lacZ transcriptional fusion.  

Oligonucleotide primers (forward 5’-GAGCGGGCCATCCTTCTGAA-3’; reverse 5’-

GTTGCCGGGATCCATATAACC-3’) and PCR were used to amplify a 1031 bp fragment of 

genomic DNA from  B. abortus 2308 containing portions of the mraW (BAB1_1458) and mntH 

(BAB1_1460) genes and intervening regions. The resulting PCR fragment was digested with 

HindIII and KpnI and a 239 bp HindIII/KpnI fragment containing upstream sequences and 

extending 8 bp into the mntH coding region was directionally cloned into the lacZ transcriptional 

fusion vector pMR15 (Gober and Shapiro, 1992). The authenticity of the mntH-lacZ fusion in the 

resulting plasmid pEAM1 was verified by restriction mapping and nucleotide sequence analysis. 

Transcriptional activity of the –galactosidase reporter fusion was determined using the methods 

described by Miller (Miller, 1972). 
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Construction of the B. abortus mur mutant Fur2.   

Plasmid pDS1 contains an 867 bp fragment of genomic DNA from B. abortus 2308 

containing the mur homolog designated BAB1_1668 cloned into pUC9 (Bellaire, 2001). An 

inverse PCR strategy (Dorrell et al., 1996) was used to amplify a linear derivative of pDS1 that 

lacks 338 bp internal to the 426 bp coding region of the Brucella mur using the primers fur1 

(5’-GCCTCAGCTCCTGCTCATAAT3’) and fur2 (CATCACCGGCTTGAACTTTA-3’). The 

chloramphenicol resistance gene from pBC-SK (NEB) was ligated to the linear mur derivative 

of pDS1 and the resulting plasmid was used to introduce a mur mutation into the genome of B. 

abortus 2308 by gene replacement using the methods described by Elzer et al. (Elzer et al., 

1994). The genotype of the B. abortus mur mutant (Fur2) constructed in this fashion was 

confirmed by Southern blot analysis with cat- and mur-specific probes (Bellaire, 2001).   

Construction and genetic complementation of the B. abortus mntH mutant MWV15.  

A 1566 bp region encompassing the  putative mntH gene (BAB1_1460) (forward primer 

– 5’- TTCCCCTATTCCCTTAACAT-3’, reverse primer – 5’-GATCGGCGTTCTATTTCTTT-

3’) was amplified from B. abortus 2308 genomic DNA by PCR using Pfx polymerase 

(Invitrogen) and cloned into pGEM
®
-T Easy (Promega).  The resulting plasmid was digested 

with BamHI and HindIII to remove a 696 bp internal to the predicted mntH coding region, 

treated with the Klenow fragment of DNA polymerase I and ligated with a 987 bp SmaI/HincII 

fragment containing the chloramphenicol acetyltransferase (cat) gene from pBlueCM2 

(Robertson et al., 2000). This plasmid was then used to construct a mntH mutant from B. abortus 

2308 via gene replacement using previously described procedures (Elzer et al., 1994).  The 

genotype of the B. abortus mntH mutant (designated MWV15) was confirmed by PCR analysis 

of genomic DNA from this strain with mntH-, cat- and pGEM
®

-T Easy specific primer sets.  
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 For genetic complementation of the mntH mutation in MWV15, a 1595 bp DNA 

fragment containing the mntH coding region was amplified by PCR (forward primer 5’- 

AACATACTCCCCCTACTCCCTTATTC-3’, reverse primer 5’-

GTATCAGATCGGCGTTCTATTTCTT-3’) from B. abortus 2308 genomic DNA using Pfu 

polymerase (Stratagene) and cloned into pGEM
®
-T Easy after A-tagging of the PCR fragments 

following the instructions provided by the manufacturer.  The cloned DNA fragment was then 

excised from this plasmid as an ApaI/SacI fragment and cloned into the corresponding restriction 

sites in pMR10 (Gee et al., 2005). This mntH containing plasmid, pEA31, was introduced into B. 

abortus MWV15 by electroporation and the resulting strain was given the designation 

MWV15.C. 

Capacity of MnCl2 to stimulate the growth of B. abortus strains in the presence of  EDDA. 

 B. abortus strains were grown on SBA for 48 h at 37C with 5% CO2 and harvested into 

PBS. The optical density of the bacterial cell suspensions was adjusted to 0.15 at 600 nm (10
9
 

CFU/ml), 100 l of each cell suspension was mixed with 3 ml of tryptic soy broth containing 

0.7% agar and spread evenly over the surface of tryptic soy broth solidified with 1.5% agar 

containing 300 µM EDDA in 100  15 mm Petri plates. A 7-mm-diameter Whatman filter paper 

disk was placed in the center of each plate and impregnated with 10 l of a solution containing 

7.95 µM, 79.5 µM, 795 µM or 7.95 mM MnCl2.  After 72 h incubation at 37°C with 5% CO2, the 

diameter of the zone of bacterial growth surrounding each disk was measured to the nearest 

millimeter. The diameters of the zones of growth from five separate plates were measured for 

each bacterial strain examined. 
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Growth of the B. abortus strains in manganese- and iron-restricted media.  

Low manganese minimal medium was prepared using a modification of the protocols 

originally described by López-Goñi et al. (López-Goñi et al., 1992). Briefly, a minimal medium 

based on Gerhardt’s minimal medium (Gerhardt, 1958) but supplemented with 0.5 g/L yeast 

extract was treated twice with the chelator 8-hydroxyquinolone. After each treatment,  the metal-

chelate complexes were removed by chloroform extraction and the residual chloroform removed 

from the medium by flash evaporation. Following chelator treatment, 50 μM FeCl3 and MgCl2 

(final concentrations) were added to the culture medium to ensure iron- and magnesium-replete 

growth conditions.  Analysis of representative samples of this medium by atomic absorption 

spectrophotometry indicates that it contains < 3 μM manganese. Low iron minimal medium was 

prepared in the same manner with the exception that following treatment with 8-

hydroxyquinolone, 50 μM MgCl2 and 50 μM MnCl2 were added to the medium. Analysis of 

representative samples of the low iron minimal medium prepared in this manner indicates that it 

contains < 3 μM iron. 

 B. abortus strains were grown on SBA at 37C with 5% CO2 for 72 h, harvested into the 

low manganese minimal medium and the optical density of the cell suspensions adjusted to 0.15 

at 600 nm (10
9
 CFU/ml).  One hundred (100) l of each suspension was used to inoculate 100 ml 

of low manganese medium or low manganese medium supplemented with 1, 5, 10 or 50 μM 

MnCl2, 5 μM CoCl2
.
6H2O, 20 M NiCl2

.
6H2O or 100 M Fe(NH4)2(SO4)2, ZnCl2, or CuCl2. 

Brucella strains grown as above were also harvested and inoculated into low iron minimal 

medium at a cell density of  10
6
 CFU/ml.  Bacterial cultures were incubated at 37C in 500 ml 

flasks with shaking at 175 rpm.  Bacterial growth in these cultures was evaluated by serial 

dilution and plating on SBA followed by incubation of the SBA plates at 37C with 5% CO2.   
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Resistance of the B. abortus strains to H2O2 and the superoxide generators paraquat and 

menadione in disk sensitivity assays.  

Brucella abortus 2308, MWV15, and MWV15.C were grown to mid-log phase in 

brucella broth and the cultures were adjusted to an optical density at 600 nm of 0.15 

(approximately 10
9
 CFU/ml). One hundred l of each cell suspension was mixed with 3 ml of 

tryptic soy broth containing 0.7% agar and spread evenly over the surface of either a tryptic soy 

agar (TSA) plate (for the H2O2 sensitivity assays) or a TSA plate supplemented with 1,000 U/ml 

of bovine liver catalase (Sigma) (for the assays measuring sensitivity to the superoxide 

generators paraquat and menadione). A 7-mm-diameter Whatman filter paper disk was placed in 

the center of each plate and impregnated with 10 l of one of the following solutions:  30% 

H2O2, 0.5 M paraquat or 10 mM menadione. After 72 h incubation at 37°C with 5% CO2, the 

diameter of the zone of inhibition surrounding each disk on the plates was measured to the 

nearest millimeter. The diameters of the zones of inhibition from five separate plates were 

measured for each bacterial strain examined. 

Determination of superoxide dismutase activity in Brucella strains.   

Brucella strains were grown to mid-log phase in brucella broth.  Twenty-five ml samples 

from each culture were harvested by centrifugation at 10,000  g for 10 min at 4C and re-

suspended in 2 ml native gel buffer [40 mM glycine, 50mM Tris (pH 8.9)].  The cell suspensions 

were transferred to 2 ml screw cap polypropylene tubes (catalog no. 72.693, Sarstedt) containing 

1 g of 0.1 mM Zirconia beads and the cells disrupted by subjecting them to 6 – 40 second cycles 

at 6 m/s in a Savant FastPrep 120 bead beater (Bio 101), with 1 minute on ice between each 

cycle.  Cellular debris was harvested by centrifugation at 4ºC for 20 minutes at 10,000 x g.  

Cleared supernatant was removed and the protein concentration determined using the Bradford 
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assay (Bradford, 1976). Fifteen μg of each supernatant was loaded onto a 12% native acrylamide 

gel and subjected to electrophoresis for 1.5 hours at 75 milliamps.  Superoxide activity in the 

gels was determined using previously described methods (Langford et al., 2002).  Briefly, the gel 

was soaked in 50 ml of Solution 1 [50 mM phosphate buffer (pH 7.5), 28 mM TEMED, 0.028 

mM riboflavin] for 10 minutes in the dark with gentle rocking.  Solution 1 was poured off and 50 

ml of Solution 2 [50mM phosphate buffer (pH 7.5), 2.5 mM nitroblue tetrazolium] was added 

and the gel allowed to gently rock in this solution for 10 minutes in the dark.  Solution 2 was 

then poured off and the gel exposed to a bench lamp for 15 minutes.  Color development in the 

gel was stopped by the addition of  a  7% solution of  acetic acid and a flatbed scanner was used 

to capture images of  the gels.  

Infection of cultured murine resident peritoneal macrophages.  

Following euthanasia, macrophages were harvested from the peritoneal cavities of 9-

week-old C57BL/6 mice by lavage with Dulbecco's modified
 
Eagle's medium (DMEM)-5% fetal 

calf serum (FCS) using previously described procedures (Elzer et al., 1996). Pooled 

macrophages in 200 µl of DMEM-5%
 
FCS were cultivated in 96-well plates at a concentration of 

1.6
 
× 10

5
 per well at 37°C with 5% CO2. Cell cultures were enriched for

 
macrophages by 

washing away non-adherent cells after overnight
 
incubation. B. abortus cells were opsonized for 

30 min with a
 
sub-agglutinating dilution (1:2,000) of hyperimmune C57BL6 mouse

 
serum in 

DMEM-5% FCS. Opsonized bacteria were added to macrophages
 
at a ratio of approximately 

100 brucellae per macrophage, and the
 
mixture was incubated at 37 °C for 1.5 h to allow time for 

phagocytosis.
  
The culture medium was then replaced with 200 µl of

 
DMEM-5% FCS containing 

50 µg/ml gentamicin and incubated for 1 h to kill
 
the extracellular brucellae. Macrophages were 

then washed three times
 
in warm PBS-5% FCS and maintained in DMEM-5% FCS containing 
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12.5 µg/ml gentamicin for the remainder of the experiment. At 2, 24, and 48 h after infection, the 

macrophages were lysed with 0.1% deoxycholate and the number of intracellular brucellae 

determined by serial dilution of the lysates in PBS
 
and plating on SBA, followed by incubation 

of the SBA plates at 37C with 5% CO2. 

Experimental infection of C57BL/6 mice.   

Six-week old female C57BL6 mice were infected via the peritoneal route with 5 × 10
4
 of 

B. abortus 2308, MWV15 (2308 ΔmntH), or MWV15.C [MWV15(pEA31)] and the spleen 

colonization profiles of these strains in the mice determined using previously described methods 

(Gee et al., 2005).  

Statistical analysis.  

All statistical analyses were performed using the student two-tailed t test (Rosner et al., 

2000).  P values of ≤0.05 were considered significant. 
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Results 

BAB1_1460 is predicted to encode an MntH homolog and the corresponding gene exhibits 

Mn-responsive repression in B. abortus 2308.  

The gene designated BAB1_1460 in the B. abortus 2308 genome sequence is predicted to 

encode a 456 amino acid protein that shares 35.9% identity with the Escherichia coli manganese 

transporter MntH (Makui et al., 2000). Analysis of the amino acid sequence of the putative 

Brucella MntH homolog with the TMpred algorithm 

(http://www.ch.embnet.org/software/TMPRED_form.html) predicts  that this protein, like its E. 

coli counterpart, is an integral membrane protein with multiple membrane spanning regions. All 

eight of the amino acid residues (Asp34, Asn37, Glu102, Asp109, Glu112, His211, Asp238 and 

Asn401) that have been shown by site-directed mutagenesis to be critical for Mn
++

 transport by 

the E. coli MntH ( Haemig et al., 2004;Chaloupka et al., 2005) are conserved in the Brucella 

MntH. Based on the annotation of the B. abortus 2308 genome sequence (Chain et al., 2005), the 

Brucella mntH homolog is located downstream of a gene (BAB1_1459) encoding a hypothetical 

protein. Whether or not BAB1_1459 is expressed, or  mntH is co-transcribed in an operon with 

this gene,  has not been experimentally determined. 

A bioinformatics based study described by Rodionov et al. (Rodionov et al., 2006) 

predicts the presence of a “Mur” box upstream of the B. melitensis mntH homolog BMEI0569. 

This conserved sequence (AATGCAAATAGTTTGCAAC) is also centered 35 nucleotides 

upstream of the putative mntH coding region (BAB1_1460) in the B. abortus 2308 genome 

sequence. Mur is a structural homolog of the ferric uptake regulator Fur that controls the 

expression of manganese transport genes in Rhizobium leguminosarum (Díaz-Mireles et al., 

2004) and Sinorhizobium meliloti (Chao et al., 2004), two α–proteobacteria that are close 

http://www.ch.embnet.org/software/TMPRED_form.html
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phylogenetic relatives of the Brucella spp., in a manganese-responsive manner. As shown in 

Figure 1A, the level of β-galactosidase production from an mntH-lacZ fusion in B. abortus 2308 

during growth in a nutritionally complete growth medium (brucella broth) suggests that mntH 

exhibits a considerable degree of basal expression in this bacterium even when sufficient levels 

of Mn
++

 are present. The addition of increasing amounts of MnCl2 to the culture medium ranging 

from 50 µM to 1 mM represses β–galactosidase production in B. abortus 2308 (Figure 1A), but 

not in the  isogenic mur mutant Fur2 (Figure 1B). In contrast, the addition of up to 500 μM FeCl3 

fails to repress expression of the mntH-lacZ fusion in either B. abortus 2308 or the mur mutant 

(Figure 1B). This pattern of manganese-responsive expression is consistent with the proposed 

function of MntH and further indicates that Mur plays an active role in regulating expression of 

the corresponding gene.  

The B. abortus mntH mutant MWV15 exhibits a manganese-selective defect in metal 

acquisition in vitro.   

 The B. abortus mntH mutant MWV15 exhibits slower growth in brucella broth, a 

complex growth medium, than does the parental 2308 or a derivative of MWV15 carrying a 

plasmid-borne copy of  mntH (Figure 2A). Consistent with the predicted function of the Brucella 

MntH as a manganese transporter, supplementation of brucella broth with 50 M MnCl2 allows 

MWV15 to grow with the same vigor in brucella broth as does strain 2308. Supplementation of 

this medium with 50 M FeCl2, in contrast, will not rescue the growth defect exhibited by 

MWV15 in brucella broth (Figure 2A). 

 The B. abortus mntH mutant MWV15 also displays a significantly reduced ability to use 

MnCl2 as a manganese source compared to the parental 2308 strain on a solid growth medium 

containing the chelator ethylenediamediacetic acid (EDDA) (Table 1). Good growth is observed 
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for the parental 2308 strain surrounding disks containing 79.5 M MnCl2, but a comparable level 

of growth is only observed for the mntH mutant around disks containing 7.95 mM MnCl2 in this 

assay. EDDA has an approximately hundred-fold greater affinity for Fe
++

 (equilibrium constant = 

6.45  10
9
) than it does for Mn

++
 (5.13  10

7
) (13). Because of its high affinity for iron, EDDA is 

often the chelator of choice for in vitro experiments designed to detect defects in iron acquisition 

in bacterial mutants (Cox, 1994). Thus, it is notable that although the B. abortus mntH mutant 

exhibits a reduced zone of growth around disks containing FeCl3 or Fe(NH4)2(SO4)2 on plates 

containing the same concentration of EDDA compared to 2308, this reduction in zone size 

cannot be rescued by adding increasing amounts of either iron source to the disks (data not 

shown).  

Also consistent with its predicted function, the B. abortus mntH mutant exhibits delayed 

growth compared to 2308 when these strains are cultivated in a low manganese minimal medium 

in broth culture (Figure 2B). The addition of 1 μM MnCl2 partially alleviates this growth defect 

and the addition of 10 μM MnCl2 restores wild type growth of the mntH mutant in this medium. 

In contrast, the B. abortus mntH mutant exhibits the same growth profile in low iron minimal 

medium as the parental 2308 strain (data not shown). 

To further examine the selectivity of the metal acquisition defect exhibited by  B. abortus 

mntH mutant MWV15, the capacity of increasing concentrations of MnCl2 or other metals that 

have been reported to be transported by MntH homologs (e.g. Fe
++

, Zn
++

, Cu
++

, Co
++

 and Ni
++

) to 

alleviate the growth restriction exhibited by this strain in low manganese medium was evaluated. 

As shown in Figure 3, only MnCl2 was able to restore wild-type growth of the B. abortus mntH 

mutant in this medium. CoCl2 and NiCl2 were used at lower levels than the other divalent cation 
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sources in these experiments because Co
++

 and Ni
++

 both inhibit the growth of  B. abortus 2308 

and MWV15 equally when used at higher concentrations.  

Genetic complementation of B. abortus MWV15 with a plasmid borne copy of the 

parental mntH gene restored the ability of this strain to use MnCl2 as a manganese source on the 

EDDA-containing plates with the same efficiency as the parental 2308 strain (Table 1) and 

restored its ability to replicate with the same growth kinetics as 2308 in the low manganese or 

low iron minimal medium (Figure 2A). 

The B. abortus mntH mutant MWV15 displays reduced Mn superoxide dismutase activity 

compared to the parental 2308 strain.  

The presence of MntH is required for wild-type resistance of B. abortus 2308 to oxidative 

killing in in vitro assays. The parental 2308 strain is considerably more resistant to killing by 

both H2O2 (Figure 4A) and O2
-
 generated by the redox cyclers paraquat (Figure 4B) and 

menadione (Figure 4C) in disk sensitivity assays than the mntH mutant and introduction of a 

plasmid-borne copy of mntH into the mutant restores wild-type levels of resistance to H2O2, 

paraquat and menadione in these assays (Figure 4A-C). In most bacteria that have been studied, 

there is a strong link between the ability to acquire Mn
++

 and resistance to oxidative stress 

(Horsburgh et al., 2002b). B. abortus 2308 produces a manganese containing superoxide 

dismutase (SodA) (Sriranganathan et al., 1991) and phenotypic analysis of a B. abortus sodA 

mutant indicates that SodA is an important antioxidant in this bacterium (Gee, 2004). 

Consequently, it is possible that the B. abortus mntH mutant is unable to transport sufficient 

Mn
++

 to produce wild-type levels of Mn-SOD activity. The results shown in Figure 5 support this 

proposition. Equivalent levels of Cu/Zn SOD activity are observed in native gels for cell lysates 

from B. abortus 2308 and MWV15, but the mntH mutant displays a greatly reduced level of Mn-



70 
 

SOD activity compared to the parental 2308 strain. MW15 carrying a plasmid-borne copy of the 

mntH gene, on the other hand, displays the same level of Mn-SOD activity as 2308.  The basis 

for the increased sensitivity of the B. abortus mntH mutant to H2O2 is unknown, but 

hypersensitivity to H2O2 has been previously reported for other bacterial strains that are deficient 

in SOD activity (Capparelli et al., 2007).     

MntH is required for wild-type virulence of B. abortus 2308 in the C57BL/6 mouse model. 

 The B. abortus mntH mutant MWV15 displays extreme attenuation compared to the 

parent strain in both cultured murine macrophages (Figure 6) and in experimentally infected 

mice (Figure 7). In both cases, the attenuation of  the B. abortus mntH mutant is alleviated by 

introduction of  a plasmid-borne copy of  the parental mntH gene into this strain. 
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Discussion 

The experimental findings presented in this report support the proposition that MntH 

serves as the sole high affinity manganese transporter in B. abortus 2308. A similar role for 

MntH has also recently been described in Bradyrhizobium japonicum, a close phylogenetic 

relative of  the brucellae (Hohle et al., 2009). Many bacteria contain both proton-dependent 

(MntH-type) and ATP-dependent (SitABCD-type) Mn
++

 transporters, and mutation of both the 

mntH and sitABCD genes is often required before prominent defects in Mn
++

 utilization are 

observed (Boyer et al., 2002; Runyen-Janecky et al., 2006). This is clearly not the case with the 

B. abortus mntH mutant where loss of MntH produces prominent growth defects in both rich and 

minimal growth media that can only be relieved by supplementation of these media with elevated 

levels of Mn
++

. It is important to note, however, that the B. abortus mntH mutant eventually 

attains the same cell density as the parental strain in a manganese-deprived minimal medium 

(Figure 1) and the addition of high levels of MnCl2 (e.g. 7.95 mM) to disks will allow this strain 

to grow on plates containing EDDA (Table 1). These experimental findings demonstrate that B. 

abortus 2308 has an alternate means of acquiring  Mn
++

 when MntH is not present, but this 

alternate mechanism is apparently much less efficient at Mn
++ 

transport than MntH.   

Like its counterparts in other bacteria (Kehres et al., 2000), the Brucella MntH appears to 

be a manganese-selective transporter. Although supplementation of the culture medium with 

Mn
++

 relieves the growth defects exhibited by the B. abortus mntH mutant when this strain is 

grown in a rich medium or low manganese minimal medium, supplementation of these media 

with other divalent cations reported to be transported by Nramp/MntH homologs (e.g. Fe
++

, 

Co
++

, Zn
++

, Ni
++

, Cu
++

) (Gunshin et al., 1997; Makui et al., 2000) does not. Particular attention 

was paid to the possibility that MntH might also be playing a role in iron transport in B. abortus 
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2308 because prokaryotic MntHs have the ability to transport Fe
++

 at least under laboratory 

conditions (Agranoff et al., 1999; Kehres et al., 2000; Makui et al., 2000) and efficient iron 

acquisition has been reported to be an important virulence determinant for this bacterium in both 

natural (Bellaire et al., 2003) and experimental hosts (Paulley et al., 2007). No experimental 

evidence linking MntH to iron transport in B. abortus 2308 was obtained, however. 

Mur, rather than MntR, appears to be the major regulator of Mn
++

-acquisition genes in 

most of  the –proteobacteria that have been examined (Chao et al., 2004; Díaz-Mireles et al., 

2004; Platero et al., 2004; Rodionov et al., 2006; Kitphati et al., 2007; Hohle et al., 2009). Thus, 

the fact that mntH expression in B. abortus 2308 is regulated by manganese in a Mur-dependent 

manner, but is not responsive to iron, is also consistent with the role of MntH as a manganese-

selective transporter. The observation that mntH apparently exhibits a relatively high level of 

basal expression during growth in a nutritionally replete medium may be a reflection of the 

critical role that MntH plays in providing this bacterium with sufficient levels of Mn
++

 to meet its 

physiologic needs and the low toxicity exhibited by Mn
++

 compared to other divalent cations 

(Kehres and Maguire, 2003). The precise nature of the regulatory link between mntH, Mur and 

cellular Mn levels in B. abortus 2308 is presently being examined.  A computational analysis of 

the B. melitensis 16M genome sequence suggests that the Brucella Mur regulon may be limited 

to only a few genes other than mntH (Rodionov et al., 2006).  

In most bacteria that have been studied, there is a strong link between the ability to 

acquire Mn
++

 and resistance to oxidative stress (Horsburgh et al., 2002b), and this same 

relationship is observed for B. abortus 2308 and the isogenic mntH mutant MWV15. B. abortus 

2308 produces a manganese containing superoxide dismutase (SodA) (Sriranganathan et al., 

1991) and phenotypic analysis of a B. abortus sodA mutant indicates that SodA is an important 
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antioxidant in this bacterium (Gee, 2004). Activity gels indicate that MWV15 produces 

considerably lower levels of Mn-SOD activity than the parental strain, and this deficit in SodA 

activity is consistent with the increased sensitivity of the B. abortus mntH to the redox cyclers 

menadione and paraquat which generate O2
-
 in the cytoplasmic compartment of bacterial cells. 

This link between inefficient Mn
++

 transport and suboptimal levels of SOD activity is also 

similar to the one described for Sinorhizobium meliloti sitA mutants (Davies and Walker, 2007). 

It is quite possible, however, that the increased sensitivity of the B. abortus mntH mutant to 

oxidative stress results from defects in addition to its inability to produce wild-type levels of 

SodA.  Anjem et al. (Anjem and Imlay, 2009), for example, recently presented evidence 

suggesting that MntH-mediated Mn
++

 transport allows E. coli to metallate key metabolic 

enzymes with this divalent cation instead of Fe
++

, possibly protecting these enzymes from 

oxidative damage via Fenton chemistry. These authors also showed that MntH-dependent Mn
++

 

transport is an important component of this bacterium’s OxyR-mediated response to H2O2 

exposure. Intracellular levels of Mn
++ 

can also influence the activity of transcriptional regulators 

such as PerR that control the expression of genes important for resistance to oxidative stress 

(Horsburgh et a., 2002a; Lee and Helmann, 2006; Wu et al., 2006). Preliminary studies suggest 

that the gene annotated as BAB1_0393 in the B. abortus 2308 genome sequence may be a PerR 

homolog (E. S. Anderson, unpublished data), but the nature of the genes that are controlled by 

this putative regulator and whether or not the activity of the regulator is influenced by cellular 

Mn
++

 levels remains to be determined experimentally. Mn
++

 has also been shown to be able to 

directly detoxify H2O2 and O2
-
 in in vitro assays (Archibald et al., 1982, Stadtman et al., 1990). It 

has been postulated, however, that only a few bacteria such as the lactobacilli have the capacity 

to accumulate sufficient levels of Mn
++

 (e.g. mM) to make direct intracellular detoxification of 
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ROS by this metal biologically significant (Horsburgh et al., 2002b). Previous studies have 

shown that wild-type Brucella strains require low levels of manganese for growth (Sanders et al., 

1953; Evenson and Gerhardt, 1955) and those findings are supported by the growth properties 

exhibited by B. abortus 2308 in the studies reported here (Figure 1). Thus it seems unlikely that 

direct detoxification of ROS by intracellular Mn
++

 plays a major role in oxidative defense in 

Brucella strains.  

Nramp1-mediated efflux of Mn
++

 and other divalent cations from the phagosomal 

compartments of macrophages has been proposed to be an important component of host defense 

against intracellular pathogens such as Mycobacterium tuberculosis and Salmonella typhimurium 

(Jabado et al., 2000; Cellier et al., 2007). Studies have shown, however, that Nramp1 does not 

play a prominent role in protecting experimentally infected mice from Brucella infections 

(Guilloteau et al., 2003). Studies in ruminants have also shown that the contributions of this 

divalent cation transporter to host defense against Brucella infections vary depending on the 

species of ruminant being examined (Capparelli et al., 2007, Paixão et al., 2007). Thus, the 

severe attenuation exhibited by the B. abortus mntH mutant in C57BL/6 mice (which lack a 

functional Nramp1) (Skamene et al., 1982) and cultivated macrophages obtained from these mice 

is particularly striking. This is especially true considering the fact that bacterial mntH mutants 

often exhibit subtle, if  any, attenuation in experimental hosts (Boyer et al., 2002; Domenech et 

al., 2002), and significant attenuation of S. typhimurium mntH sitABCD double mutants (which 

lack both of their high affinity manganese transporters) is only seen in mice that have a 

functional Nramp1 locus (Zaharik et al., 2004). These findings suggest that Mn
++

, like Mg
++

 and 

Zn
++

 (Kim et al., 2004; Lavigne et al., 2005; Yang et al., 2006), represents an important 

micronutrient for the brucellae during residence in the mammalian host. They also suggest that 
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the levels of Mn
++

 present in the tissues of the experimentally infected C57BL/6 mice are 

insufficient to meet the physiologic requirements of the B. abortus mntH mutant for this divalent 

cation even in the absence of a functional Nramp1 in this mammalian host. Considering the 

dramatic effect that loss of MntH has on virulence in B. abortus 2308, it is intriguing that the 

brucellae rely on a single high affinity divalent cation transporter to meet their physiologic needs 

for Mn
++

 during intracellular replication in the host. Indeed, having only one high affinity Mn
++

 

transporter appears to be an “Achilles’ heel” for these bacteria during residence in the 

mammalian host. Most other bacterial pathogens that have been studied possess both MntH- and 

SitABCD-type Mn
++

 transporters (Papp-Wallace and Maguire, 2006). The bacterial SitABCD-

type transporters that have been studied in detail, however,  have been reported to be unable to 

transport Mn
++

 at acidic pH (Kehres et al., 2002; Papp-Wallace and Maguire, 2006) and thus this 

type of transporter might be of limited utility to the brucellae during the early stages of their 

intracellular residence in host macrophages when these bacteria occupy acidified compartments 

(Köhler et al., 2003; Bellaire et al., 2005). In contrast, if the Brucella MntH is similar to its 

Salmonella counterpart (Kehres et al., 2000) and exhibits optimum Mn
++

 transport at acidic pH, 

it would appear to be well suited to the intracellular lifestyle of the brucellae in their mammalian 

hosts. 

There are multiple reasons why an insufficient level of intracellular Mn
++

 could lead to 

attenuation in the B. abortus mntH mutant. Based on its sensitivity to oxidative killing, the B. 

abortus mntH mutant may be compromised in its ability to withstand the oxidative stresses it 

encounters during its interactions with host phagocytes. The Brucella spp. also produce a single 

bifunctional (p)ppGpp synthetase/hydrolase that has been given the designation Rsh (RelA/SpoT 

hybrid) (Dozot et al., 2006), and  the enzymatic activity of this class of bacterial proteins is 
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Mn
++

-dependent (Papp-Wallace and Maguire, 2006). Because production of (p)ppGpp is 

required for the stringent response in bacteria (Magnusson et al., 2005), reduced Rsh activity due 

to inadequate Mn
++

 levels in the B. abortus mntH mutant may interfere with this strain’s ability 

to cope with the nutrient deprivation encountered during long term residence in the phagosome 

of host macrophages (Köhler et al., 2003; Roop et al., 2004). The presence of a functional Rsh 

has also been shown to be required for proper expression of the virB genes that encode the Type 

IV secretion machinery in B. melitensis 16M and B. suis 1330 (Dozot et al., 2006). 

Consequently, inefficient expression of the virB genes due to reduced Rsh function could also be 

contributing to the attenuation exhibited by the B. abortus mntH mutant in macrophages and 

mice. Preliminary studies suggest that virB4 and virB5 expression are indeed reduced in the B. 

abortus mntH mutant MWV15 compared to the parental 2308 strain (J. Gaines and E. Anderson, 

unpublished), but the nature of the link between MntH and virB expression remains to be 

experimentally determined. 



77 
 

Acknowledgements 

This work was supported by grants (AI48499 and AI63516) from the National Institutes 

of Health to RMR II.  

 



 

References 

Agranoff, D., I. M. Monahan, J. A. Mangan, P. D. Butcher, and S. Krishna. 1999. 

Mycobacterium tuberculosis expresses a novel pH-dependent divalent cation transporter 

belonging to the Nramp family. J. Exp. Med. 190:717-724 

 

Anjem, A., S. Varghese, and J. A. Imlay. 2009. Manganese import is a key element of  the 

OxyR response to hydrogen peroxide in Escherichia coli. Mol. Microbiol. 72:844-858. 

 

Archibald, F. S., and I. Fridovich. 1982. The scavenging of superoxide radical by manganese 

complexes: in vitro. Arch. Biochem. Biophys. 214:452-463. 

 

Bearden, S. W., and R. D. Perry. The Yfe system of Yersinia pestis transports iron and 

manganese and is required for full virulence of plague. Mol. Microbiol. 32:403-414. 

 

Bellaire, B. H. 2001. Ph.D. thesis. Louisiana State University Health Science Center – 

Shreveport. 

 

Bellaire, B. H., P. H. Elzer, S. Hagius, J. Walker, C. L. Baldwin, and R. M. Roop II. 2003. 

Genetic organization and iron-responsive regulation of the Brucella abortus 2,3-



79 
 

dihydroxybenzoic acid biosynthesis operon, a cluster of genes required for wild-type virulence in 

pregnant cattle. Infect. Immun. 71:1794-1803.  

 

Bellaire, B. H., R. M. Roop II, and J. A. Cardelli. 2005. Opsonized virulent Brucella abortus 

replicates with nonacidic, endoplasmic reticulum-negative, LAMP-1-positive phagosomes in 

human monocytes. Infect. Immun. 73:3702-3713. 

 

Boyer, E., I. Bergevin, D. Malo, P. Gros, and M. F. M. Cellier. 2002. Acquisition of Mn(II) in 

addition to Fe(II) is required for full virulence of Salmonella enterica serovar Typhimurium. 

Infect. Immun. 70:6032-6042. 

 

Bradford, M. M. 1976. A rapid and sensitive method for the quantitation of  microgram 

quantities of  protein utilizing the principle of  protein-dye binding. Anal. Biochem. 72:248-254. 

 

Capparelli, R., F. Alfano, M. Grazia Amoroso, G. Borriello, D. Fenizia, A. Bianco, 

S.Roperto, F. Roperto, and D. Iannelli. 2007. Protective effect of the Nramp1 BB genotype 

against Brucella abortus in the water buffalo (Bubalus bubalis). Infect. Immun. 75:988-996. 

 



80 
 

Carlioz, A., and D. Touati. 1986. Isolation of superoxide dismutase mutants in Escherichia 

coli: is superoxide dismutase necessary for aerobic life? EMBO J. 5:623-630. 

 

Cellier, M. F., P. Courville, and C. Campion. 2007. Nramp1 phagocyte intracellular metal 

withdrawal defense. Microbes Infect. 9:1662-1670. 

 

Chaberek, S., and A. E. Martell. 1959. Organic sequestering agents. John Wiley & Sons, New 

York, NY.  

 

Chain, P. S. G., D. J. Comerci, M. E. Tomalsky, F. W. Larimer, S. A. Malfatti, L. M. 

Vergez, F. Aguero, M .L. Land, R. A. Ugalde, and E. Garcia. 2005. Whole-genome analyses 

of speciation events in pathogenic brucellae. Infect. Immun. 73:8353-8361. 

 

Chaloupka, R., P. Courville, F. Veyrier, B. Knudsen, T. A. Tompkins, and M. F. M. Cellier. 

2005. Identification of functional amino acids in the Nramp family by a combination of 

evolutionary analysis and biophysical studies of metal and proton cotransport in vivo. Biochem. 

44:726-733. 

 



81 
 

Chao, T. C., A. Becker, J. Buhrmester, A. Pühler, and S. Weidner. 2004. The Sinorhizobium 

meliloti fur gene regulates, with dependence on Mn(II), transcription of the sitABCD operon, 

encoding a metal-type transporter. J. Bacteriol. 186:3609-3620. 

 

Corbel, M. J. 1997. Brucellosis: an overview. Emerg. Infect. Dis. 3:213-221. 

 

Cox, C. D. 1994. Deferration of laboratory media and assays for ferric and ferrous ions. Methods 

Enzymol. 235:315-329. 

 

Davies, B. W., and G. C. Walker. 2007. Disruption of  sitA compromises Sinorhizobium 

meliloti for manganese uptake required for protection against oxidative stress. J. Bacteriol. 

186:2101-2109. 

 

del Vecchio, V. G., V. Kapatral, R. J. Redkar, G. Patra, C. Mujer, T. Los, N. Ivanova, I. 

Anderson, A. Bahattacharyya, A. Lykidis, G. Reznik, L. Jablonski, N. Larsen, M. D’Souza, 

A. Bernal, M. Mazur, E. Goltsman, E. Selkov, P.H. Elzer, S. Hagius, D. O’Callaghan, J. J. 

Letesson, R. Haselkorn, N. Kyrpides, and R. Overbeek. 2002. The genome sequence of the 

facultative intracellular pathogen Brucella melitensis. Proc. Natl. Acad. Sci. U.S.A. 99:443-448. 

 



82 
 

Diaz-Mireles, E., M. Wexler, G. Sawers, D. Bellini, J. D. Todd, and A. W. B. Johnston. 

2004. The Fur-like protein Mur of Rhizobium leguminosarum is a Mn(2+)-responsive 

transcriptional regulator. Microbiol. 150:1447-1456. 

 

Domenech, P., A. S. Pym, M. Cellier, C. E. Barry III, and S. T. Cole. 2002. Inactivation of 

the Mycobacterium tuberculosis Nramp orthologue (mntH) does not affect virulence in the 

mouse model of tuberculosis. FEMS Microbiol. Lett. 207:81-86. 

 

Dorrell, N., V. G. Gyselman, S. Foynes, S. R. Li, and B. W. Wren. 1996. Improved efficiency 

of  inverse PCR mutagenesis. Biotechniques 21:604-608. 

 

Dozot, M., R.-A. Boigegrain, R.-M. Delrue, R. Hallez, S. Ouahrani-Bettache, I. Danese, J.-

J. Letesson, X. de Bolle, and S. Köhler. 2006. The stringent response mediator Rsh is required 

for Brucella melitensis and Brucella suis virulence, and for expression of the type IV secretion 

system virB. Cell. Microbiol. 8:1791-1802. 

 

Elzer, P. H., Phillips, R. W., Kovach, M. E., Peterson, K. M. and R. M. Roop II. 1994. 

Characterization and genetic complementation of a Brucella abortus high-temperature-

requirement A (htrA) deletion mutant. Infect. Immun. 62: 4135-4139. 

 



83 
 

Elzer, P. H., R. W. Phillips, G. T. Robertson, and R. M. Roop II. 1996. The HtrA stress 

response protease contributes to the resistance of Brucella abortus to killing by murine 

phagocytes. Infect. Immun. 64:4838-4841. 

 

Enright, F. M. 1990. The pathogenesis and pathobiology of Brucella infections in domestic 

animals, pp. 301-320. In: K. H. Nielsen and J. R. Duncan (eds.), Animal Brucellosis, CRC Press, 

Boca Raton, FL. 

 

Evenson, M. A., and P. Gerhardt. 1955. Nutrition of brucellae: utilization of iron, magnesium 

and manganese for growth. Proc. Soc. Exp. Biol. Med. 89:678-680. 

 

Gee, J. M. 2004. Ph.D. thesis. Louisiana State University Health Sciences Center – Shreveport.  

 

Gee, J.M., M. W. Valderas, M. E. Kovach, V. K. Grippe, G. T. Robertson, W.-L. Ng, J. M. 

Richardson, M. E. Winkler, and R. M. Roop II. 2005. The Brucella abortus Cu/Zn superoxide 

dismutase is required for optimal resistance to oxidative killing by murine macrophages and 

wild-type virulence in experimentally infected mice. Infect. Immun. 73: 2873-2880. 

 

Gerhardt, P. 1958. The nutrition of brucellae. Microbiol. Rev. 22:81-98. 



84 
 

Gober, J. W., and L. Shapiro. 1992. A developmentally regulated Caulobacter flagellar 

promoter is activated by 3’ enhancer and IHF binding elements. Mol. Cell. Biol. 3:913-926. 

 

Guilloteau, L. A., J. Dornand, A. Gross, M. Olivier, F. Cortade, Y. L. Vern, and D. 

Kerboeuf. 2003. Nramp1 is not a major determinant in the control of  Brucella melitensis 

infection in mice. Infect. Immun. 71:621-628. 

 

Gunshin, H., B. Mackenzie, U. V. Berger, Y. Gunshin, M. F. Romero, W. F. Boron, S. 

Nussberger, J. L. Gollan, and M. A. Hediger. 1997. Cloning and characterization of a 

mammalian proton-coupled metal-ion transporter. Nature 388:482-488. 

 

Halling, S. M., B. D. Peterson-Burch, B. J. Bricker, R. L. Zuerner, Z. Qing, L. L. Li, V.  

Kapur, D. P. Alt, and S. C. Olsen. 2005.  Completion of the genome sequence of Brucella 

abortus and comparison to the highly similar genomes of Brucella melitensis and Brucella suis. 

J. Bacteriol. 187:2715-2726. 

 

Haemig, H. A. H., and R. J. Brooker. 2004. Importance of conserved acidic residues in MntH, 

the Nramp homolog of Escherichia coli. J. Membrane Biol. 201:97-107. 



85 
 

Hohle, T. M., and M. R. O’Brian. 2009. The mntH gene encodes the major Mn
2+

 transporter in 

Bradyrhizobium japonicum and is regulated by manganese via the Fur protein. Mol. Microbiol. 

72:399-409. 

 

Horsburgh, M. J., S. J. Wharton, A. G. Cox, E. Ingham, S. Peacock, and S. J. Foster. 2002a. 

MntR modulates expression of the PerR regulon and superoxide resistance in Staphylococcus 

aureus through control of manganese uptake. Mol. Microbiol. 44:1269-1286. 

 

Horsburgh, M. J., S. J. Wharton, M. Karavolos, and S.J. Foster. 2002b. Manganese: 

elemental defence for a life with oxygen. Trends Microbiol. 10: 496-501.  

 

Jabado, N., A. Jankowski, S. Dougaparsad, V. Picard, S. Grinstein, and P. Gros. 2000. 

Natural resistance to intracellular infections: natural resistance-associated macrophage protein 1 

(NRAMP1) functions as a pH-dependent manganese transporter at the phagosomal membrane. J. 

Exp. Med. 192:1237-1247. 

 

Kehres D. G., M. L. Zaharik, B. B. Finlay, and M. E. Maguire. 2000. The NRAMP proteins 

of Salmonella typhimurium and Escherichia coli are selective manganese transporters involved 

in the response to reactive oxygen. Mol. Microbiol. 36:1085–1100. 

 



86 
 

Kehres, D. G., A. Janakiraman, J. M. Slauch, and M. E. Maguire. 2002. SitABCD is the 

alkaline Mn
2+

 transporter of Salmonella enterica serovar Typhimurium. J. Bacteriol. 184:3159-

3166. 

 

Kehres, D. G. and M. E. Maguire 2003 Emerging themes in manganese transport, biochemistry 

and pathogenesis in bacteria. FEMS Microbiol. Rev. 27:263-290. 

 

Kim, S., K. Watanabe, T. Shirahata, and M. Watarai. 2004. Zinc uptake system (znuA locus) 

of Brucella abortus is essential for intracellular survival and virulence in mice. J. Vet. Med. Sci. 

66:1059-1063. 

 

Kitphati, W., P. Ngok-Ngam, S. Suwanmaneerat, R. Sukchawalit, and S. Mongolsuk. 2007. 

Agrobacterium tumefaciens fur has important physiological roles in iron and manganese 

homeostasis, the oxidative stress response, and full virulence. Appl. Environ. Microbiol. 

73:4760-4768. 

 

Köhler, S., S. Michaux-Charachon, F. Porte, M. Ramuz, and J-P. Liautard. 2003. What is 

the nature of the replicative niche of a stealthy bug named Brucella? Trends Microbiol. 11:215-

219.  

 



87 
 

Langford, P. R., A. Sansone, P. Valenti, A. Battistoni, and J. S. Kroll. 2002. Bacterial 

superoxide dismutases and virulence. Methods Enzymol. 349:155-166. 

 

Lavigne, J.-P., D. O’Callaghan, and A.-B. Blanc-Potard. 2005. Requirement of MgtC for 

Brucella suis intramacrophage growth: a potential mechanism shared by Salmonella enterica and 

Mycobacterium tuberculosis for adaptation to a low-Mg
2+

 environment. Infect. Immun. 73:3160-

3163. 

 

Lee, J-W., and J. D. Helmann. 2006. Biochemical characterization of the structural Zn
2+

 site in 

the Bacillus subtilis peroxide sensor PerR. J. Biol. Chem. 281:23567-23578. 

 

López-Goñi, I., I. Moriyón, and J. B. Neilands. 1992. Identification of 2,3-dihydroxybenzoic 

acid as a Brucella abortus siderophore. Infect. Immun. 60: 4496-4503. 

 

Magnusson, L. U., A. Farewell, and T. Nystrom. 2005. ppGpp: a global regulator in 

Escherichia coli. Trends Microbiol. 13:236-242. 

 



88 
 

Makui, H., E. Roig, S. T. Cole, J. D. Helmann, P. Gros, and M. F. M. Cellier. 2000. 

Identification of the Escherichia coli K-12 Nramp orthologue (MntH) as a selective divalent 

metal ion transporter. Mol. Microbiol. 35:1065-1078. 

 

Miller, J. H. 1972. Experiments in molecular genetics, pp. 352-355. Cold Spring Harbor 

Laboratory Press, Cold Spring Harbor, NY. 

 

Paixão, T. A., F. P. Poester, A. V. Carvalho Neta, A. M. Borges, A. P. Lage, and R. L. 

Santos. 2007. NRAMP1 3’ untranslated region polymorphisms are not associated with natural 

resistance to Brucella abortus in cattle. Infect. Immun. 75:2493-2499. 

 

Papp-Wallace, K. M., and M. E. Maguire. 2006. Manganese transport and the role of 

manganese in virulence. Annu. Rev. Microbiol. 60:187-209. 

 

Paulley, J. T., E. S. Anderson, and R. M. Roop II. 2007. Brucella abortus requires the heme 

transporter BhuA for maintenance of chronic infection in BALB/c mice. Infect. Immun. 

75:5248-5254.  

 



89 
 

Paulsen, I. T., R. Seshadri, K. E. Nelson, J. A. Eisen, J. F. Heidelberg, T. D. Read, R. J. 

Dodson, L. Umayam, L. M. Brinkac, M. J. Beanan, S. C. Daugherty, R. T. Deboy, A. S. 

Durkin, J. F. Dolonay, R. Madupu, W. C. Nelson, B. Ayodeji, M. Kraul, J. Shetty, J. Malek, 

S. E. Van Aken, S. Riedmuller, H. Tettelin, S. R. Gill, O. White, S. L. Salzberg, D. L. 

Hoover, L. E. Lindler, S. M. Halling, S. M. Boyle, and C. M. Fraser. 2002. The Brucella suis 

genome reveals fundamental similarities between animal and plant pathogens and symbionts. 

Proc. Natl. Acad. Sci. U.S.A. 99:231-235. 

 

Platero, R. A., Jaureguy, M., Battistoni, F. J., and E. R. Fabiano. 2003. Mutations in sitB and 

sitD genes affect manganese-growth requirements in Sinorhizobium meliloti. FEMS Microbiol. 

Lett. 218:65–70. 

 

Platero, R., L. Peixoto, M. R. O’Brian, and E. Fabiono. 2004. Fur is involved in manganese-

dependent regulation of  mntA (sitA) expression in Sinorhizobium meliloti. Appl. Environ. 

Microbiol. 70:4349-4355. 

 

Que Q., and J. D. Helmann. 2000. Manganese homeostasis in Bacillus subtilis is regulated by 

MntR, a bifunctional regulator related to the diphtheria toxin repressor family of proteins. Mol. 

Microbiol. 35:1454–1468. 

 



90 
 

Robertson, G. T., Kovach, M. E., Allen, C. A., Ficht, T. A. and R. M. Roop II. 2000. The 

Brucella abortus Lon functions as a generalized stress response protease and is required for wild-

type virulence in BALB/c mice. Mol. Microbiol. 35:577-588. 

 

Rodionov, D. A., M. S. Gelfand, J. D. Todd, A. R. J. Curson, and A. W. B. Johnston. 2006. 

Computational reconstruction of iron- and manganese-responsive transcriptional networks in α–

proteobacteria. PLOS Computat. Biol. 2:1568-1585. 

 

Roop, R. M., II, B. H. Bellaire, M. W. Valderas, and J. M. Cardelli. 2004. Adaptation of the 

brucellae to their intracellular niche. Mol. Microbiol. 52:621-630.  

 

Rosner, B. 2000. Fundamentals of biostatistics. 5
th

 ed. Duxbury, Pacific Grove, Calif. 

 

Runyen-Janecky, L., E. Dazenski, S. Hawkins, and L. Warner. 2006. Role and regulation of 

the Shigella flexneri Sit and MntH systems. Infect. Immun. 74:4666-4672. 

 

Sanders, T. H., K. Higuchi, and C. R. Brewer. 1953. Studies on the nutrition of Brucella 

melitensis.  J. Bacteriol. 66:294-299. 

 



91 
 

Skamene, E., P. Gros, P. A. Kongshavn, C. St. Charles, and B. A. Taylor. 1982. Genetic 

regulation of  resistance to intracellular pathogens. Nature 297:506-509. 

 

Sriranganathan, N., S. M. Boyle, G. Schurig, and H. Misra. 1991. Superoxide dismutases of 

virulent and avirulent strains of Brucella abortus. Vet. Microbiol. 26:359-366. 

 

Stadtman, E. R., B. S. Berlett, and P. B. Chock. 1990. Manganese-dependent 

disproportionation of  hydrogen peroxide in bicarbonate buffer. Proc. Natl. Acad. Sci. USA 

87:384-388. 

 

Wu, H.-J., K. L. Seib, Y. N. Srikhanta, S. P. Kidd, J. L. Edwards, T. L. Maguire, S. M. 

Grimmond, M. A. Apicella, A. G. McEwan, and M. P. Jennings. 2006. PerR controls Mn-

dependent resistance to oxidative stress in Neisseria gonorrhoeae. Mol. Microbiol. 60:401-416. 

 

Yang, X., T. Becker, N. Walters, and D. Pascual. 2006. Deletion of znuA virulence factor 

attenuates Brucella abortus and confers protection against wild-type challenge. Infect. Immun. 

74:3874-3879. 

 



92 
 

Zaharik, M. L., V. L. Cullen, A. M. Fung, S. J. Libby, S. L. K. Choy, B. Coburn, D. G. 

Kehres, M. E. Maguire, F. C. Fang, and B. B. Finlay. 2004. The Salmonella enterica serovar 

Typhimurium divalent cation transport systems MntH and SitABCD are essential for virulence in 

an Nramp1
G169

 murine typhoid model. Infect. Immun. 72:5522-5525.  

 

 



93 
 

 

Table 2.1 Capacity of B. abortus 2308, MWV15 (2308 mntH) and MWV15.C (MWV15 

[pEA31]) to use MnCl2 as a manganese source. 

________________________________________________________________________ 

Strain    79.5 M MnCl2 795 M MnCl2  7.95 mM MnCl2 

________________________________________________________________________ 

 

2308   43.1  0.6
a
  52.3  1   67.3  0.6 

MWV15         NG
b
        NG    42.8  1.4

***
 

MWV15.C  43.4  1.8  52.7  0.3   69  3.2 

a 
The diameters of the zones of bacterial growth on a solid growth medium supplemented with 

300 M EDDA around filter disks impregnated with 10 l of a 10 g/ml, 100 g/ml or 1 mg/ml 

solution of MnCl2 were measured after 72 h incubation at 37C with 5% CO2 and recorded in 

mm. The values presented in this table are the means ± standard deviations of the average zone 

sizes obtained from three separate experiments and three separate determinations of growth were 

obtained for each strain in each experiment.  

b
NG = no growth – no zone of growth was observed surrounding the disks impregnated with 10 

or 100 μg/ml MnCl2 for B. abortus MWV15. 

Significance - 
***

 = P 0.005 for comparisons of MWV15 vs. 2308 and MWV15.C.   
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Figure 2.1 Manganese-responsive repression of an mntH-lacZ transcriptional fusion in B. 

abortus 2308 is mediated by Mur.  (A). Expression of a mntH-lacZ fusion in B. abortus 2308 

following 24 hours growth in brucella broth or brucella broth supplemented with 50, 250 and 500 

μM MnCl2.   (B). Activity of the mntH-lacZ fusion in B. abortus 2308 and the isogenic mur 

mutant (Fur2) following 24 hours growth in unsupplemented brucella broth (white bars), brucella 

broth supplemented with 500 μM MnCl2 (hatched bars) or brucella broth supplemented with 500 

μM FeCl2 (black bars).  β-galactosidase activity is presented on the y-axis in Miller units (53).  

The data presented are means and standard deviations for triplicate determinations from a single 

culture in a single experiment. The data presented are representative of multiple (3) 

experiments performed from which equivalent results and statistical trends were obtained. 

Significance - * = P<0.05 and ** =P<0.005 for comparisons of   -galactosidase production in 

unsupplemented medium vs. medium supplemented with MnCl2 or FeCl3.   
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Figure 2.2 Supplemental MnCl2 restores wild-type growth of  the B. abortus mntH mutant 

in broth culture. (A) Growth of  B. abortus 2308 (▲), MWV15 (2308 mntH) (□), and 

MWV15.C (MWV15 [pEA31]) (■) in brucella broth and MWV15 in brucella broth 

supplemented with 50 μM MnCl2 (♦) or 50 μM FeCl2 (◊).  (B) Growth of B. abortus 2308 (▲), 

MWV15 (□), and MWV15.C (■) in low manganese minimal medium and MWV15 in low 

manganese medium supplemented with 50 μM MnCl2 (♦).  The data presented are the means and 

standard deviations for triplicate determinations from a single flask for each strain at each 

experimental time point in a single experiment. The data are representative of multiple (≥3) 

experiments from which equivalent results and statistical trends were obtained. Significance - * = 

P<0.05 and ** =P<0.005 for comparisons of   2308 vs. MWV15 or MWV15.C. 
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Figure 2.3 Growth of the B. abortus mntH mutant in low manganese medium supplemented 

Mn
++

, Fe
++

, Zn
++

, Co
++

, Ni
++

 and Cu
++

. Bacterial cell cultures were inoculated into low 

manganese medium at cell densities of  approximately 10
5
 CFU/ml and the number of  bacteria 

present in these cultures following 48 hours incubation was enumerated by serial dilution and 

plating.  Shown are the B. abortus parental strain (2308), the mntH mutant (MWV15), and the 

mntH mutant grown in low manganese minimal medium supplemented with MnCl2 at 

concentrations of 1, 5 and 10 μM (designated as Mn1, Mn5 and Mn10, respectively).  MWV15 

cultures supplemented with 100 μM  Fe(NH4)2(SO4)2 (Fe 100), 100 μM ZnCl2 (Zn 100), 5 μM 

CoCl2∙6H2O (Co 5), and 20 μM NiCl2∙6H2O  (Ni 20) are shown as well.  Growth of  the B. 

abortus mntH mutant MWV15 carrying a plasmid-borne copy of  mntH (MWV15.C) in low 

manganese minimal medium is also shown. The data presented are the means and standard 

deviations for triplicate determinations from single flasks for each strain and experimental 

condition in a single experiment. The data are representative of multiple (≥3) experiments from 

which equivalent results and statistical trends were obtained. Significance - * = P<0.05 and ** = 

P<0.005 for comparisons of 2308 vs. MWV15 or MVW15.C.   
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Figure 2.4 Resistance of B. abortus 2308, MWV15 (2308 mntH) and MWV15.C (MWV15 

[pEA31]) to (A) H2O2, (B) paraquat, and (C) menadione in disk sensitivity assays. The data 

presented are zones of inhibition around disks containing (A) H2O2, (B) paraquat, or (C) 

menadione. The values are the means ± standard deviations of the average zone sizes obtained 

from three separate experiments and three separate determinations of growth were obtained for 

each strain in each experiment. Significance - 
**

 = P 0.005 and 
***

 = P 0.001 for comparisons 

of MWV15 vs. 2308 or MWV15.C.   

 

 

 

 

 



102 
 

 

 

 

 



103 
 

 

Figure 2.5 Superoxide dismutase activity in B. abortus 2308, MWV15 and MWV15C.   

Cu,Zn SOD (SodC) [cyanide-sensitive] and Mn SOD (SodA) activity [cyanide- and H2O2-

resistant], detected in the parental 2308 strain (lane A), the mntH mutant MWV15 (lane B) and a 

derivative of  MWV15 carrying a plasmid- borne copy of  mntH (lane C) .  The B. abortus sodC 

mutant MEK2 (Elzer et a., 1996) was included as a control (lane D).  The gel presented is 

representative of multiple experiments (≥3) in which equivalent results were observed. 
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Figure 2.6 Survival and replication of B. abortus 2308 (▲), MWV15 (2308 mntH) (□) and 

MWV15C (MWV15 [pEA31]) (■) in cultured resident peritoneal macrophages from 

C57BL/6 mice. The data are means and standard deviations from the number of intracellular 

brucellae recovered for each strain from three separate wells of cultured macrophages at each 

experimental time point in a single experiment. The data are representative of multiple (≥3) 

experiments from which equivalent results and statistical trends were obtained.  Significance - * 

= P < 0.05 and ** = P < 0.005 for comparisons of MWV15 vs. 2308 and MWV15.C. 
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Figure 2.7 Spleen colonization profiles of B. abortus 2308 (▲), MWV15 (2308 mntH) (□) 

and MWV15.C (MWV15 [pEA31]) (■) in C57BL/6 mice. The data presented are means and 

standard deviations for the number of brucellae detected in the spleens of five mice infected with 

each strain at each experimental time point in a single experiment. Significance - * = P < 0.05 

and *** = P < 0.001 for comparisons of MWV15 vs. 2308 and MWV15.C. 

 



 

Chapter III: Mur regulates the gene encoding the manganese transporter MntH in Brucella 

abortus 2308 

Abstract 

MntH is the only high affinity manganese transporter identified in Brucella. A previous study 

showed that MntH is required for the wild-type virulence of  Brucella abortus 2308 in mice (E. 

S. Anderson, J. T. Paulley, J. M. Gaines, M. W. Valderas, D. W. Martin, E. M. Menscher, T. D. 

Brown, C. S. Burns, and R. M. Roop II, Infection and Immunity 77:3466-3474, 2009), and 

indicated that the mntH gene in regulated in a manganese-responsive manner in this strain by a 

Mur homolog. In the study presented here, the transcriptional start site for mntH in B. abortus 

2308 was determined by primer extension analysis, specific interactions between Mur and the 

mntH promoter region were demonstrated in an electrophoretic mobility shift assay, and a Mur-

binding site was identified in the -55 to -24 region of  the mntH promoter by DNase I footprint 

analysis. The specificity of the interaction of Mur with the putative “Mur box” was further 

evaluated in EMSA employing oligonucleotides in which the consensus nucleotides in this 

region were substituted. These studies not only confirm a direct role for Mur in the Mn-

responsive regulation of mntH expression in Brucella abortus 2308, but also identify the cis-

acting elements upstream of  mntH responsible for this regulation.  
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Introduction 

 A substantial number of bacterial proteins require metal ions for their activity and proper 

function.  However, the accumulation of  metals beyond the level at which they are needed can 

be toxic due to incorrect metal-protein interactions (Waldron and Robinson 2010) and the 

capacity of  certain metals such as iron and copper to participate in the production of  toxic 

oxygen radicals (Summers, 2009).  To ensure that they only accumulate the levels of metals they 

need to meet their physiologic requirements, bacteria produce transporters that mediate both the 

influx and efflux of specific metal ions (Waldron and Robinson 2010).  The genes encoding 

these transport systems are typically tightly regulated by transcriptional regulators whose 

activities respond to the levels of specific metal ions in the bacterial cell (Geidroc and 

Arunkumar, 2007). This specific and differential regulation of metal transport genes enables 

bacteria to actively adapt to different and sometimes rapidly changing levels of available metals 

in the external environment (Waldron and Robinson, 2010).   

 Manganese is an essential co-factor for a variety of bacterial proteins (Papp-Wallace and 

Maguire, 2006) but excess accumulation of manganese can be toxic (Silver et al., 1972), and  

bacterial genes encoding manganese transporters are typically regulated by MntR- or Mur-type 

transcriptional regulators (Guedon and Helmann, 2003; Rodionov et al., 2006).  Mur is a 

structural homolog of the iron-responsive ferric uptake regulator (Fur) (Hantke 1981; 1984) 

which controls the expression of iron uptake genes in many bacteria (Lee and Helmann, 2007).  

Mur has only been described in the α-proteobacteria (Rodionov et al., 2006) and it has been 

shown that the mur gene from R. leguminosarum will restore iron-responsive gene expression in 

an E. coli fur mutant by genetic complementation (Wexler et al., 2003).  However, genetic and 

biochemical studies have clearly shown that Mur functions a manganese-responsive 
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transcriptional regulator of manganese uptake genes in this organism (Díaz-Mireles, et al. 2004) 

and other –proteobacteria (Chao et al., 2004; Platero et al., 2004). The iron-responsive 

transcriptional regulators Irr and RirA, instead of Fur, appear to be the major regulators of the 

iron metabolism genes in the -proteobacteria (Rodionov et al., 2006; Rudolph et al., 2006; 

Johnston et al., 2007).  

 The Brucella spp. are members of the α-proteobacteria and the causative agent of brucellosis 

(Roop et al., 2009).  Brucellosis causes sterility and abortion in wild and domestic animals and a 

severe febrile illness in humans (Nicoletti, 1989). Brucella strains rely upon MntH as their sole 

high affinity manganese transporter and MntH plays a critical role in the virulence of B. abortus 

2308 in experimentally infected mice (Anderson et al., 2009).  Expression of the mntH gene is 

regulated in a manganese-responsive manner in this strain, and genetic studies have implicated 

Mur in this regulation (Anderson et al., 2009). The purpose of the studies described in this report 

was to determine whether or not Mur plays a direct role in the manganese-responsive regulation 

of mntH expression in B. abortus 2308, and if so to identify the nucleotide sequences to which 

Mur binds in the mntH promoter region. 
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Materials and methods 

Bacterial strains and media –  

B. abortus 2308 and derivatives of this strain were cultivated on Schaedler agar 

supplemented with 5% defibrinated bovine blood (SBA) at 37°C with 5% CO2 or in brucella 

broth at 37°C with shaking.  Low-manganese minimal medium was prepared as previously 

described (Anderson et al., 2009). Ampicillin (25 μg/ml) and kanamycin (45 μg/ml) were 

included in these growth media as appropriate for selection of Brucella strains carrying antibiotic 

resistance markers. Brucella stock cultures were stored at -80ºC in brucella broth supplemented 

with 25% glycerol. 

 Escherichia coli DH5α and BL-21 were used as hosts for recombinant DNA procedures, and 

these strains were grown at 37ºC on LB agar or in LB broth or these media supplemented with 

100 μg/ml ampicillin or 45 μg/ml kanamycin as needed. E. coli stock cultures were maintained in 

LB supplemented with 25% glycerol at -80°C. 

Construction and evaluation of an mntH-lacZ transcriptional fusion in B. abortus 2308 and 

an isogenic mur mutant  

 The construction of pEAM1, a low copy number pMR15-based plasmid carrying an mntH-

lacZ transcriptional fusion, and the B. abortus mur mutant Fur2 have been described previously 

(Anderson et al., 2009).  To facilitate genetic complementation of  the B. abortus mur mutant,  an 

826 bp fragment encompassing the mur gene (BAB1_1668) was amplified by PCR from B. 

abortus 2308 genomic DNA using Pfx polymerase and the oligonucleotide primers mur-Forward 

and mur-Reverse (Table 1)  and cloned into the SmaI site of  pBBR-1MCS4 (Kovach et al., 

1995). The resulting plasmid, designated pEAM2, was introduced into B. abortus Fur2 by 

electroporation (Elzer et al., 1994). 
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 B. abortus strains were grown on SBA at 37°C with 5% CO2 for 72 h and harvested into low 

manganese minimal medium, and the optical density of  the cell suspensions at 600 nm adjusted 

to 0.15 (approximately 10
9
 CFU/ml).  Fifty microliters of each suspension was used to inoculate 

50 ml of low manganese medium or low manganese medium supplemented with 50 M MnCl2 

in 250 ml flasks. These flasks were incubated at 37°C with shaking at 175 rpm.  At selected 

times after inoculation, portions of the cultures were removed and assayed for β-galactosidase 

production employing the methods described by Miller (1972). 

Production of recombinant Brucella Mur 

 The oligonucleotide primers rMur Forward and Reverse (Table 1) which encode BsaI 

restriction sites were used with Pfx polymerase to amplify a 426 bp DNA fragment containing 

the mur gene from B. abortus 2308 genomic DNA by PCR, and this fragment was cloned into 

the expression vector pASK-IBA6 (IBA GmbH; Gӧttingen, Germany). The resulting plasmid, 

which contains the mur coding region fused to the Strept-tag II at the N-terminus of the gene was 

introduced into E. coli DH5α by chemical transformation for screening purposes and propagation 

of the plasmid.  Once the authenticity of the gene fusion was confirmed by nucleotide sequence 

analysis, this plasmid was electroporated into E. coli strain BL21 (DE3).  For recombinant 

protein production, E. coli cultures were grown overnight at 37°C in LB broth and 10 ml of  

these cultures used to  inoculate 1 L of  LB in a 4 L flask. These cultures were grown at 37°C 

with shaking at 250 rpm to an OD600nm of approximately 0.5, at which time 0.2 mg/ml 

anhydrotetracycline (AHTC) was added to the cultures and incubation continued. Three to four h 

after addition of the AHTC, bacterial cells were harvested by centrifugation at 2700 × g for 15 

minutes at 4°C, and lysed with CelLytic™ B Cell Lysis Reagant (Sigma) in the presence of the 

protease inhibitor PMSF on ice for 30 minutes.  The cell lysates were subjected to centrifugation 
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at 17,510 × g for 15 min at 4° C and the supernatant was collected and passed through a Strep-

Tactin gravity flow column (IBA GmbH; Göttingen, Germany) following the manufacturer’s 

instructions.  Protein fractions were pooled and dialyzed in EMSA binding buffer (10 mM Tris-

HCl, 40mM KCl, 10 mM MgCl2, 1 mM dithiothreitol and 5% glycerol, [pH 7.5]) and 

concentrated by centrifugation through a 15 ml Amicon Ultra-15 centrifugal filter with a 3,000 

molecular weight cut-off (Millipore, Billerica, MA, USA). Total protein was quantified using the 

Bradford assay (Bradford, 1976), and the degree of purity was analyzed by sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Aliquots of recombinant Mur protein 

were maintained at - 80°C in the presence of 10% glycerol. 

Identification of the mntH transcriptional start site by primer extension analysis 

 Total RNA was isolated from B. abortus 2308 grown in low manganese medium and this 

medium supplemented with 50 μM MnCl2 employing methods described elsewhere (Mohanety et 

al., 2008). The primer mntH – PE (Table 1) was annealed to 50 μg of total RNA and the primer 

extension reaction was carried using a modification of the protocol described by Sambrook et al. 

(1989). Briefly, the reaction was performed using Superscript™ II Reverse Transcriptase 

(Invitrogen, Carlsbad, CA, USA) in 5× first strand buffer [250 mM Tris-HCl, pH 8.3, 375 mM 

KCl; 15 mM MgCl2, 0.1 M DTT] plus 0.5 mM dNTP.  The 5’ end of the mntH transcript was 

identified by electrophoresis in a denaturing 6% (w/v) acrylamide and 7 M urea sequencing gel 

in glycerol tolerant buffer (0.089M Tris-base, 0.0285M taurine, and 0.5mM Na2EDTA) 

electrophoresed along-side a DNA sequence ladder.  The PCR product used to generate the 

sequencing ladder was a 1 kb DNA fragment encompassing the coding region of mntH and 

upstream sequence with the primers mntH-Forward and Reverse (Table 1).  DNA sequence 
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analysis was performed using the SequiTherm EXCELTM II DNA Sequencing kit following the 

instructions provided by the manufacturer (Epicentre, Madison, WI, USA). 

Electrophoretic mobility shift assay (EMSA) 

The methods described by Platero et al. (2007) were employed for the EMSAs, with the 

exception that the non-ionic detergent NP-40 was excluded from the reaction.  The DNA 

fragments representing the mntH promoter region were amplified by PCR from B. abortus 2308 

genomic DNA using Pfx polymerase and the primers designated mntH-MurboxF and mntH-

MurboxR (Table 1) and end-labeled with [γ-
32

P] ATP (Perkin Elmer, Waltham, MA, USA) using 

T4 polynucleotide kinase (Promega, Madison, WI, USA). 

 EMSA analysis was performed with synthetic and complimentary oligonucleotides ( Murbox 

control and Murbox mutations 1-5; Table 1) 35 nucleotides in length within which selected 

nucleotides within the MRS in the mntH promoter region were substituted and EcoRI and 

BamHI sites were incorporated on the ends for cloning purposes. Complementary 

oligonucleotides were annealed, phosphorylated and ligated into BamHI-EcoRI digested pUC19 

as described previously (Stojiljkovic et al., 1994).  The resulting fragments were then labeled 

with [γ-
32

P] ATP (Perkin Elmer) using the T4 polynucleotide kinase reaction (Promega, Madison, 

WI, USA) and incubated in the presence of Mur. 

 DNase I footprint analysis 

 The DNase I footprint assay was performed as described previously (Díaz-Mireles et al., 

2005) with slight modifications. Briefly, the oligonucleotide primers mntH-Murbox Forward and 

Reverse (Table 1) were individually labeled with [γ-
32

P] ATP (Perkin Elmer) using the T4 

polynucleotide kinase reaction (Promega, Madison, WI, USA) prior to their use in PCR reactions 

to generate 110 bp DNA fragments encompassing the putative Mur box and flanking regions of 
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the mntH promoter.  The PCR products were subjected to agarose electrophoresis and purified by 

gel extraction (Fermentas, Glen Burnie, MD, USA).  DNA probes corresponding to 15,000 cpm 

of the forward labeled and reverse labeled templates were incubated separately in EMSA binding 

buffer supplemented with 100 ng/ml BSA and 50 ng/ml salmon sperm DNA (non-specific 

competitor) in the presence of 100 μM MnCl2 and increasing concentrations of  the recombinant 

Brucella Mur protein.. The reaction was incubated at room temperature for 30 minutes prior to 

treatment with 0.05 units of DNase I freshly diluted in 10× DNase I buffer (400 mM Tris-HCl 

[pH 8.0], 100 mM MgSO4 and 10 mM CaCl2) for 1 minute.  This reaction was stopped by the 

addition of 5 mM EDTA and heating at 65° C for 10 minutes.  Reaction mixtures were ethanol 

precipitated and re-suspended in 4 μl of formamide loading buffer (98% formamide, 10 mM 

EDTA [pH 8.0], 1 mg/ml xylene cyanol FF, 1 mg/ml bromophenol blue).  Digested DNA 

fragments were separated on a denaturing 6% (w/v) acrylamide and 7 M urea sequencing gel in 

glycerol tolerant buffer (see above).  Gels were dried in a vacuum dryer and subjected to 

autoradiography.  Protected sequence was compared against the same 110 bp nucleotide 

sequence used in the reaction generated by the SequiTherm EXCELTM II DNA Sequencing kit 

(Epicentre, Madison, WI, USA).  
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Results 

Mur represses mntH expression in B. abortus 2308 in response to increasing levels of Mn in 

a nutrient limited growth medium.  

Previous studies showed that the addition of Mn to brucella broth (a complex 

nutritionally rich culture medium) represses β–galactosidase production from an mntH-lacZ 

fusion in B. abortus 2308 (Anderson et al., 2009), but the extent of that repression is limited and 

a considerable level of basal mntH expression is observed even when the brucella broth is 

supplemented with 500 M MnCl2. To further examine the relationship between mntH 

expression and Mn levels in B. abortus 2308, these experiments were repeated using the low 

manganese medium described by Anderson et al. (2009), which is less nutritionally complete 

than brucella broth.  As shown in Figure 1A, the addition of 50 M MnCl2 to low manganese 

minimal medium cultures reduces the level of β–galactosidase production by a B. abortus 2308 

derivative carrying the plasmid-borne mntH-lacZ fusion to less than half that observed in the 

unsupplemented medium, and the addition of 250 and 500 M MnCl2 reduces β–galactosidase 

production by this strain to essentially background levels.  In contrast, manganese-responsive 

repression of the mntH-lacZ fusion is not observed in the isogenic B. abortus mur mutant Fur2 

(Figure 1B), but  restored when a plasmid-borne copy of mur was introduced into Fur2 (Figure 

1B).  Thus, in two separate sets of experiments employing two culture media with different 

compositions (Anderson et al., 2009; this study), genetic studies demonstrate a link between Mur 

and Mn-responsive regulation of mntH expression in B. abortus 2308. 

Mur directly binds to the mntH promoter in B. abortus 2308.  

A putative Mur recognition site (MRS) (Díaz-Mireles, 2005), 5’-

AATGCAAATAGTTTGCAAT-3’, lies upstream of  the mntH coding region in the B. melitensis 
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16M genome sequence (Rodionov et al., 2006) and this same genomic arrangement occurs in B. 

abortus 2308 (Figure 2A).  To evaluate the functionality of this MRS, primer extension analysis 

was first used to determine the transcriptional start site for mntH in B. abortus 2308 and define 

the promoter for this gene.  As shown in Figure 2A, the putative MRS overlaps the -35 region of 

the mntH promoter, which is consistent with the predicted function of Mur as a repressor of 

mntH expression.  Interestingly, the T residue identified as the transcriptional start site for mntH 

represents the middle nucleotide in the second codon of the mntH coding region annotated in the 

B. abortus 2308 and B. melitensis 16M genome sequences (Figure 2A).  Because we were unable 

to detect a transcriptional start site for the mntH gene upstream of the T residue depicted in 

Figure 2A, we propose that an ATG start codon 81 nucleotides downstream of the annotated start 

codon (Figure 2A) is the authentic start codon for the Brucella mntH gene.  This would produce 

a Brucella MntH protein that matches the N-terminus of  the E. coli and Salmonella MntH 

proteins better than those annotated in the B. abortus 2308 and B. melitensis 16M genome 

sequences, but a shorter protein than that predicted in B. japonicum, a close phylogentic relative 

(Figure 2B). 

 As shown in Figure 3, the Brucella Mur binds in a specific manner to a 110 bp DNA 

fragment representing the mntH promoter region in an EMSA.  It was also noted in this assay 

that the addition of the chelator EDTA abrogated the capacity of  Mur to bind to the mntH 

promoter, which is consistent with the proposition that the DNA binding activity of  Mur 

requires its interaction with a metal co-factor (in this case Mn).  A DNaseI footprint analysis 

determined that the Mur binding site in the mntH promoter is comprised of the 28 nucleotide 

sequence  5’-TACTTAATGCAAATAGTTTGCAACTGCA-3’ (Figure 4), which overlaps the 

predicted MRS in the mntH promoter (Figure 2A). 
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 In an attempt to identify specific subsets of  nucleotides in the MRS that are required for Mur 

binding, the capacity of synthetic double-stranded DNA fragments representing the mntH 

promoter to bind to Mur was evaluated in an EMSA.  Only when a core set of 11 nucleotides was 

changed from CAATAGTTG to TCTGCTACGT did one of the synthetic mntH promoter 

fragments lose its capacity to bind to Mur (Figure 5).   
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Discussion 

 Mur proteins belong to the Fur superfamily of bacterial metalloregulators (Lee and Helmann, 

2007).  These proteins show a considerable amount of amino acid conservation with the 

prototype and namesake protein in this superfamily, the ferric uptake regulator Fur, but they 

appear to lack a zinc-binding site that is characterisitic of most bacterial Fur proteins (Bellini and 

Hemmings, 2006) also unlike Fur.  The activity of Mur as a transcriptional repressor is 

modulated in vivo by manganese instead of iron.  Mur proteins have been described exclusively 

in the –proteobacteria, where Mur regulates the expression of manganese acquisition genes in 

Rhizobium leguminosarum (Díaz-Mireles et al., 2004) and Sinorhizobium meliloti (Chao et al., 

2004; Platero et al., 2007).  Recent studies have also shown that proteins currently designated as 

Fur are functioning as manganese-responsive, instead of iron-responsive, regulators in 

Bradyrhizobium japonicum (Hohle and O’Brian, 2009; 2010) and Agrobacterium tumefaciens 

(Kitphati et al, 2007), and thus they appear to be functional Mur homologs as well.   

 The gene designated BAB1_1668 in the B. abortus 2308 genome sequence is predicted to 

encode a Fur homolog.  This gene was originally cloned during an attempt to identify the iron-

responsive regulator of the siderophore biosynthesis genes in B. abortus 2308 by genetic 

complementation (Phillips et al., 1996). A plasmid-borne copy of this gene restores iron-

responsive repression of the fiu-lacZ fusion in the E. coli fur mutant H1780 (Hantke 1987), but 

when the corresponding gene was deleted from B. abortus 2308 by gene replacement, the 

resulting mutant (designated Fur2) exhibited wild-type regulation of its siderophore biosynthesis 

genes (Roop et al., 2004). Subsequent studies have shown that a recombinant version of this 

Brucella Fur homolog does not bind to the promoter regions of the iron-responsive dhbC  

(Bellaire et al., 2003) or bhuA (Paulley et al., 2007) genes in an EMSA (E. Menscher, 
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unpublished data).  These findings further support the proposition that this protein is not serving 

as an iron-responsive transcriptional regulator in B. abortus 2308.  Instead, data presented in this 

and a previous report (Anderson et al., 2009) indicate that the gene encoded by BAB1_1668 is 

serving as a Mur. 

 As demonstrated in this report, Mur binds to the mntH promoter region in B. abortus 2308 

and directly regulates the expression of this gene in a manganese-responsive manner. The 30 nt 

sequence in the mntH promoter protected by Mur in the DNase I protection studies contains a 

motif (5’-AATGCAAATAGTTGCAA-3’) that matches well with the consensus Mur-responsive 

sequence (MRS) or “Mur-box” defined by Rodionov et al. (2006) and MRSs identified upstream 

of  the mntH gene in B. japonicum (Hohle and O’Brian, 2009), the sitA gene in R. 

leguminosarum (Díaz-Mireles et al., 2005) and the mntA/sitA genes of  S. meliloti (Chao et al., 

2004;  Platero et al., 2007) (Figure 6).  It is notable in this regard that the location of the region 

of the mntH promoter protected by Mur in B. abortus 2308 (-55 to -24 with respect the 

transcriptional start site) is very similar to the location of the region protected by Mur in the B. 

japonicum mntH promoter (-56 to -22 with respect to the transcriptional start site) (Hohle and 

O’Brian, 2009).  Selective regional mutagenesis of the MRS in the Brucella mntH promoter 

sequence identified an 11 nt motif in this region that is critical for Mur binding.  These findings 

are similar to those obtained with Fur in E. coli (Escolar et al., 1999) and Caulobacter (da Silva 

Neto et al., 2009) where groups of  nucleotides rather than individual nucleotides have been 

shown to be responsible for the binding of  Fur to “Fur boxes”. 

 Manganese is an essential micronutrient for Brucella strains (Sanders et al., 1953; Evenson 

and Gerhardt, 1955), and the importance of  MntH for the efficient acquisition of this divalent 

cation in vitro and in vivo has been documented experimentally (Anderson et al., 2009).  Like 
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most other biologically beneficial metals, manganese can be toxic if  accumulated beyond the 

levels needed by the bacterial cell, although the potential toxicity of  this metal appears to be 

considerably less than that of  other beneficial metals such as iron, zinc, nickel or copper (Papp-

Wallace et al., 2006; Waldron and Robinson, 2010).  The extent to which Mur protects B. 

abortus 2308 from manganese toxicity is presently under investigation.   

 In order to fully understand the importance of Mur in the physiology of Brucella strains, it 

will be important to determine the extent of the Mur regulon.  mntH and irr are the only genes 

that have been shown to be directly regulated by Mur in B. japonicum (Hohle and O’Brian, 

2010), and the bioinformatics based study performed by Rodionov et al. (2006) suggests that the 

same may be true in Brucella. The iron response regulator Irr (Small et al., 2009) controls the 

expression of iron metabolism genes in many –proteobacteria including Brucella strains 

(Martínez et al., 2006). Mur regulates the expression of irr at the transcriptional level in B. 

japonicum (Hohle and O’Brian, 2010), while manganese stabilizes the Irr protein (Puri et al., 

2009), providing coordination between cellular manganese levels and the expression of the iron 

metabolism genes in this bacterium. Evidence for indirect effects of manganese on the 

expression of iron metabolism genes has also been reported for A. tumefaciens fur (Kitphati et al. 

2007) and S. meliloti mur mutants (Chao et al., 2004), suggesting that similar regulatory links 

may exist in these bacteria as well. 

 During their residence in host macrophages the brucellae must deal with both endogenous 

ROS generated by their respiratory metabolism as well as exogenous ROS generated by the 

NADPH activity of the host phagocyte (Roop et al., 2009). Efficient manganese transport 

mediated by MntH has been linked to the ROS resistance in B. abortus 2308 (Anderson et al., 

2009), and Irr is required for optimal expression of  the siderophore biosynthesis (Martínez et al., 
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2006) and heme transport genes (E. S. Anderson, unpublished data) in this bacterium.  Having 

the capacity to modulate irr expression and Irr activity such that iron acquisition genes are only 

maximally expressed in Brucella strains when these bacteria possess protective levels of 

manganese would thus be beneficial in their intracellular niche in the host because it would 

potentially reduce the risk for ROS toxicity due to iron-mediated Fenton chemistry. Thus, it will 

be important to determine if the same coordination between manganese and Irr activity that 

occurs in B. japonicum exists in Brucella, and if Mur play an active role in maintaining this 

coordination. 
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Table 3.1 Primers used in this study 

 

Primer designation Sequence (5’ – 3’) 

mntH-Forward AACATACTCCCCCTACTCCCTTATTC 

mntH-Reverse GTATCAGATCGGCGTTCTATTTCTT 

rMur Forward CGCGGTCTCAGCGCATGAACAAGCCATACACC 

rMur Reverse GCGCGGTCTCATATCAGGATTTCAATTTTTTGC 

mntH-Murbox Forward TTCCGCCCCCCGCCGTTGAC 

mntH-Murbox Reverse GGACATGATCCATGGGGTAC 

Murbox control F AATTACTTAATGCAAATAGTTTGCAACTGCATAAG 

Murbox control R GATCCTTTATGCAGTTGCAAACTATTTGCATTAAGT 

Murbox mutation #1 F AATTACTTAATGTCTGTAGTTTGCAACTGCATAAG 

Murbox mutation #1 R GATCCTTTATGCAGTTGCAAACTACAGACATTAAGT 

Murbox mutation #2 F AATTACTTAATGTCTGCTATTTGCAACTGCATAAAG 

Murbox mutation #2 R GATCCTTTATGCAGTTGCAAATAGCAGACATTAAGT 

Murbox mutation #3 F AATTACTTAATGCAAATAGCAGTCAACTGCATAAAG 

Murbox mutation #3 R GATCCTTTATGCAGTTGACTGCTATTTGCATTAAGT 

Murbox mutation #4 F AATTACTTAATGCAAACTACAGTCAACTGCATAAAG 

Murbox mutation #4 R GATCCTTTATGCAGTTGACTGTAGTTTGCATTAAGT 

Murbox mutation #5 F AATTACTTAATGTCTGCTACAGTCAACTGCATAAAG 

Murbox mutation #5 R GATCCTTTATGCAGTTGACTGTAGCAGACATTAAGT 

mur Forward AGATGCTCAATTGCCGCACC 

mur Reverse CCCGTTGGACAGTTAATGCG 

mntH – PE TTGAAGGCTGGCGTCGCGAGCGTGGAG 

mntH-lacZ Forward GAGCGGGCCATCCTTCTGAA 

mntH-lacZ Reverse 

recA Forward 

recA Reverse 

GTTGCCGGGATCCATATAACC 

TCGCAATGAATTTTGAGAC 

TGGAACAAAATTGCGAAAT 
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Figure 3.1  β–galactosidase production from a plasmid-borne mntH-lacZ transcriptional 

fusion.  B. abortus 2308 (A and B), Fur2 [2308 mur] (B) and  Fur2 (pEAM2) (B) following 48 h 

cultivation in low manganese minimal medium (-) and this medium supplemented with 50 M 

MnCl2 (+) in panel B.  The data are representative of multiple (≥3) experiments from which 

equivalent results and statistical trends were obtained. Significance - * = P<0.05 for comparisons 

of A) 2308 vs. 2308 + MnCl2 and B) 2308 vs Fur2 under the same cultured conditions. 
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Figure 3.2 Mapping the 5’-end of mntH (A) Genetic organization of mntH and surrounding 

genes in B. abortus 2308. The transcriptional start site for mntH identified by primer extension is 

indicated in bold-face print with an arrow and a “+1” designation above it.  The predicted Mur-

binding site (or MRS) is underlined and the Mur binding region identified by DNase I footprint 

analysis in this study is enclosed in a box. The predicted mntH start codon annotated in the B. 

abortus 2308 genome sequence in GenBank is denoted in italics with a single underline and the 

ATG that is proposed to be the authentic mntH start codon based on the experimental findings 

presented in this report is depicted in bold face print with a double underline. (B). A comparative 

alignment of  the N-termini of the predicted products of  the B. abortus mntH gene based on the 

current GenBank annotation and the revised MntH sequence (starting with “M” indicated in 

bold-face and underlined) with the MntH proteins of  E. coli, Salmonella and Bradyrhizobium 

japonicum.  The revised annotation based on the work presented in this report is depicted in bold 

face and underlined. 
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Figure 3.3 Mur binds to the mntH promoter.  Recombinant Mur binds the promoter region of 

mntH in B. abortus 2308 in an EMSA. The concentration of recombinant Mur added to the 

reactions is shown above the lanes, and the +/- symbols below the lanes indicate whether the 

reactions contain an unlabeled DNA fragment representing the mntH promoter region (specific 

inhibitor); an unlabeled DNA fragment representing the upstream region of recA (non-specific 

inhibitor), and/or the chelator EDTA. 
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Figure 3.4 DNase I footprinting.  Recombinant Brucella Mur binds a 30 base pair sequence 

upstream of the B. abortus mntH promoter .  The triangle above the lanes indicates that the 

corresponding reactions contain increasing concentrations (0,1, 5 and 10 μg) of recombinant 

Brucella Mur. 
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Figure 3.5 Mur binds a consensus sequence.  EMSA analys was used to Map subsets of 

nucleotides present in the MRS of the B. abortus 2308 mntH promoter that are required for its 

interaction with Mur in an EMSA.  The concentration of  Mur added to the reactions is indicated 

above the lanes; the specific synthetic oligonucleotides (labeled “native”, 1, 2, 3, 4 and 5) used in 

the EMSA reactions are indicated below the lanes; and the nature of  the nucleotide substitution 

in each synthetic oligonucleotide used in these reactions is shown at the bottom of  the figure. 
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Figure 3.6 MRS alignment.  Nucleotide alignment compairing identified Mur binding 

sites identified upstream mntH and sitABC in the α-proteobacteria (Díaz-Mireles et al., 

2004; Kitphati et al., 2007; Platero et al., 2007).  

 

 

 



 

CHAPTER IV: Summary and future directions 

The results described in Chapter 2 of this thesis support the proposition that Brucella 

strains encode a single high affinity Mn
2+ 

transporter, MntH.  MntH is necessary for growth of B. 

abortus 2308 in the laboratory and for the establishment of infection in the animal model 

(Anderson et al., 2009).  After Brucella are engulfed by macrophages, brucellae experience 

nutrient restriction (Roop et al., 2009), acidification (Boschiroli et al., 2002) and oxidative 

challenge (Roop et al., 2009).  Mn
2+

 uptake via MntH at this stage is necessary for survival 

(Anderson et al., 2009) most likely because Brucella depend upon Rsh, the bifunctional 

(p)ppGpp synthetase/hydrolase that requires manganese for activity.  Rsh in Brucella activates 

the stringent response during amino acid starvation and nutrient restriction and is responsible for 

induction of the virB operon, a necessary component for proper trafficking to the ER.  The 

inability to transport Mn
2+

 may then comprise the capacity of Brucella to adapt to harsh 

environmental condtions via Rsh which would have pleiotropic effects.   

Mur is the Mn
2+

-specific
 
regulator of mntH and this regulation by Mur is to assure the 

expression of mntH is minimized when physiologic Mn
2+

 requirements are met in B. abortus 

2308.  mntH expression early in the development of the BCV is not only beneficial but essential 

for this organism, however, too much Mn
2+

 can be toxic.  Excessive Mn
2+

 accumulation has been 

shown to directly inhibit growth in bacteria (Silver et al., 1976), but no such inhibitory 

phenotype has yet to be observed in Brucella strains. 

mntH expression is greatly increased in the presence of oxidative stress in the enterics 

(Kehres et al., 2000) and the same has been observed in B. abortus 2308 (Evan Menscher, 

unpublished data).  The influx of Mn
2+ 

during oxidative stress conditions provides Brucella with 

sufficient Mn
2+ 

to possibly substitute for Fe
2+ 

in proteins and decreases the potential for such 
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proteins to become damaged via Fenton reactions.  During oxidative challenge it would therefore 

be detrimental to minimize mntH expression. 

Previously, the Brucella Mur was predicted to regulate mntH and irr in Brucella 

melitensis 16 M (Rodionov et al., 2006).  Irr is the primary iron-responsive regulator in the α-

proteobacteria (Martinez et al., 2006) and in contrast to what is observed in B. japonicum where 

Mur binds the Irr promoter (Hohle and O’Brian, 2009) Mur in B. abortus 2308 does not bind to 

the irr promoter (Figure 1).  However, upon closer review of the predictions by Rodionov et al. 

(2006), we realized that the gene this laboratory had cited as irr1 (BMEI 1563) actually shares 

99% gene identity to another fur-like gene, perR (BAB1_0393) in B. abortus 2308.    

Brucella encodes PerR which is a H2O2 sensing paralog of the Fur superfamily.  After 

discerning the nucleotides that comprise the Mur box in Brucella, it was discovered that a Mur-

like motif which shares 94% nucleotide identify to the Mur box upstream of mntH was present 

upstream of perR (Figure 2).  PerR (peroxide regulon repressor) was first identified in B. subtilis 

by the Helmann laboratory and is a repressor that utilizes a metal cofactor (Mn
2+

 and Fe
2+

) that 

undergoes a catalyzed oxidation reaction in the presence of H2O2 that allows for de-repression of 

peroxide stress genes (Mongkolsuk and Helmann, 2002).  Interestingly, the Helmann laboratory 

has shown that Mn
2+

-PerR is inefficient at responding to H2O2 (Fuangthong et al., 2002).  This 

finding, that PerR complexed with Mn
2+

 is an inefficient peroxide sensor is not surprising 

because the Mn
2+

 is electronically stable and will not undergo redox reactions with oxygen 

species in similar fashion to Fe
2+

.  In the wild-type Brucella strain 2308, Mur represses MntH 

expression in a Mn
2+

-replete environment and data from our laboratory shows that Mur binds the 

perR promoter (Figure 3).  It is now possible to suggest that Mur represses perR and this would 

limit the amount of peroxide repressor present in the cell (Figure 4a).  
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 In this scenario, the peroxide regulon can be maximally expressed.  However, in the mur 

mutant, disregulation of mntH would allow for excessive accumulation of Mn
2+

 in the cell as 

well as increased PerR expression.  This increase in intracellular Mn
2+

 would then serve PerR as 

a cofactor which would enable DNA binding and for this protein to serve as a repressor (Figure 

4b); however, Mn
2+

-PerR is inefficient in sensing peroxide stress and would continue to repress 

the peroxide regulon even in the presence of oxidative stress.  This regulatory cascade may then 

explain the increased sensitivity to oxidative stress observed in the mur mutant previously in B. 

abortus 2308 (B. H. Bellaire dissertation, 2001).  Therefore, the proposed regulatory cascade 

involving Mur regulating PerR supports an important biological role for Mur in metal ion 

homeostasis and peroxide defense.  Mur mediated repression of perR would limit Brucella from 

producing excess PerR in Mn
2+ 

replete conditions.  Limiting the expression of perR in this 

environment would allow PerR to complex with Fe
2+ 

which undergoes metal catalyzed oxidation 

(MCO) required for the derepression of PerR-regulated genes.   

It is now evident that Mur regulation of mntH in Brucella is important.  Mn
2+ 

is required 

for survival of Brucella in the macrophage and for protection against oxidative stress, however, 

beyond its requirement in these instances, Mn
2+

 has the potential to interfere with important 

regulatory schemes involved in iron homeostasis and peroxide defense.  Therefore, the data 

presented in this thesis support the proposition that deletion of mur or disregulation of either 

MntH and/or PerR by mutation of the Mur boxes present upstream of these genes would result in 

the attenuation of B. abortus.  The reduced virulence in these scenarios would be the result of 

excessive Mn
2+

 uptake via MntH which could act as a competitive inhibitor for other required 

transition elements thereby disrupting normal biological function; also the influx of Mn
2+

 can 

complex with PerR and render this metalloregulator an inefficient peroxide sensor.  PerR-Mn
2+

 is 
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1000× less sensitive than PerR-Fe
2+

 in sensing peroxide stress (Lee and Helmann, 2006).  Mn
2+

 

could also complex with Irr as observed in B. japonicum (Puri et al., 2010) and for these very 

reasons proper regulation of MntH by Mur is necessary for normal growth of Brucella and for 

virulence.   
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Figure 4.1 EMSA analysis with the irr promoter from B. abortus 2308 with Mur.  Different 

size fragments encompassing the irr promoter were generated by PCR and radiolabeled with [γ-

32
P] ATP and incubated with increasing concentrations of the B. abortus Mur. 
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Figure 4.2 Mur boxes identified in Brucella Alignment of the Mur boxes found upstream mntH 

and perR in B. abortus 2308. 
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Figure 4.3 Mur binds the perR promoter.  EMSA analysis with the Brucella Mur and the 

upstream region of perR where a Mur-like motif is present.  DNA fragments were generated by 

PCR and radiolabeled with [γ-
32

P] ATP and incubated with increasing concentrations [0, 0.3, 0.6, 

and 1.2 μg] of the B. abortus Mur. 
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Figure 4.4a Mur regulation in B. abortus 2308. Model depicting the significance of Mur 

regulation in Brucella.  Mur represses mntH and perR in Mn
2+ 

- replete conditions and limits the 

accumulation of this metal and PerR in the cell.   
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Figure 4.4b Mur regulation is necessary for normal peroxide defense in B. abortus 2308.  

Model depicting the significance of Mur regulation in Brucella.  In Brucella the absence of Mur 

causes the disregulation of mntH and perR.  Due to the inability to repress mntH expression, an 

excess of Mn
2+ 

will be present in the cytoplasmic space where Mn
2+

 cofactors PerR.  PerR 

complexed with Mn
2+

 represses genes of the peroxide regulon and is incapable of efficiently 

sensing peroxide stress and continues to repress the peroxide regulon in the presence of peroxide 

stress. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


