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TheBrucella abortus alkyl hydroperoxide reductase complex (AhpCD) is the primary scavenger
of endogenous hydrogen peroxide andai@CD operon is regulated in response to endogenous

hydrogen peroxide.

by Kendra H. Steele

April, 2010
Director: R. Martin Roop |l
DEPARTMENT OF MICROBIOLOGY AND IMMUNOLOGY

Brucella abortus is a facultative intracellular pathogen that causes abortion rdadility in
cattle and relapsing fever in humans. These bacteria reside@iwhte inside macrophages
during infection, and the ability drucella to survive within this intracellular niche is critical for
the establishment of disease in host animals. Exposure to the oxidative burst of hosytesa

is one of the environmental stresses the brucellae must démldwiing their intracellular
residence. Because they are aerobes, these bacteria mustt@dy deactive oxygen species
(ROS) generated as a by-product of their respiratory mesatnoli Production oBrucella’s sole
catalase, KatE, enhances viability of the brucellae exposkigl levels of exogenous hydrogen
peroxide (HO,), but Brucella katE mutants are virulent in both the experimental and natural
hosts. So it is currently unknown how the brucellae detoxify hydrpgesxide produced from
the macrophage and respiratory metabolism. The genes desigsatBAB2 0531 and
BAB2 0532 in theB. abortus 2308 genome sequence are predicted to encode the components
(AhpC and AhpD, respectively) of an alkyl hydroperoxide reductase exmpPeroxiredoxins

of the AhpC family are important enzymes that detoxifyO}l organic peroxides, and



peroxynitrite in bacterial cells. The research describekisndissertation shows that AhpC is the
primary detoxifier of endogenous,&, generated by aerobic metabolism. KatE, on the other
hand, plays a major role in scavenging exogenog,,Halthough this enzyme can play a
supporting role in the detoxification of,8, of endogenous origin if AhpC is absent. Our data
also show thaahpC expression is bD,-responsive, and AhpCD is part of tBaucella oxidative
stress response. We have found three regulators—OxyR, BAB2_0530, IrraffdwiahpC
expression in some manner Bn abortus 2308, but only one, the iron-responsive regulator Irr,

affects the HO,-responsive expression alipC.



©Copyright 2010
Kendra H. Steele



TheBrucella abortus alkyl hydroperoxide reductase complex (AhpCD) is the primary scavenger
of endogenous hydrogen peroxide andaiy@CD operon is regulated in response to endogenous

hydrogen peroxide.

A Dissertation
Presented To
The Faculty of the Department of Microbiology and Immunology

East Carolina University

In Partial Fulfillment
of the Requirements for the Degree

of Doctor of Philosophy in the Department of Microbiology and Immunology

by
Kendra H. Steele

April, 2010



TheBrucella abortus alkyl hydroperoxide reductase complex (AhpCD) is the primary scavenger
of endogenous hydrogen peroxide andaiy@CD operon is regulated in response to endogenous

hydrogen peroxide.
by

Kendra H. Steele

APPROVED BY:

DIRECTOR OF DISSERTATION:

R. Martin Roop Il, Ph.D.

COMMITTEE MEMBER:

James P. Coleman, Ph.D.

COMMITTEE MEMBER:

James A. McCubrey, Ph.D.

COMMITTEE MEMBER:

Daniel W. Martin, Ph.D.

COMMITTEE MEMBER:

Ronald S. Johnson, Ph.D.

CHAIR OF THE DEPARTMENT OF MICROBIOLOGY AND IMMUNOLOGY

C. Jeffery Smith, Ph.D.

DEAN OF THE GRADUATE SCHOOL:

Paul J. Gemperline, PhD



Acknowledgements

| would first like to thank East Carolina University and the D&pant of Microbiology
and Immunology for accepting me into their Ph.D. program and for provigiegwith the
equipment and space to fulfill my research needs. | would &sddithank the professors in
this department for their dedication and guidance to helping me beaosceentist. Their
availability, constant support, and friendship make the Department ofolbiblogy and
Immunology at East Carolina a great environment to work in. nktita.’s Jeffery Smith and
Edson Rocha for their intellectual contributions to my researchgbrafel for their continuous
encouragement. | especially thank Dr. Marty Roop, my researdboa, for believing in me
and for being my biggest fan. His support, encouragement, and imem@sivork allowed me
to be as stubborn as | possibly can in never giving up and believingdivera are always close.
Dr. Roop has also given me many opportunities in traveling to i@rdes to meet well-known

scientists and to learn the latest research. For all of this and moresregirtbank him.

The enthusiasm of the Roop Troop has inspired me to become betterahmdyt® work
harder. | thank Dr.’s Eric Anderson, JT Paulley, and Mr. Tim Brdamn teaching me
techniques and how to carefully work with a Biosafety levphBiogen. One reason | joined
the lab is because | thought they were good students and | wantarofom the best. |
thank Mr. John Baumgartner for his incredible support and friendship. Wieegoing got
tough, | had John. He is my true teammate in the lab. He haslhmekevith lengthy crazy
experiments with the best of attitudes, and he has kept me frong lodi my own oxidative
stress island. | thank Dr. Clayton Caswell, also known as “T@pldor letting me play music
really loud in the lab, for introducing me to the TV series “Thi&c®f’ and for being more stern

than me about lab organization (so | don’'t look that bad). Clay isdawaking scientist who



learns and does good science. For that, he is secretly one olenypadels, and | hope one
day people will see me like | see him. At this time, Mr. ie\Menscher and Mr. David
Martinson are just starting their science journeys. | viadydriendship with each of them, and
| wish them the best. | will always be rooting for them. hdrik Dr. Dan Martin, Miss Emily
Gobble, Mrs. Jen Ojeda, Miss Brook Ragle, and Miss Brittanyodor their support and
friendship. It is sometimes hard to keep up with everyone inrge l@b, but they make

everyday fun and interesting.

| have made some special friends in Greenville. | thank@&mifer Gaines for simply
being her. She works hard, helps everyone even when her plalie asd balances work and
family well. As a researcher, her optimism for sciencenistagious, and after she arrived, she
changed the Roop Troop, helping us to become supportive, positive, and hardyworkin
individuals. She is my first female role model and representpefs®n | hope | can become.
| thank Mrs. Lori Blanchfield for making every social evenplaasant one. She is quick to
laugh and always likes to partake in my adventures. | have an £adlag of great memories
with her, and | will certainly miss her and her husband Phil. Ddday Peed is the all-time
best friend. She stood beside me during the roughest time ofengnidl she stood next to me
(literally) during the best time of my life. | thank her fw#ing supportive and encouraging. |
thank her for our hour-long walks every week to unwind. | thank her fosith@ages of

memories | wrote when she graduated. | thank her for the adventures.

Another person sticking with me throughout graduate school is Scott, rhgrdysny
other half. | thank him for his support, encouragement, and patiendsis lthis part of my
life. | thank him for his love. Scott is a special person witjremat sense of humor, strong

work ethic, and a wonderful love for our animals. He is my partmerime, and together we



can do anything. | also would like to thank our families. My moiiédaw is one of my best
friends. She is supportive, encouraging, and | love to learn things iesm | thank my
Dad—one of my heroes. This man is amazing. Even as he quesydiie’sndecisions, he
still fully supports each one. If | become a parent, | can only hogpdeg the Lord that | am

like my Dad.

Most importantly, | thank God. He has given me everything: aehaugob, safety,
good health, a man to love, animals to cherish, and the people acknowhetiged The fact
that | have made many mutant strains and gotten countless eaperita work is proof that he

loves, supports, and touches my life everyday.



TABLE OF CONTENTS
ABSTRACT
TITLE PAGE
ACKNOWLEDGEMENTS
TABLE OF CONTENTS
LIST OF FIGURES AND TABLES
CHAPTER 1: Review of the Literature
TheBrucella species and Brucellosis
Animal Brucellosis
Human Brucellosis
Incidence
Transmission
Pathogenesis and symptoms
Diagnosis and treatment
A biowarfare agent
Oxidative killing of thd&rucella spp.
Oxidative burst of the macrophage
NADPH oxidase
Damage caused by readkygen species

Susceptibility of tBeucella spp. to
oxidative killing by the macrophage

Oxidative killing due to aerobic metabolism

WherexOand HO, are produced in the
bacterial cell

Xiii

11

12

12



Brucella enzymes that produce,@&; and

£
KnownBrucella H,O, detoxifiers
Catalases
Properties of catalase eezsym
THerucella catalase

Alkyl hydroperoxide reductase

AhpC enzymatic mechanism andtsire
B. abortus AhpCD
Bacterial regulators ahpC andkat genes
OxyR
OxyR properties
OxyR activation
OxyR regulation
Iron responsive regulators
PotentiaB. abortus oxidative stress regulators
B. abortus OxyR
Other potential oxidative stress reguator
Figures and Tables
References

STATEMENT OF THE PROBLEM

13

14

15

15

16

17

17

19

20

20

20

22

23

24

27

27

28

31

34

59

CHAPTER 2: A comparative study of the roles of AhpC and KatE as respiratory60

antioxidants irBrucella abortus 2308

Abstract

61



Introduction 62

Materials and Methods 65
Results 72
Discussion 79
Acknowledgements 83
Figures and Tables 84
References 103

CHAPTER 3:Brucella abortus ahpCD expression is responsive to endogenous

hydrogen peroxide through the iron-responsive regulator Irr 117
Abstract 118
Introduction 119
Materials and Methods 122
Results 127
Discussion 130
Acknowledgements 137
Figures and Tables 138
References 161

CHAPTER 4: Our current understanding loé toles of BAB2_0530, Irr, and OxyR
in oxidative stress defenseBnucella abortus 2308 177

The OxyR-like protein BAB2_0530 is predicted to regulate genes whose
products detoxify superoxide and organic peroxides, but not leydrog
peroxide ifB. abortus 2308 178

Identification of the OxyR-like homolog BAB2_0530h
abortus 2308 178

B. abortus BAB2_0530 is not involved in the removal of
kD, from the bacterial cell 179



BAB2_0530 is necessary for the detoxification of
superoxide and organic peroxides

BAB2_0538ummary and Future Directions

Irr regulates oxidative defense gene8iincella and other
a-proteobacteria

A B. abortus strain lackingrr is attenuated compared to
wild-type in mice

IrSummary and Future Studies

ahpCD expression irB. abortus 2308 is responsive to supraphysiologic
levels of kD,through OxyR

OxyRSummary and Future Directions
Conclusions
Figures
References
CHAPTER 5:Summary and Conclusions

APPENDIX

180

180

181

183

184

186

187

189

191

223

232

235



LIST OF FIGURES AND TABLES
CHAPTER 1

Table 1.1 List of genes encoding antioxidants and their potential regulators 31
inB. abortus 2308

Figure 1.1  The AhpC enzymatic reaction

Figure 1.2 E. coli OxyR binds directly upstream of the -35 site in the
promoter of its target genes 33

Table 1.2 The OxyR binding site is a pattern motif
Table 1.3 BAB2_0530 and tiBeucella OxyR have most of thEscherichia
coli andSalmonella typhimurium amino acid residues necessary
for OxyR activity 35
CHAPTER 2
Table 2.1 Bacterial strains used in this study
Table 2.2 Oligonucleotide primers used for PCR in this study

Table 2.3 Sensitivity dB. abortus 2308, KH16, KH2, and KK21 to 1D, 87

Figure 2.1 B. abortus ahpC mutants exhibit increased levels of endogenous
peroxides 88

Figure 2.2 B. abortus ahpCD mutants display an increased sensitivity to
endogenous,8, produced by the redox cycling activity of
paraquat 90

Figure 2.3 B. abortus ahpCD mutants show loss of stationary phase viability
during cultivation in Gerhardt’s minimal medium and this
phenotype can be rescued by either AhpC or KatE 92

Figure 2.4 B. abortus katE mutants degrade exogenougximore slowly
than their parental strains 94

Figure 2.5  Thé. abortus ahpCD mutant KH16 exhibits an increased
sensitivity to the peroxynitrite generator SIN-1 97

32

34

84

86



Figure 2.6

Figure 2.7

CHAPTER 3
Table 3.1

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

The. abortus ahpCD katE mutant KK9 exhibits attenuation in

IFNy-stimulated cultured murine peritoneal macrophages and
this attenuation is not alleviated by the addition of inhibitors of

the oxidative and nitrosative bursts of the host phagocytes

Spleen colonization profilesBfabortus 2308, MEK6, KK9,
and KH40 in C57BL/6J mice, BALB/c mice, and NADPH
oxidase-deficient and iINOS-deficient knockout mice in the
C57BL/6J background

Bacterial strains, plasmids, and primers used in this study

Thd&rucella OxyR and BAB2_0530 proteins share biologically
relevant conserved domains with the OxyR protein of
Escherichia coli

Genetic organization of the BAB2_0530 — BAB2_0533 locus in
B. abortus 2308

Reduction of endogenougillevels inB. abortus 2308 results
in reducef-galactosidase production from alnpC-lacZ
fusion

Tha. abortus ahpCD mutant KH16 exhibits increased levels of
endogenous,8, andahpC expression compared to the
parental 2308 strain

Overproduction &tE does not reducahpC expression in the
B. abortusirr mutantBEA2

Irr binds to thérucella rbr promoter region but not to the
ahpC promoter region in a shift assay

OxyR binds to tligrucella katE promoter region but neither
OxyR nor BAB2_0530 bind to thlepC promoter region in a
shift assay

The original working model proposing that Irr directly
repressebpCD expression when cellular,B; levels are
low, but repression is relieved when cellulgd-Hevels
increase becausgdddestabilizes Irr

99

101

142

144

146

148

150

152

154

156

138



Figure 3.9  B. abortus Irr can affectahpC expression by repressing or
activating the gene encodaingpC'’s regulator or by
maintaining available iron to kespC's regulator in an
active protein conformation

158
CHAPTER 4

Figure 4.1 Th®. abortus oxyR mutant KH231 exhibits increased

sensitivity to $D,in in vitro assays, but the BAB2_0530
mutant KH112 does not

191
Figure 4.2

Th®. abortusirr mutant BEA2 exhibits a defect scavenging
both endogenous and exogenoi3 Hut the isogenic
BAB2_0530 mutant KH112 does not

193
Figure 4.3

Thé. abortus BAB2_0530 mutant KH112 displays an

increased sensitivity to endogenogs @ H,O, generated
by the redox cycler paraquat

195
Figure 4.4 Th®. abortus BAB2_0530 mutant KH112 displays an
increased susceptibility to organic peroxides 197
Figure 4.5 Th®. abortusirr mutant BEA2 exhibits an increased
sensitivity to supraphysiologic levels eOklin a broth assay 199
Figure 4.6 Th®. abortusirr mutant BEA2 is more sensitive to organic
peroxides than the parental 2308 strain

201
Figure 4.7 Predicted Irr binding sites found in promoter regions of
Brucella antioxidant genes iB. abortus 2308

203
Figure 4.8

Thé. abortusirr mutant BEAZ2 is more sensitive to paraquat
than the parental 2308 strain

206
Figure 4.9 A model depicting how Irr could be directly affectiorg
expression in response te®4in B. abortus 2308 208
Figure 4.10 A model depicting how Irr could indirectly affectBnacella
oxidative stress response

210
Figure 4.11  ahpC expression iB. abortus 2308 inversely correlates with
increasing supraphysiologic levels gdkn the mM range

212
Figure 4.12 ahpC expression does not decrease inBhabortus oxyR

mutant KH231 in response to exposure to 10 mi@H

214



Figure 4.13

Figure 4.14

Figure 4.15

A model illustrating that OxyR indirectly affeattpC
expression imB. abortus 2308 by upregulatingatE
expression whose protein will change cellula©tllevels 216

BotlB. abortus 2308 and the isolgenaxyR mutant KH231
display similar levels of catalase activity gigitioutinein
vitro cultivation 218

Th@. abortus oxyR mutant KH231 degrades 50 and 100
exogenous;B, with the same efficiency as the parental 2308
strain 221



Chapter One
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The Brucella spp. and Brucellosis
Animal Brucellosis

Brucellae are facultative intracellular pathogens that irdagide range of hosts. Hosts
include cattle, goats, sheep, dogs, and marine mammals (Murray, €2007). Animal
brucellosis causes abortion, fetal death, and genital infection gragsed from one animal to
the next through the contaminating by-products shed during an abortionilaimdy r(Corbel

2006).

The pathogenesis of brucellae within an animal is described wallbook edited by

Nielsen and Duncan called Animal Brucello§i990). Briefly, an infection begins when the

brucellae penetrate the epithelial lining of the mucosal membrdfem there, they enter the
lymph nodes, where they are phagocytosized by neutrophils and macroptegesarry the

brucellae throughout the reticuloendothelial system.

The primary site of infection is the lymphoid tissue, mammalandy and the
reproductive tract, buBrucella cells are also found in secondary sites such as bones, joints, and
eyes (Nielsen and Duncan, 1990). Male animals are also infedteel iestes, epididymis, and
other accessory sex organs. In the female reproductive tradbyucellae are primarily found
in trophoblasts, which are cells that form the outer layer ofsdadagte, which provides nutrients
to the embryo and eventually forms part of the placenta. The brucellaencagedtne placenta,
preventing the delivery of nutrients and oxygen to the fetus and rievad of waste products.
Cortisol levels increase, inducing the delivery process preefatand causing abortion. After
the abortion, the brucellae can be found in udders where theyearetesl in the milk and

transmitted to other animals.



Susceptibility of an animal is variable based on age, gender, audllgematurity, and
an infection can persist for life (Nielsen and Duncan, 1990). Theusaanimal hosts are
infected in similar ways. There are *4(bacteria found per gram of tissue of an aborted
placenta, and cows are infected by inhaling the bacteria, gettingeahfdacough the conjunctiva,
or getting infected through their udders by infected milking ctip®yer and Friedlander, 1997,
Joint FAO/WHO Expert Committee on Brucellosis 1986; Corbel 2006). pStee goats are
infected the same way but sexual transmission can also oamre{(@006). Transmission can
occur more rapidly in goats and sheep because the animals lacksand within close contact,
and becausB. melitensisis highly contagious (Corbel 2006).  Swine are primarily infebted
ingesting aborted placentas but also through sexual transmissidrel@006; Joint FAO/WHO

Expert Committee on Brucellosis 1986).

Human Brucellosis

Incidence Human brucellosis is considered the most widespread zoonotic disease in the
world with more than 500,000 new cases each year (Joint FAO/WHOtERpemmittee on
Brucellosis 1986; Corbel 1997; Pappas et al., 2006b). Incidence is muehifothe United
States: there are 100-200 cases per year of human brucéHesiHDC last reported 131 cases

in 2007 (Centers for Disease Control 2009; Pappas et al., 2006b).

The incidence of human brucellosis is directly proportional toottweirrence of animal
brucellosis, because we are exposed to the bacteria through apipradicts. The incidence
of human brucellosis is greater in countries with a higher ratmiofial brucellosis. In 2004,
Great Britain had four cases of bovine brucellosis, no caseapine/ovine brucellosis, and
only nineteen cases of human brucellosis (Oie 2010). In comparison, theirgame year

Turkey had 117 cases of bovine brucellosis, 1,980 cases of caprinddavoediosis, and over



18,000 cases of human brucellosis (Oie 2010). When the United Statlsafiva Program
eliminatedcattle infections wittB. abortus, human infections also dramatically declined (Ragan
2002). In fact, most U.S. cases of human brucellosis are now defroed B.
melitensis-infected dairy products ingested during international travel or irgdrom endemic

countries (Pappas et al., 2006b).

The incidence of human brucellosis is not evenly distributed througheutvorld.
Brucellosis-free countries include Canada, Australia, Denmarniarie, Austria, Belgium,
Switzerland, Germany, Netherlands, Norway, Sweden, France, ahbhitee Kingdom (Pappas
et al.,, 2006b). There are other parts of the world where bruseitoendemic, namely in the
Mediterranean Basin and Asia. In 2004 there were 631 casedyin7lf261 cases in Iraq,
18,264 cases in Turkey, and 29,580 cases in Syria (Oie 2010). It is comnhanetcigh
incidences of brucellosis in economically poor countries, becaase ttountries lack funds for
controlling the disease in animals through vaccination and testmy lack a consistent
infrastructure for maintaining strong public health programsh sas the requirement to
pasteurize milk products (Franco et al., 2007). Therefore, while soordries are winning the

battle against brucellosis, in other countries the disease is still a tafgerp.

Transmission Human brucellosis was first described as an occupational disease in 1964
by Boycott and Oxon (Boycott 1964). Researchers already kngwsdime that farmers often
got brucellosis by ingesting unpasteurized dairy products, but BogndttOxon noticed that
veterinarians could get the disease through accidental inaculatith the vaccine, and
slaughterhouse workers and butchers could get the disease throagjbreof the skin, through
the conjunctiva, or by inhalation. Occupations with the highest reskaachers, farmers, farm

laborers, shepherds, laboratory personnel, veterinarians, slaughéevimreers, or anyone who



works with animals and their waste products (Corbel 2006; Hoover @&utldfder, 1997; Joint

FAO/WHO Expert Committee on Brucellosis 1986).

Laboratory exposures are a common method of acquiring the diseaedUnS. (Corbel
2006; Yagupsky and Baron, 2005). Symptoms of brucellosis are brieflyilbdesas flu-like
(Murray et al., 2007; Corbel 2006). This vague analysis can lead ddotargorrectly
diagnose the illness. Cultures of the organism are often sextidatory personnel to identify
without warning that the organism may Beucella. And since ten to one hundred organisms
are sufficient to cause an infection through inhalation, laboratasppeel often do not take the

necessary precautions to prevent breathing in the culture (Pappas et al., 2006a).

In developing countries brucellosis is mostly acquired by inggsinpasteurized milk
and cheese (Hoover and Friedlander, 1997). Mammary glands of aopsraistently infected,
and the cows shed the brucellae in their milk. Anyone who rthi&scows, handles the raw
milk during transport or the pasteurization process can becomeethfecThe milk must be
pasteurized to prevent infection, but in many developing countriggupi@stion does not occur
(Joint FAO/WHO Expert Committee on Brucellosis 1986; Corbel 2006)oA@yan be at risk
in these countries. Meat is not often a cause of infection be@aigseooked. However, it

should be noted that muscle tissue can contain low concentratiBngcelia (Corbel 2006).

Pathogenesis and symptamsOnce a human is infected, the brucellae are engulfed by

neutrophils, dendritic cells, and macrophages (Fugier et al., 2007; Feanab, 2007).
Neutrophils are the first immune phagocytes to engulf the bagcddut neutrophils do not have
a long life span and therefore do not make an ideal host. Magephphagocytize the

brucellae and are able to kill 80-90% of the bacteria within the first couple o (feugier et al.,



2007). Unfortunately, since some of the brucellae survive, the mage@mnas up being the
ecological niche for the brucellae, and the macrophage cdheebrucellae to the lymphoid
tissue, allowing the brucellae to enter the lymph nodes, spleen, hinanmary gland, joints,
kidneys, and bone marrow (Hoover and Friedlander, 1997; Ko and S@a63; Fugier et al.,

2007).

Brucellosis is a severely debilitating disease (Francd.,e2@07). Symptoms are often
nonspecific: fatigue, malaise, night sweats, backache, mudobs,aceight loss, depression,
and anorexia (Murray et al., 2007; Hoover and Friedlander, 1997; Joint RAQ/@kpert
Committee on Brucellosis 1986; Sauret and Vilissova, 2002; World hegl#mination 1997).
The hallmark symptom is an undulant fever. Symptoms typicallyfdaghree to six months,
but can occur for a year or more. Since the brucellae infectythphoid tissue, many
complications can occur in these organs. Ten to thirty percent tigihisasuffering from
brucellosis get splenomegaly and ten to seventy percent get imegaly (Hoover and
Friedlander, 1997; Franco et al., 2007). Other complications include g&i#BNmMeningitis,
spondylitis, arthritis, and neuropsychiatric symptoms such as depredseadache, and
irritability (Cutler et al., 2005). Endocarditis is a rare coogilon, but eighty percent of

endocarditis cases dueBoucella infections cause death (Hoover and Friedlander, 1997).

Diagnosis and treatment Diagnosis can be tricky because human brucellosis isrrare

the United States, symptoms are non-specific, Bnatella grows slowly in blood cultures
(Franco et al., 2007). The most important diagnostic tool is a defzaleent history (Sauret
and Vilissova, 2002; Hoover and Friedlander, 1997). Brucellosis should becteaspe

individuals who work in laboratories witBrucella or with animals, who travel to endemic

countries, and who ingest unpasteurized milk products (Franco et al., 2007)986, the



World Health Organization recommended treating human brucellosis daxycycline in
combination with either rifampicin or streptomycin for six week%his is still the standard
regime except that gentamicin can replace streptomyciag/t al., 2007; Murray et al., 2007).
Children and pregnant women receive trimethoprim-sulfamethoxdaolsix weeks (Corbel
2006). The prophylaxis regimen for potentially exposed people isrtdogeally test the
individual for Brucella antibodies and to administer antibiotics. The antibiotic regimarbea
a full six week course of antibiotics or doxycycline for one wiedlewed by a combination of

doxycycline and rifampin for three weeks (Corbel 2006; Murray et al., 2007).

Since the brucellae reside in an intracellular niche, theyimagffect hide from the
immune system while in their host, because they do not come inta daetract with other
phagocytes, B and T cells, and antibodies (Fugier et al., 2007). THBhkissnthe relapse rate
rather high after an oral antibiotic treatment (10- 20%) (Fraetcal., 2007). It is generally
recommended that patients be serologically tested for dtdeasyear after symptoms decline

(Yagupsky and Baron, 2005; Hoover and Friedlander, 1997).

A Biowarfare Agent

Brucella is one of the top five bacteria that would make an effective bi@dbgiarfare
agent (Eitzen 1997; Robinson-Dunn 2002). Features that make a bacterigffeetive
biological warfare agent are the ability to cause ind#gtangy effects in humans, ease of
dissemination as an aerosol, stability while maintaining viruleafter production, and
susceptibility of the intended victims to it (Robinson-Dunn 2002; Pappak, €006a). The
Brucella species have many of these features. Brucellosis is intatpay, the bacteria can

infect through inhalation with a low infectious dose, there is no huraacine, the disease is



difficult to treat, and since brucellosis is rare in developed castphysicians tend to

misdiagnose cases of brucellosis (Pappas et al., 2006a).

Brucella suis was the first biological agent weaponized by the U. S. (Papéhs 2006a;
Smart 1997). In 1945, Camp Detrick near Frederick, Maryland inoculatey@nc eggs with
Brucella suis for test studies. Also in 1945, Pine Bluff laboratories in Arksngare producing
and filling bombs withBrucella suis (Franz et al., 1997). In the 1950’s, Dugway Proving
Ground, Utah standardized the M33 bomb, which held over 34 liteBsusklla suis culture
(Smart 1997). By 1964, research programs began to change toofobislogical agents that
would incapacitate but not kill people. This meant that more rdseant to studying how
Brucella could be used as a biological warfare agent (Franz et al., 1997). In Fi@88&]ent
Nixon disbanded the biological weapons program and limited funding to defeasearch only.
So for the time being—in the United States—Breacella species are not being developed as a
biological weapon. However, there is plenty of evidence thatestiggdRussia, North Korea,
China, and Irag are developing biological weapons (Caudle 1997). And sostill ia
legitimate concern that thBrucella spp. will be used as a biological weapon to incapacitate

unvaccinated U. S. soldiers and citizens.

Oxidative killing of the Brucella spp.

Oxidative burst of the macrophage

When the brucellae enter host macrophages through an opsonic routactitiate the
oxidative burst. Below is a description of how the oxidative burst scend the susceptibility

of the brucellae to the reactive oxygen species that the burst produces.



NADPH oxidase. A macrophage is activated by cytokines (lf-ldnd TNFe), or the

binding of bacterial cell components (LPS and peptidoglycan), natwedlyrring sugars and
proteins (zymosan and phospholipase C), and some compounds used in research (phorbol
myristate acetate) to macrophage receptors (Pick 1986; Jamaks E398; Ding and Nathan,

1987; Goldberg et al., 1990; Ding et al., 1988; Murray et al., 1985). Onsated; the

Reaction 1. NADPH oxidase reaction | macrophage responds in 30 — 60 seconds by

2 O; + NADPH-> 2 O + NADP" + H" | passively diffusing molecular oxygen from the

cytosol to the phagosome through a membrane flavocytochrome calleBHAKidase (Babior
1978; Pick 1986; Flannagan et al., 2009; Gabig et al., 1978; Root and Cohen, 19819a0ar
Sbarra and Karnovsky, 1959). The NADPH oxidase is an enzyme taizesa the production
of superoxide (@") by transferring an electron from NADPH to oxygen and relga®,*~ into

the phagosomal lumen (reaction 1) (Gabig et al., 1978; Flannagan et al., 2009).

Damage caused by reactive oxygen species (ROSy~ damage may be limited,

because its negative charge prevents it from crossing meesbf&oot and Cohen, 1981).
Nevertheless, & can react with unsaturated lipids in the membranes and produce lipid
hydroperoxide radicals (Missall et al., 2004). ,»»Ocan also release iron from iron-sulfur
clusters and oxidize thiol groups on cysteine and methionine amino @dsg disulfide

bridges and methionine sulfoxides (Missall et al., 2004; Dubbs and Mongkolsuk, 2007).

Reaction 2. Production of peroxynitrite Oz” can also readily react with

NOs + O > ONOO- other compounds forming more reactive
Reaction 3. The dismutation of superoxide and toxic species. Superoxide and nitric
200 +2H 2> O+ HO, oxide react to form peroxynitrite (reaction

2); superoxide accepts protons to form hydrogen peroxide (reactidradjuez-Torres et al.,



2000; Babior 2004; Hassett and Cohen, 1989; Dubbs and Mongkolsuk, 2007; Root and Cohen,

1981). Superoxide can also form hydroxyl radical by reacting with hydrogexige (reaction

4) and organic molecules (reaction 5)
Reaction 4. The Haber-Weiss reaction
(Babior 2004; Tauber and Babior, 1977;
O™+ H)O>, > OHe + OH™+ O,
_ ) ) Hassett and Cohen, 1989; Dubbs and
Reaction 5. Production of hydroxyl radical fron

organic peroxides and superoxide Mongkolsuk, 2007; Root and Cohen,

—

ROOH + Q¢ = OHe + RO™ + O 1981). Therefore, although,© is not

considered a highly stable ROS, it can form downstream oxidizexgtsathat have lethal effects

(Hassett and Cohen, 1989).

Hydrogen peroxide (bD.)is generated by either spontaneous or enzymatic dismutation
of Oy~ (reaction 3, Pick 1986). This reaction is so favorable that eigbtgent of the
superoxide formed from NADPH oxidase becomes hydrogen peroxide §Raddetcalf, 1977).

The resulting estimate is that 100 nMQ4accumulates inside the phagosome (Jang and Imlay,

2007).

H,O, can cause cellular damage in a variety of ways,O,Hwill directly oxidize
iron-sulfur clusters and thus inactivate any enzyme requiringdhecofactor for activity. An
example is HO, inactivating the iron-sulfur cluster of isopropylmalate iscase, an enzyme
found in the leucine biosynthesis pathway (Jang and Imlay, 2007). @ehgdratases with
iron-sulfur clusters—such as fumarases A and B and 6-phosphogluconateatide—are also
sensitive to HO,. Additionaly, hydrogen peroxide will oxidize methionine and cystei

residues (Jang and Imlay, 2007).
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Hydrogen peroxide reacts with ferrous iron to form hydroxyl @di©He) in what is

known as the Fenton Reaction (reaction p)Reaction 6. The Fenton Reaction OHe

is a highly unstable compound that reagtE€” + H0, > OHs + OH™ + Fe*®

instantly with organic molecules (Babior 1978; Hassett and Cohen, 198%s c@uses
single-strand DNA breaks and oxidizes lipids, carbohydrates, andnsrdt¢assett and Cohen,
1989). Because of its high redox potential (+2.38V), OHe damage ocbherswer it is formed
(Dubbs and Mongkolsuk, 2007), and this ROS is especially dangerous t¢teaurma, because

there are no enzymatic antioxidants that can remove it before damage occurs

Susceptibility of theBrucella spp. to oxidative killing by the macrophagéie Brucella

spp. are susceptible to the oxidative burst of host macrophages, wbditcegs an exogenous
source of reactive oxygen species (Jiang et al., 1993). If methylenerbklecton carrier that
produces intracellular superoxide, is addedBrtaicella-infected J774A.1 macrophages, the
killing of the brucellae is enhanced by one log. However, if e dismutase or catalase
(detoxifies superoxide and hydrogen peroxide, respectively) isdattdthe macrophages, then
recovery of the brucellae is enhanced by one log. If manaitoydroxyl radical scavenger, is
added to theéBrucella-infected macrophages, then there is a greater recove4 habdurs post
infection (Jiang et al., 1993). These data suggest thaBrieella spp. are susceptible to
superoxide, hydrogen peroxide, and hydroxyl radical, and that th@§& d®ntribute to the

brucellacidal activity of the macrophage.

Oxidative killing of the brucellae within the macrophage is furtbehanced if the
macrophages are activated by Ik the brucellae are opsonized with IgG (Jiang et al., 1993;
Sun et al., 2002; Liautard et al., 1996; Harmon and Adams, 1987; Roop et al., 2004). One study

compared the survival @. abortusin two different macrophage-like cell lines (Sun et al., 2002).
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One cell line, J774.16, produces superoxide when activated withy;IfNe other cell line,
J774.D9, lacks the gene that encodes the§i¥9Bubunit of the NADPH oxidase and therefore
cannot produce superoxide. Without IkFNeatment, the same amountBriicella survived in
each macrophage cell line. However, the addition of yFjeatly enhanced killing in the
J774.16 cell line. Sd. abortus is susceptible to IFN-activation of NADPH oxidase inside

the macrophage.
Oxidative killing due to aerobic metabolism

The Brucella spp. have to produce antioxidants to survive the oxidative burst produced
by the macrophage. But the brucellae also require these datitxito scavenge the

endogenous ROS the bacteria produce during aerobic metabolism.

Where Q- and BO, are produced in the bacterial cellRespiring bacteria produce
superoxide as a by-product of aerobic metabolism. This production ancding cytoplasmic
side of the inner membrane and is generated primarily fromepratory chain (75%) (Imlay
and Fridovich, 1991). NADH dehydrogenase |l producgs &y directly transferring an electron
from NADH to molecular oxygen (Messner and Imlay, 1999). Itisneded that individuak.
coli cells produce 4-5 uM/s & when growing in glucose-containing rich medium and 3 pM/s
O, in a minimal medium (Imlay and Fridovich, 1991). Since toxicityuos when @~ levels
reach 1 nM, it is important fdg. coli to have antioxidants that can rapidly detoxify superoxide
(Gort and Imlay, 1998). Superoxide dismutase activity restrigfs @cumulation to 200 pM

in E. coli (Imlay and Fridovich, 1991).

The fact thatE. coli produces a periplasmic superoxide dismutase suggests that

superoxide is made, at least to a small degree, in the peripldsns theory is derived from the
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fact that superoxide made from the respiratory chain is producdteaytoplasmic membrane
entering into the cytoplasm, and because of its anionic charg@nitot cross the inner
membrane into the periplasm. Periplasmic superoxide levetsaneated to be small, because
only ten percent of endogenous@] is made in the periplasm (Seaver and Imlay, 2004).

Currently, researchers do not know the source of superoxide in the periplasrienabeglls.

Hydrogen peroxide is also directly made from the respiratdmgin by NADH
dehydrogenase |l (Gonzéalez-Flecha and Demple, 1995; Messnankay] 1999). The flavin
cofactor has the ability to transfer two electrons to molecoiygen and thus form J@,
(Messner and Imlay, 1999). ,8;can also be formed by the dismutation of superoxide (Seaver
and Imlay, 2004). E. cali cells grown in rich media form an estimated 15 pM©HImlay
2008). Since DNA mutagenesis occurs when the bacterial cell is expgose uM HO,, it is
important forE. coli to have antioxidants that can rapidly removw®¥krom the bacterial cell

(Imlay 2008).

Brucella enzymes that produce,&, and Qe~. B. abortus produces homologs of the

proteins that generate intracellulag*Oand HO, in E. coli. B. abortus 2308 produces the
components of the NADH dehydrogenase 1l complex (also known as gecdetaydrogenase)
SdhB, SdhA, and SdhC (encoded by BAB1 1900, BAB1_ 1901, and BAB1 1902 respectively)
(Chain et al., 2005). Since NADH dehydrogenase Il is the pris@uyce of endogenous,©

and HO; in E. coli (Messner and Imlay, 1999), this may be the primary source of endogenous
ROS inB. abortus. O, is also generated from fumarate reductasg.iooli (Messner and
Imlay, 1999), but this enzyme is not presenBirabortus 2308. HO-is generated from sulfite
reductase, fumarate reductase, and NadB. icoli (Messner and Imlay, 1999; Korshunov and

Imlay, 2010). There are two genes in Bieabortus 2308 genome sequence that are predicted
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to encode a sulfite reductase, BAB1 0181 and BAB1 1304,,6p dduld be produced from

these enzymes.

B. abortus 2308 also produce enzymes that are vulnerable to oxidative damage lopuse
H,O,and Qe~. In E. coli, O+~ has been shown to damage dihydroxyacid dehydratase, and
H,O, has been shown to damage isopropylmalate isomerase, fumarases B, aand
6-phosphogluconate dehydratase (Jang and Imlay, 200B). abortus 2308 produces
dihydroxyacid dehydratase (BAB2 0294, BAB1 0096), fumarase C (BAB2_0186),
isopropylmalate isomerase subunit gehasC (BAB1 1905) andleuD (BAB2_0353), and
6-phosphogluconate dehydratase subunit genes BAB2_ 0109 and BAB1 0969. rd i® ha
predict whether thdérucella spp. would be more sensitive to endogenous ROS Ehanoli
would. Any flavin protein can be oxidized bysOand HO,(Jang and Imlay, 2007), so it is
difficult to estimate how many proteins produced by the bruceltaevulnerable to oxidative
damage. To this author’s knowledge, no studies have been published thaterteav much
O,*~ and HO,the brucellae can be exposed to before DNA mutagenesis occurseforl, we
do not know yet if théBrucella spp. are more or less susceptible tBanoli to oxidative DNA

damage.

Known Brucella H>O, detoxifiers

Analysis of theBrucella abortus 2308 genome reveals the presence of five genes that are
predicted to encode antioxidants that can detoxiiyOH (Table 1.1): catalase, alkyl

hydroperoxide reductase, bacterioferritin comigratory proteiol garoxidase, and rubrerythrin.
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The following discussion will review the literature on two of thesatalase and alkyl

hydroperoxide reductase.

Catalases

Properties of catalase enzyme<atalases are unifunctional; their only function is to

catalyze the degradation of peroxides into water and oxygeni¢oredgt(Loewen 1997). The

Reaction 7. The catalase reaction

2H0, 2> 2H0 + G

kinetics of these enzymes make catalases

efficient scavengers of #,, and so they are

ubiquitous throughout the microbial world.

Catalases have been purified from Gram-negative bacteria,-@rsitive bacteria, and archaea.

They are also well characterized in yeast and other eukaryotic cedie/én 1997).

There are three types of catalases:

non-heme, Mn-containing catalases.

monofunctional catatataelase-peroxidases, and

Monofunctional catalases ondedgrdrogen peroxide,

while catalase-peroxidases have the additional activity of dgtogibrganic peroxides (Loewen

1997). Both monofunctional catalases and catalase-peroxidases heasanie two stage

Reaction 8. The two-part enzymatic reaction catalyzed by
monofunctional catalases and catalase-peroxidases (Swital

Loewen, 2002).

(1) Catalase-Fé + H,0, > Catalase-Fé=0 + H,0

enzymatic reaction for
aL%i%%rading hydrogen peroxide

into water and oxygen

(2) Catalase-Fé=0 + H,0, > Catalase-F& + H,0 + O (Reaction 8). 1O, directly

2HO0; 2 2HO0+ O

oxidizes the iron molecule in

the heme in catalase and produces water and an oxidized cattdasediate. Then a second

H,O, reduces the catalase intermediate and produces oxygen and another watée molec
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Mn-containing catalases are the rarest of the three typesr@amhlg found in bacteria.
These catalases do not contain heme molecules; instead they agdimammganese in the
catalytic center. The two-part enzymatic reaction is iiffefrom the other types of catalases,
but the overall reaction is the same: the enzyme degradebyivogen peroxide molecules

and produces two waters and one molecular oxygen (Reaction 9).

Reaction 9. The two-part enzymatic reaction catalyzed by Mn-contaiaialgses
(Chelikani et al., 2004).

(1) Catalase-MhMn" (2 H) + H,0, - Catalase-MH-Mn" + 2 HO

(2) Catalase-MH-Mn"" + H,0, > Catalase-Mh-Mn" (2 H) + O,

2HO, 2 2HO0+ 0O

Catalase enzymes have impressive kinetics for detoxifyis@.H They only follow
Michaelis-Menten kinetics when ,B, concentrations are low (Chelikani et al., 2004; Switala
and Loewen, 2002). Otherwise, catalases never become saturatadidgycally relevant
levels of HO, because hydrogen peroxide acts as an oxidant and a reductaratdlases
(Reactions 8 and 9) (Switala and Loewen, 2002). Thus, the higher thenttatice of HO,,

the better the enzyme works.

The Brucella catalase B. abortus produces one catalase, KatE. KatE is a

monofunctional catalase and functions as a 55 kDa tetramer (Sha ¥194). Despite being
exported into the periplasm, KatE does not have an amino-termgmal Sequence (Sha et al.,
1994). The kinetic potential d3. abortus KatE is the same as other catalases: it does not
follow Michaelis-Menton kinetics and does not reach saturation (Risbha and Huddleson,
1953). The concentration of,8, needed for thdB. abortus KatE to reach 50% of its full

activity (the “apparent” Km) is 174 mM (Switala and Loewen, 2002)his is relatively high
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compared to th&. coli KatE (64 mM) and to one of thé. campestris catalases (77 mM), but
not as high as other catalases (the KnBofragilis KatB is 279 mM) (Switala and Loewen,
2002). This means that th8. abortus KatE protein can detoxify supraphysiologic
concentrations of }D,. IndeedpB. abortus katE mutants are hypersensitive to millimolar levels

of H,O, compared to the parental strain (Kim et al., 2000; Gee et al., 2004).

The addition of exogenous catalase enhances brucellae's survivel miacrophages
(Jiang et al., 1993). Since catalase only degrad€s, khese data show that®: decreases
brucellae survival within its host. KatE, however, is not requiregdovival of these bacteria
within the animal host B. abortus katE mutants are as virulent as wild-type in mice, &d
melitensis katE mutants are fully virulent in goats (Sangari and Aguero, 1996;eBal., 2004).
Therefore, theBrucella spp. can still survive exposure te® from the respiratory chain and
from the macrophage without its sole catalase, which suggeabbrtus have other mechanisms

of detoxifying HO..

Alkyl hydroperoxide reductase

AhpC enzymatic mechanism and structuReroxiredoxins are enzymes that reduce

peroxides into alcohols or water (Reaction 10) (Hofmann et al., 2002¢ ekoal., 2003; Wood

et al., 2003). These proteins do not use cofactors likedfeMn'*? or prosthetic groups like

heme. Instead, peroxiredoxins use
Reaction 10. The peroxidase-catalyzed reaction
(Imlay 2008) redox-active cysteine residues to reduce
RH; + H0, > R+ 2 HO peroxide molecules (Hofmann et al., 2002;

Flohé et al.,, 2003). Peroxiredoxins are ubiquitous: they are found in, ydast cells,

mammalian cells, archaea, and bacteria (Wood et al., 2003). Mostlyirpdooans function in
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the cytosol of eukaryotic and prokaryotic cells, but they canl@simund in the mitochondria,

chloroplast, and peroxisomes of eukaryotic cells (Wood et al., 2003).

The bacterial &yl hydroperoxide reductase, AhpC, is a ubiquitous enzyme described as

a typical 2-Cys peroxiredoxin (Dubbs and Mongkolsuk, 2007). Typical 2p€ysxiredoxins
function as homodimers arranged in a head-to-tail arrangemehey dontain a cysteine in
their amino-terminus that is called the “peroxidatic cystein&.his cysteine is conserved in a
V-C-P motif and becomes oxidized to a cysteine sulfenic acatttyrby the peroxide molecule
(Hofmann et al., 2002; Wood et al., 2003). The second cysteine is callétesiodving
cysteine,” and it forms an intramolecular disulfide bond with thexpeatic cysteine sulfenic
acid. Figure 1.1 illustrates the enzymatic reaction for Ahp@ane detail. In this example
hydrogen peroxide is the substrate. ,Obl reacts with the peroxidatic cysteine in the
amino-terminus of AhpC to form a sulfenic acid. = The resolving cysteinsedf@d monomer
reacts with the sulfenic acid in the first monomer to form raarinolecular disulfide bond.
Two water molecules are released. Next, a second substratijaase, interacts with AhpC
to reduce the disulfide bond and regenerate AhpC to the reduceddabhs(and Mongkolsuk,

2007).

In some bacteria, AhpC is reduced by AhpD. AhpD functions as artimboth its
reduced and oxidized states (Nunn et al., 2002; Bryk et al., 2002). Each $asutvito redox
active cysteine residues that make up a C-H-S-C motif (Koshkih,e2004). These cysteine
residues reduce the disulfide bond in oxidized AhpC. When AhpD oligomerizes intartbg tri
the cysteines are located in a central cavity where tleegamily accessible to AhpC (Nunn et al.,

2002).
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Reduction of thevl. tuberculosis AhpC by AhpD uses two other proteins, both of which

belong to then-ketoacid dehydrogenase complex. These proteins are Lpd (dilppduoiide

: : dehydrogenase) and SucB
Reaction 11. The electron transfer procession necessary to

reduce AhpC dimers. (dihydrolipoamide

NADH - Lpd = SucB-> AhpD - AhpC > ROOH/H0; succinyltransferase).
(Bryk et al., 2002)

Reaction 11 illustrates that

electrons are passed from NADH to Lpd to SucB and then to AhpD. WnaD reduces the
disulfide bond in oxidized AhpC, AhpD becomes oxidized, having its own disulitael
between its cysteine residues. AhpD requires Lpd and SucB farti@dgo it can be reset to

reduce more AhpC dimers (Bryk et al., 2002).

B. abortus AhpCD. The genes designated as BAB2_0531 and BAB2_ 0532 iB.the

abortus 2308 genome sequence are annotateahp€ andahpD, respectively. The putative
Brucella AhpC shares 47% amino acid identity with Mgcobacterium tuberculosis AhpC, and

the C61, C174 and C176 residues that have been shown to be importantityriadhe latter
protein (Hillas et al., 2000; Chauhan and Mande, 2002) are conserved as C57n€CCAT & in

the Brucella AhpC ortholog. Likewise, th®&rucella AhpD displays 44% amino acid identity

with its Mycobacterium tuberculosis counterpart, and amino acid sequence alignment indicates
that the C131 and C134 residues in this protein are equivalent to the @1 ¥133 that are
required for the activity of the mycobacterial AhpD (Brykakt 2000; Hillas et al., 2000). The
Brucella ahpC andahpD are encoded in an operon and both genes are transcribed from the same
promoter (Seleem et al., 2008). Currently, there is little infoom&nown about th@&rucella

AhpCD.
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Bacterial regulators of ahpC and kat genes

OxyR

OxyR properties OxyR was first discovered in 1985 whEncoli and S typhimurium

researchers discovered that exponentially growing cells gt &l small amounts of @, (60
pHM) and later resist killing by a lethal amount ofQ4 (10 mM). Adaptation does not occur
when the bacterial cells are treated with chloramphenicol td piatein synthesis. These data
suggest that the bacteria are responding to the low dosesQafbi synthesizing proteins
capable of detoxifying lethal amounts ob®3 (Christman et al., 1985). Two dimensional
protein gel electrophoresis revealed that the production of thirtgipsois elevated by the
pretreatment, and the genes of nine of these are activatedroies mamed OxyR (Christman
et al., 1985). Thé&. coli andS. typhimurium OxyR proteins (both 34.4 kDa) differ by only one
amino acid, V234 (Christman et al., 1989), and b@yR mutants are more sensitive than
wild-type to hydrogen peroxide, cumene hydroperoxide, tert-butylopgidoxide, menadione,
and heat exposure (Christman et al.,, 1985). ®kd@gR mutant also has increased DNA
mutagenesis during aerobic growth because of an increasedatiogi damage (Storz et al.,

1987).

OxyR belongs to the LysR family of transcriptional regulator§hese types of
regulators share similar structures and have similar propdf@iehell 1993). There are four
characteristics that most LysR-type regulators share (St®@8). The first characteristic is
that the protein is responsive to a coinducer. The second ishéhatysR protein will bind
DNA whether or not it binds to the coinducer. The third characterssthat the gene encoding

the LysR-type regulator is divergently transcribed from onesdofartget genes. The promoters
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of the gene encoding the LysR-type regulator and of the taeget gre either very close or
overlapping. The final characteristic is that most LysR-tyggpilators negatively autoregulate

their own transcription (Schell 1993).

OxyR has been studied in many bacterial species, but theityjabthe OxyR research
has been done i& typhimurium andE. coli (Christman et al., 1985). These OxyR homologs
have the structural properties of LysR-type regulators: the-tuen-helix motif (HTH) is in
the amino terminus, and the response domain is in the middle ofdteenpand the carboxy
terminus. Five amino acid residues in the HTH have been iden#Bedritical for OxyR
binding to DNA (R4, Y8, A22, P30, and S33) (Paget and Buttner, 2003). C199 and €208 ar
essential for oxidation and activation of OxyR (Kullik et al., 199%er#y et al., 1998). D142
and T238 are necessary for the ability of OxyR to activatesdrgption by binding to RNA

polymerase (Paget and Buttner, 2003).

The E. coli OxyR binding site was determined as four ATAG motifs eagamated by
seven base pairs, and each motif is on a major groove in the DNABiskenstark et al., 1996).
At first, researchers had trouble identifying the OxyR binditggy@n DNA. Using competition
assays, OxyR was shown to bind with equal and high affinity talifferent promoters of its
known target genes despite there being no apparent consensus sddaeaglia et al., 1989;
Tartaglia et al., 1992). The only similarity between OxyR binding setesied to be that OxyR
binds directly upstream of the -35 sites of various target gene pronfeigpree(1.2) (Tartaglia et
al., 1989; Tartaglia et al., 1992). There must be some spegciticdygh, because OxyR
does not bind to the promoters of nontarget genes (Tartaglia et al.,. 1998ally, the
researchers realized that OxyR did not have a consensus nucssafigence for its binding site,

but rather a “pattern” motif. OxyR binds to the four ATAG mofifable 1.2) in most bacteria.
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The one exception is in thdycobacterium spp. In these bacteria, the OxyR binding site is a

palindrome sequence, cTTATCgge-bccGATAAg (Dhandayuthapani et al., 1997).

OxyR activation OxyR function correlates to its oxidation state. Trueh® ltysR

characteristics, though, OxyR binds to DNA no matter what cormdoom its structure is in
(Storz et al., 1990). When OxyR is in a reduced form, it is imactivated state (Storz et al.,
1990). This reduced form will bind to two major grooves in the DNA, tyrempstream of the
-35 site in the promoter of its target genes, but it cannot bind to piiAnerase and therefore

transcription will not be induced (Tartaglia et al., 1989; Tartaglia et al., 1992).

OxyR is primarily activated by hydrogen peroxide (Aslunchlet 1999; Zheng et al.,
2001), but it can also be activated by nitrosylation, although to erldegree (Hausladen et al.,
1996). OxyR can be activated in the absence of oxidants when céftiglalevels increase,
which suggests that OxyR can respond to the redox state of thedbasteplasm (Aslund et al.,
1999; Pomposiello and Demple, 2001). OxyR is activated through amino siddereysteine
199. Some believe that this is all the modification required teaaetOxyR (Kim et al., 2002).
However, most researchers believe that this is just an ietkate form of OxyR that causes a
necessary conformational change so C199 can form an intramoleculéidelisohd with C208
(Imlay 2008; Zheng et al., 1998; Mongkolsuk and Helmann, 2002). This disulfide bloicti, w
has been seen in crystallization models, causes another signdfinactural change in OxyR,
allowing OxyR to bind to four major grooves in the DNA and letthxyR bind to thex-subunit
of RNA polymerase (Toledano et al., 1994; Tao et al.,, 1993). Afteroxidative stress

subsides, OxyR is then re-reduced by glutaredoxin or thioredoxin (Zheng et al., 1998).
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It is important to note that oxidative stress does not activgiession obxyR or induce
protein synthesis of OxyR. Induction of the OxyR regulon is purelytdumodification of
preexisting OxyR (Storz et al.,, 1990). So in the absence of wadstressE. coli growing
cells produce OxyR, but it remains in the inactivated, redued @omposiello and Demple,

2001).

OxyR requlation The many genes th&. coli OxyR regulates can be divided into

subcategories: genes whose products detoxify ROS, genes whosetpra@umvolved with
re-reducing OxyR, and genes whose products control iron metabtdisprevent Fenton
chemistry. E. coli OxyR activates expression ahpC and katG; the gene products of both
detoxify hydrogen peroxide (Christman et al., 1983. coli OxyR also activategorA and
grxA, which encode for glutathione reductase and glutaredoxin, respgctivebrA and GrxA
re-reduce OxyR, thus creating an autoregulatory feedback loop (@dmigt al., 1985; Zheng et
al., 2001). Also OxyR will repress its own transcription creadngther negative feedback

loop (Christman et al., 1989).

Many gene products of tHe. coli OxyR regulon are involved with preventing Fenton
chemistry. OxyR activatedps, which encodes a DNA- and iron-binding protein that protects
DNA by sequestering iron and preventing it from reactinthwi,O, (Altuvia et al., 1994).
OxyR also activates theuf operon (Zheng et al., 2001). Suf proteins are involved with
iron-sulfur cluster assembly and repair and thus will repaidatively damaged proteins.
OxyR induceshemH, whose gene product incorporates iron into a protoporphyrin ring to make
heme. Since the iron is being used, it is unavailable to redtctHy@, in Fenton chemistry
(Zheng et al., 2001). OxyR also activatess(Zheng et al., 1999). Fur represses iron uptake

genes when cellular iron levels are high. Since Fur functidgrenvbound to iron, the iron is
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again not available to react with,®. E. coli OxyR also activatesintH during HO, exposure
(Anjem et al., 2009). MntH is the major manganese transportér ¢ali and is required for
survival during peroxide stress. Manganese can substitutedioras a cofactor in some
metalloenzymes and this reduces the iron requirement and limitsairailability for Fenton
chemistry (Anjem et al., 2009). And so, tBecoli OxyR not only activates ROS scavengers,
but also activates genes whose gene products are involved with prgvant repairing

oxidative cellular damage.
Iron responsive regulators

Zheng et al.(1999) wrote, “...iron metabolism is coordinately regulated with the
oxidative stress defenses [ coli].” This coordinated regulation occurs in many bacteria,
because iron contributes to oxygen toxicity. Fenton chemistry isedefis the reaction of
ferrous iron and hydrogen peroxide to form hydroxyl radical. drelyyl radical instantaneously
reacts with all cellular macromolecules, causing proteing,lighd DNA damage (Babior 1978;
Hassett and Cohen, 1989). In fact—as one will see—the productiordiaixlyl radical is so
damaging to bacterial cells, that bacteria have regulatorynskdfeto keep iron levels and

hydrogen peroxide levels simultaneously low.

Bacteria need to keep cellular iron levels low to prevent Fentonistngrand oxidative
damage, but they require iron as cofactors for some antioxidants. Whetiohal catalases and
catalase-peroxidases require heme as a cofactor (Loewen 1%8the contains iron. SodB,
the Fé%containing superoxide dismutase, obviously requires iron for actividellular iron
levels also impact SodA, the Mrcontaining superoxide dismutase, becausé&’Ndacomes the

cofactor for many enzymes when iron levels are low (Anjem et al., 2009).
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Many bacteria use Fur, therfic-uptake egulator, to keep iron concentrations at an
appropriate level. If iron levels are high, Fur represses genese gene products are involved
with iron uptake because the bacterium does not need any more ifamon Iévels are low, Fur
becomes inactive, and the Fur repression on these genesvsddfi@uati 2000). One way
that the oxidative stress and iron regulatory mechanisms arevingt is through Fur. Fur
affects the expression of many antioxidants. Agmobacterium tumefaciens Fur activatekatA
expression causing a 30% increase in catalase activity, but wetdknow if Fur directly
activateskatA expression (Kitphati et al., 2007). Fur also affects which SOésl inE. coli.
When iron is available to bind and activate Fur, Fur will indiyeattivate the expression of
sodB (FeSOD) through the small RN&hB and directly repress expressionsotlA (MnSOD)

(Touati 2000; Touati et al., 1995; Varghese et al., 2007).

Thefur gene is often part of an oxidative stress regulon.E. coli, OxyR activatesur
in response to D, (Zheng et al., 1999). So kA coli, if H,O,levels are high, the bacterium
responds by increasing Fur levels, so that if iron levelsa@ high, the cell can immediate

respond through Fur to decrease iron-uptake and prevent iron availability for Eeaioistry.

The Fur-like protein, PerR, is a regulator that responds concomitankligh iron and
high HO, levels. PerR exists in two forms: one that bind& &ed one that binds Mh (Lee
and Helmann, 2006). PerR-Fe is obviously responsive to cellulareveis]) but PerR can still
function as a repressor even when iron levels are low within thertzaell, because it can
function when bound to MA. The iron-bound form of PerR is inactivated byOpl (Herbig
and Helmann, 2001). Since PerR activity is affected by both iron gDg His well-suited to
control the expression of genes whose gene products are involved antmétabolism and

oxidative stress. IBacillus subtilis, the PerR regulon consists of oxidative defense genes such
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as katA andahpC and the iron metabolism genes includhemAXCDBL (heme biosynthesis),
fur, perR, and mrgA (iron-binding dps homolog) (Helmann et al., 2003). &aphylococcus
aureus, PerR controls expression of the oxidative defense detwsahpC, bcp (bacterioferritin
comigratory protein)andtrxB (thioredoxin B). PerR also controls the expression of the iron
metabolism genefsn (ferritin), mrgA, andperR (Horsburgh et al., 2001). PerR contrsddA in
Streptococcus pyogenes and ahpC and katA in Campylobacter jgjuni (Ricci et al., 2002; van
Vliet et al.,, 1999). And so, the iron-responsive regulator PerR corttielseexpression of

oxidative stress genes in many bacteria.

Another Fur-like regulator found in theproteobacteria is Irr. Irr is defined as aoni
responsive @gulator that regulates genes whose gene products are involred metabolism
(Hamza et al., 1998). Active heme biosynthesis causes Irr degradacause the heme bound
to ferrochelatase deactivates Irr (Qi et al., 1999). Since iron is ia,Hamns described as being
iron-responsive indirectly through heme biosynthesis (Yang et al., Z00&; al., 1999). Irr is
also responsive to @, exposure. IB. japonicum, H,O, will oxidize the carboxy-terminus of
Irr in the presence of heme and oxygen and cause Irr degra@dang et al., 2006). Thus Irr
degrades in response to high levels gDHand iron, both of which are the reactants of Fenton

chemistry (reaction 6).

In summary, iron contribures to oxygen toxicity through Fenton chemisirg.prevent
this, bacteria use iron-responsive regulators and oxidative stgedators concomitantly to keep
iron and HO, cellular levels low enough to minimize hydroxyl radical forimat Therefore,
when examining the regulation of iron metabolism genes, reseastimrkl include OxyR as a
potential regulator. Likewise, when examining the regulation ebxdant genes, researchers

should study the effects of Fur and Fur homologs such as PerR and Irr.
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Potential B. abortus oxidative stress regulators

The putativeBrucella antioxidants KatE, AhpCD, Bcp, Rbr (rubrerythrin) and Tpx (thiol
peroxidase) may all degrade hydrogen peroxide. Therefore, thewlinlby members of the
same oxidative stress regulon B abortus. Currently, the only known oxidative stress
regulator inB. abortus is OxyR, but evidence suggests this is not the primary oxidatress
regulator (see below; Kim and Mayfield, 2000). There are figgulators that affect
antioxidant genexpression in other bacteria that are encoded iB.thbortus genome sequence.
These five are OxyR, PerR, NolR, the Fur-homolog Irr, and thgRdke regulator
BAB2_0530. With the exception of OxyR, none of these regulators have bstd to

regulate the expression oBaabortus antioxidant gene.

B. abortus OxyR

Kim and Mayfield (2000) published evidence that suggeBtedella abortus S19 has
two oxidative stress regulators. Both regulators are adtivateH,O, exposure. However one
regulator, which is currently unidentified, protects bacteridls dehmediately after exposure,

while the second regulator, OxyR, protects bacterial cells after a prdlergesure to pD..

B. abortus OxyR is a 35 kDa protein that contains all of the conserved OxyRaidesm
It has a HTH motif within amino acid residues 19 - 37 and two cord@&ysteines at positions
200 and 209 that correspond to C199 and C208 itleeli OxyR. OxyR is hypothesized to
be the primary regulator d. abortus katE. This is for many reasons: 1) tgyR gene is
divergently transcribed frorkatE and they share a common promoter region of 169 bp, 2) the
oxyR mutant is more sensitive than wild-type toQd, 3) both katE and oxyR mutants are

defective in adapting to 4@,, 4) there is a predicted OxyR binding site for bkdatE and oxyR
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(Table 1.2) in their shared promoter region, and 5) a 35 kDa proteis tonthekatE-oxyR
promoter region in EMSA (Kim and Mayfield, 2000). Because of thessons, OxyR is
hypothesized to be the primary candidate for controllkatE expression inB. abortus.
However to confirm this hypothesis, purified OxyR must be shownnd to thekatE-oxyR
promoter region, anklatkE inducible expression must be shown to differ between wild-type and

anoxyR mutant.

There are no data in the literature that support OxyR’s imporfandke survival ofB.
abortusinvivo. Furthermore, an OxyR regulon has not been defined iBrtieella spp. And
so, the contributions of OxyR to the survival&fabortus in vivo andin vitro in response to

ROS produced from the respiratory chain and from the macrophage are currently unknown.

Other potential oxidative stress regulators

A B. mdlitensis nolR mutant is attenuated in HelLa cells, J774 macrophage-like cells, and
in BALB/c mice by one week post-infection (Haine et al., 2005). @&foee, NoIR seems to be
critical for Brucella survival within the experimental host. TBe melitensis NolR has 63%
amino acid identity to th&norhizobium meliloti global regulator NolR, and thus because NolR
is so importanin vivo, NoIR may be a global regulator in tBeucella spp. as well. NolIR is
critical for nodulation and metabolism $mnorhizobium, and NoIR repressehpC expression by
1.5-2.5 fold inS. meliloti (Chen et al., 2000). Therefore it is possible that NoIR rezgsghpC

in B. abortustoo.

Currently, there are no reports characterizingBheella PerR in the literature, but data
from our laboratory show thatB abortus perR mutant is significantly more resistant to®3

than wild-type (Anderson and Roop, unppublighedResistance to 1, is indicative of an
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oxidative stress regulator that represses an antioxidantvgesre cellular HO- levels are low
and repression is relieved whepQlevels increase. Since PerR has a role in the regulation of

ahpC andkat in other bacteria, it is an obvious candidate to examiiie abortus.

Irr proteins are only found in thighizobiales and Rhodobacterales families (Johnston et
al., 2007) and have been best characteriz&tadyrhizobium japonicum. Irr is an iron sensor
in B. abortus and can directly affect the expression of genes in response tolhesyathesis.
When cellular iron levels are lovi. abortus Irr has a two-fold repressive effect on its own
expression and increasalshCEBA (encodes aiderophore) expression two-fold (Rudolph et al.,
2006; Martinez et al., 2006). When cellular iron levels increaseydheas incorporated into

heme and the heme bindslitoleading to its degradation.

Irr can also act as a ,B, sensor. InB. japonicum, H,O, reacts with the
carboxy-terminus of Irr and causes Irr to degrade (Yang €04l6). This may also occur
abortus, because data suggest that Irr may be regulating one or mmnedanits in response to
H,O,. B. abortusirr mutants are more resistant tg@4than wild-type in iron-deficient media

(Martinez et al., 2006), which suggests that Irr regulates an antioxidant gene.

Divergently transcribed from tH& abortus ahpCD operon is a LysR-type transcriptional
regulator designated in thB. abortus genome as BAB2_0530. BAB2_0530 most likely
functions as an OxyR homolog, because Beabortus BAB2_ 0530 amino acid sequence
contains most of the critical residues for OxyR activity (€abl3). TheB. abortus oxyR is
divergently transcribed frorkatE, which OxyR regulates, and it is interesting thatBhabortus

BAB2_0530 genas divergently transcribed fromhpCD. Because of the LysR properties and
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BAB2_0530's homology to OxyR, BAB2_0530 makes an excellent candidateato twadative

stress regulator fds. abortus ahpCD.
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Table 1.1. List of genes encoding antioxidants and their potential reguiats in B. abortus

2308

Gene name Gene designatiomBmicella abortus 2308 genome
Antioxidants katE BAB2 0848

ahpCD BAB2_0531-0532

bcp BAB1_0941

tpx BAB1_0504

rbr BAB1_1691
Regulators irr BAB1_2175

BAB2_0530 BAB2_0530

oxyR BAB2_0849

perR BAB1_0393

nolR BAB1_1605

The B. abortus 2308 genomeis listed in GenBank as Brucella melitensis biovar abortus 2308.
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Figure 1.1. The AhpC enzymatic reactionHydrogen peroxide or organic peroxide molecules

oxidize thiol groups to sulfenic acid groups in a reduced AhpC protein (A).

disulfide bridge forms between two AhpC monomers to form an oxidized dimer (B).

AhpF reduce the AhpC dimer (C).
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Figure 1.2.E. coli OxyR binds directly upstream of the -35 site in the promoter of its taget

genes(Tartaglia et al., 1992).

-35

ahpC AATCGGGTTGTTAGTTAACGCTTATTGATTTGATAATGGAAACGCATTAGCCGAATCAGCAA
TTAGCCCAACAATCAATTGCGAATAACTAAACTATTACCTTITGCGTAATCGGCTTAGTCGTT

-35

katG CAACAATATGTAAGATCTCAACTATCGCATCCGTGGATTAATTCAATTATAACTTCTCTCTA
GTTGTTATACATTCTAGAGTTGATAGCGTAGGCACCTAATTAAGTTAATATTGAAGAGAGAT

-35

OXyR CATCGCCACGATAGTTCATGGCGATAGGTAGAATAGCAATGAACGATTATCCCTATCAAGCA
GTAGCGGTGCTATCAAGTACCGCTATCCATCTTATCGTTACTTGCTAATAGGGATAGTTCGT
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Table 1.2. The OxyR binding site is a pattern moti{Ochsner et al., 2000, Ohara et al., 2006).

Organism Promoter OxyR binding site
target

Pseudomonas aeruginosa | katB ATTG-N--TAAT-N-GTGA-N,-CAAT
Pseudomonas aeruginosa | ahpB ATAG-N7-CTAT-N7-ATTG-N7-ACAT
Pseudomonas aeruginosa | ahpC ATAG-N/,-TAAT-N,-ATGG-N;-CAAT
Escherichia coli Consensus ATAG-NCTAT-N;-ATAG-N;-CTAT
Bacteroides fragilis sod ATAA-N -CTGT-N;-CTAT-N;-CAAA
Porphyromonas gingivalis | ahpC ATAG-N7,-CAAT-Ng-ATAT-N-CTGT
Porphyromonas gingivalis | sod CTAT-N7-TCAT-N-ATCG-N;-CGAC
Brucella abortus katE ATAG-N7-TTAT-N7-AACA-N,-CAAT
Brucella abortus OXyR ATTG-N,-TGTT-N;-ATAA-N -CTAT
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Table 1.3. BAB2_0530 and th&rucella OxyR have most of theE. coli and S. typhimurium
amino acid residues necessary for OxyR activity.

E. coli Function residue | B. abortus B. abortus Reference
OxyR is critical for OxyR BAB2_ 0530
residue corresponding corresponding
residue residue
D142 Binding to RNA D143 D145 Paget and Buttner, 2003
polymerase
T238 Binding to RNA T239 T241 Paget and Buttner, 2003
polymerase
R4 DNA binding R5 R7 Paget and Buttner, 2003
Y8 DNA binding Y9 Y11 Paget and Buttner, 2003
A22 DNA binding A22 A25 Paget and Buttner, 2003
P30 DNA binding P30 - Paget and Buttner, 2003
S33 DNA binding S33 S36 Paget and Buttner, 2003
C199 OxyR activation C200 C202 Imlay 2008; Zheng et al.
1998; Mongkolsuk and
Helmann, 2002
C208 OxyR activation C209 - Imlay 2008; Zheng et al.,

1998; Mongkolsuk and
Helmann, 2002

Double dashes indicate the absence of the corresponding amino acid residue
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Statement of the Problem

Brucella abortus resides and replicates inside macrophages during infection, ardbititye of
Brucella to survive within this intracellular niche is critical for tlestablishment of disease in
host animals. Exposure to the oxidative burst of host phagocytes & time environmental
stresses the brucellae must deal with during their intraaellesidence. Also, since tBeucella
spp. are aerobes, these bacteria must detoxify reactive oxygeass(@OS) generated as a
by-product of their respiratory metabolisBi.abortus uses KatkE to detoxify hydrogen peroxide,
but B. abortus katE mutants are virulent in mice arBl melitensis katE mutants are virulent in
goats. So it is still undetermined what antioxidants are redjliyethe brucellae to detoxify
hydrogen peroxide produced from aerobic metabolism and from the macetploxglative
burst. Furthermore, the primary oxidative stress regulator irBtheella spp. is unknown.
The genes designated as BAB2_ 0531 and 0532 im.tlabortus 2308 genome sequence are
predicted to encode the components (AhpC and AhpD) of an alkyl hydxige reductase
complex. Peroxiredoxins of the AhpC family are important enzynesdtoxify HO,, organic
peroxides and peroxynitrite in bacterial cells. The researslerided in this dissertation
evaluates the role @&. abortus AhpCD in the degradation of &, produced endogenously from
aerobic metabolism and the degradation @©4produced from the macrophage’s oxidative
burst. Also, this dissertation evaluates the expression leval$GD in response to increased

oxidative stress and examines candidate regulators that may be involved.
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Chapter 2

A comparative study of the roles of AhpC and KatE as respiratory antioxidantsn Brucella

abortus 2308(Steele et al., 2010)



Abstract

Brucella strains are exposed to potentially toxic levels eDHboth as a consequence of their
aerobic metabolism and through the respiratory burst of host phagotw evaluate the relative
contributions ofBrucella’s sole catalase KatE and the peroxiredoxin AhpC produced by these
strainsin defense against 8, mediated toxicity, isogenikatE, ahpC andkatE ahpC mutants
were constructed. The phenotypic properties of these mutantsevepared with those of the
virulent parental straim. abortus 2308. The results of these studies indicate that AhpC is the
primary detoxifier of endogenous,&, generated by aerobic metabolism. KatE, on the other
hand, plays a major role in scavenging exogenous and supraphysielaiscof HO,, although

this enzyme can play a supporting role in the detoxification 63, Hbf endogenous origin if
AhpC is absentB. abortus ahpC andkatE mutants exhibit wild-type virulence in C57BL/6 and
BALB/c mice, but theB. abortus ahpC katE double mutant is extremely attenuated, and this
attenuation is not relieved in derivatives of C57BL/6 mice thet NADPH oxidase (Cybb) or
inducible nitric oxide synthase (Nos2) activity. These experiatefihdings indicate the
generation of endogenous®} represents a relevant environmental stressBhabortus 2308
must cope with during its residence in the host, and that AhpC andpletifm compensatory

roles in detoxifying metabolic #D..
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Introduction

Brucella abortus, a facultative intracellular pathogen, causes abortion and imyenti
cattle. Humans can also be infected by ingesting contaminated piaducts, through
inhalation of infectious aerosols, or via direct contact with an tefietetus (Nicoletti, 1989).
Human brucellosis causes flu-like symptoms with a relapewer, and this debilitating disease
can persist for months or years without appropriate treatmertough human brucellosis
remains a significant zoonotic disease worldwide (Pappas et d8) 2nd a potential
bioterrorism threat (Valderas and Roop, 2006), there is currently mineam prevent human

infection, and antibiotic treatment of these infections remains problemaiza @ al., 2007).

Prolonged survival and replication in host macrophages have a crtiealin the
virulence of theBrucella spp. (Kohler et al., 2003; Roop et al., 2009). Experimental evidence
indicates that reactive oxygen species (ROS) such as supe(@stdeand hydrogen peroxide
(H20,) are important contributors to the brucellacidal activity of plesites (Jiang et al., 1993).
Because brucellae rely on respiratory metabolism for theargy production (Rest and
Robertson, 1975), these bacteria must also deal with endogenous RCegeaia by-product
of aerobic metabolism (Imlay, 2008). Several enzymes that dietbtxify Q" and HO, have
been identified inBrucella. SodC is a periplasmic Cu-Zn superoxide dismutase (Beck et al.,
1990), and phenotypic evaluation of an isogen®C mutant indicates that this enzyme protects
B. abortus 2308 from Q<  generated by the oxidative burst of host macrophages (Geeg et al
2005).Brucella strains also produce a periplasmic catalase (Sha et al., 4884), abortus and
B. melitensis katE mutants exhibit increased sensitivity taQ4 compared to their parental

strains inin vitro assays (Kim et al., 2000; Gee et al., 2084)melitensis katE mutants retain
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virulence in experimentally infected goats (Gee et al., 2004)ehenyand thé. abortus katE
mutant displays wild type virulence in the mouse model (SangariAguero, 1996). This
suggests that KatE plays a dispensable role in protecting thdldeuitem oxidative killing by
host phagocytes. A gene (BAB1_0591) encoding a Mn superoxide disn(Bta®) has also
been identified inB. abortus 2308. SodA activity increases in B abortus sodC mutant
suggesting that SodA works in concert with SodC to prdBeabortus 2308 from oxidative
damage (Sriranganathan et al., 1991), but the precise role that [Bags\in resistance to

oxidative stress in this bacterium remains to be determined experimentally

The genes designated BAB2_ 0531 and 0532 iBtlabortus 2308 genome sequence are
predicted to encode the components of an alkyl hydroperoxide reduotapéex - AhpC and
AhpD, respectively. Peroxiredoxins of the AhpC family detoxifOb organic peroxides and
peroxynitrite (ONOQ (Bryk et al., 2000; Parsonage et al., 2008). AhpD and AhpF are
peroxiredoxin reductases that use reducing equivalents generateellldgr metabolism to
restore the enzymatic activity of AhpC (Poole, 1996; Bryk et al., 2@yies performed with
multiple bacteria indicate that the AhpCD and AhpCF complexege serimportant antioxidants
(Storz et al., 1989; Bsat et al., 1996; Mongkolsuk et al., 2000; Olczdk 2002; Baillon et al.,
1999; Croxen et al., 2007; LeBlanc et al., 2006; La Carbona et al., 2007p@osgral., 2007;
Brenot et al., 2005; Rocha and Smith, 1999), and experiments conduétecbinsuggest that
AhpC is the major scavenger ob®h generated in the cytoplasm as a by-product of aerobic
metabolism (Seaver and Imlay, 2001a). AhpC has also been shown torplayin the virulence
of several bacterial pathogens includingelicobacter pylori (Olczak et al., 2003),
Mycobacterium bovis (Wilson et al., 1998) an8taphylococcus aureus (Cosgrove et al., 2007),

but does not appear to be required for the virulencgalmfionella typhimurium (Taylor et al.,
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1998), Mycobacterium tuberculosis (Springer et al., 2001),egionella pneumophila (Rankin et

al., 2002) orPorphyromonas gingivalis (Johnson et al., 2004) in experimental models.

In this report, we present evidence that AhpC is the primargxadiént used bys. abortus
2308 to detoxify endogenous,®: generated by respiratory metabolism during routine aerobic
cultivation. Kate, on the other hand, plays a major role in scavengkogenous and
supraphysiologic levels of J@,, although this enzyme can play a supporting role in the
detoxification of HO, of endogenous origin if AhpC is absent. Interestingly, AhpC and KatE
appear to play complementary roles in protecBngbortus 2308 from HO, of metabolic origin
during murine infection, and the presence of either AhpC or KatE aleudfigent to allow this

strain to maintain a chronic infection.
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Materials and Methods

Bacterial strains and growth conditions. Brucella abortus 2308 and derivatives of this strain
(Table 2.1) were cultivated on Schaedler agar (Becton, Dickinson, anga@g)rsupplemented
with 5% defibrinated bovine blood (SBA) at 37°C with 5% JGfD in brucella broth (Becton,
Dickinson, and Company) at 37°C with shaking at 165 pstherichia coli strains were grown
in Luria Bertani (LB) broth (Sambrook et al., 1989) or on LB ag&7aC. Chloramphenicol (15
ug/ml for Brucella strains; 30ug/ml for E. coli strains) (Sigma-Aldrich), kanamycin sulfate (45
ug/ml) (Invitrogen), hygromycin (2mwg/ml for Brucella strains; 20Qug/ml for E. coli strains)
(A.G. Scientific) and ampicillin or carbenicillin (2&g/ml for Brucella strains; 10Qug/ml for E.
coli strains) (Sigma-Aldrich) were added to culture media asssecy for selection of bacterial

strains carrying antibiotic resistance markers.

Recombinant DNA techniques.Standard methods were employed for the manipulation of
recombinant DNA molecules and amplification of DNA by polymerelsain reaction (PCR)
(Sambrook et al., 1989; Ausubel et al., 2000). Plasmid DNA was introducdsf uusla strains

by electroporation (Elzer et al., 1994).

Construction of B. abortus mutants. A previously described gene replacement strategy (Elzer
et al.,, 1994) was used to introduce defined mutations into the genomeabbrtus 2308.
ColEl-based plasmids containingt-disrupted versions of thehpCD (pKHS3) andkatE loci

(PMEK7-9c) and abla-disrupted ahpCD locus (pKHS5) (Table 2.1) were independently
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introduced intoB. abortus 2308 by electroporation and transformants were selected on SBA
containing chloramphenicol or ampicillin. PutatsigpCD-cat (designated KH16)ghpCD-bla
(designated KH40), ankhtE-cat (designated KH2) mutants were selected for further evaluation
based on their failure to grow on SBA supplemented with ampiciii16 and KH2) or
chloramphenicol (KH40). The genotypes of KH16, KH40, and KH2 were corditngePCR
analysis of genomic DNA from these strains usahgCD-, katE-, cat-, andbla- specific primer

sets as appropriate and Southern blot analysis with probalsploD-, cat-, andbla-.

Plasmid pMEK7-9k, which contains aph3a-disrupted version okatE (Gee et al.,
2004), was introduced into thB. abortus ahpCD mutant KH16 by electroporation, and
transformants were selected on SBA supplemented with kanamycimutafive B. abortus
ahpCD katE double mutant (designated as KK21) was selected for further evaluation based on it
resistance to kanamycin and chloramphenicol and its sensitivity to dmpisitwo step process
was also used to construct a secBndbortus ahpCD katE double mutant designed to meet the
regulatory requirement th&8rucella strains engineered to possess resistance to chloramphenicol
not be introduced into experimentally infected animals. First, pM&KWwas used in a gene
replacement strategy as described above to constrketEamutant (MEK6G) fromB. abortus
2308. Plasmid pKHS5 was then used to introdutkaalisrupted version of thehpCD locus
into MEKG6 resulting in the construction of tBe abortus ahpCD katE double mutant KK9. The
genotypes oB. abortus strains KK21 and KK9 were confirmed by PCR analysis of genomic
DNA from these strains usinghpCD-, katE-, cat-, bla-, and aph3a- specific primer sets as

appropriate and Southern blot analysis with probeaHpE€D-, cat-, bla- andaph3a.

Crystal violet exclusion was used to verify that Bieabortus ahpCD andkatE mutants

and ahpCD katE double mutants retain their smooth lipopolysacharide phenotypes (Altbn a
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Jones, 1988). A solution of 3%,8, was also placed on bacterial colonies grown on Schaedler
agar to verify the presence or absence of visible catalasgyaict the B. abortus strains used in

this study.

Quantification of peroxide levels inBrucella abortus cell suspensions. B. abortus strains
grown on SBA supplemented with the appropriate antibiotics for 48 hinecalated into 3 ml
brucella broth in 17x 100 mm tubes and incubated at 37°C with shaking at 165 rpm
Following overnight incubation, the bacterial cells were harvestedcdntrifugation and
resuspended in phosphate buffered saline (PBS) to an optical der&ity atn (ORqy) of 1.0.

A commercial version of the xylenol orange/ferrous iron-based olggir peroxide assay
originally described by Wolff (1994) (National Diagnostics) wased to measure the amount of
peroxides in the cell suspensions following the manufacturer’stidinsc Briefly, 100ul of
bacterial cell suspension was added to 90Mmf the assay reagent, the reaction mixtures
incubated at room temperature for 30 minutes and the absorbance &atten mixtures
measured in a spectrophotometer at 560 nm. Cell-fg€p standards (@M, 1 uM, 2 uM, 4
uM, and 8uM) were used to construct a standard curve, and the levels ofigesor the cell

suspensions were determined by comparison to the standard curve.

This assay was also used to measure the degradatioi®ebly B. abortus strains after
an exogenous exposurB. abortus strains grown on SBA supplemented with appropriate
antibiotics for 48 h were inoculated into 5 ml brucella broth ix D0 mm tubes and incubated
at 37°C with shaking at 165 rpmFollowing overnight incubation, the bacterial cells were

harvested by centrifugation (12,18@, 10 min, RT) and resuspended in PBS to ardi 1.0
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in three 17 x 100 mm tubes designated as no exposure, immediately-after-exposure,
time-after-exposure. For the immediately-after-exposure tubdgjres were vortexed for 5
seconds after the addition of hydrogen peroxide, andul@d bacterial cell suspension was
removed and immediately added to Qd0Oof the assay reagent. For the time-after-exposure
tubes, cultures were vortexed for 5 seconds after the additiogOpfand allowed to incubate at
37°C with shaking at 165 rpm for the appropriate time. Following incarbal 00 ul of the

bacterial cell suspension was removed and added tpl29@he assay reagent.

Disk sensitivity assay for measuring the sensitivity oB. abortus strains to paraquat and
H,0,. B. abortus strains were grown on SBA supplemented with the appropriateatasofor
two days, harvested into brucella broth and adjusted to a cell defdi®y CFU per ml (ORoo
nm = 0.15). 600 pl aliquots of each cell suspension were added to 1&wdrpred (5%C)
brucella broth supplemented with 0.7% agar, and 3 ml portions of thenmgsidtl suspensions
plated onto three Schaedler agar (SA) plates and three S5 glantaining 7,800 U/ml bovine
catalase (Sigma). A sterile 7-mm Whatman no. 3 filter pdde was placed in the center of
each plate and 10L of a fresh 0.5 M solution of paraquat (PQ; #xiOrganics) was added to
each disk. Plates were incubated for three days and the zom#gsbitian surrounding each

disk were measured in millimeters.

This same assay was also used to measure to sensitiBitgluirtus strains to HO,with
the exceptions that 4@l of a 30% solution of KD, was added to the filter disks instead of PQ,

and SA plates supplemented with bovine catalase were not used.
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Growth characteristics of the Brucella abortus strains in rich and nutrient limited media.
B. abortus strains were grown overnight in 3 ml brucella broth inx1Z00 mm culture tubes
incubated at 3C with shaking at 165 rpm. The resulting cultures were inoculateckititer
500 ml flasks containing 100 ml of brucella broth at a cell densiapproximately 1DCFU per
ml or 500 ml flasks containing 100 ml Gerhardt’'s minimal meG&) (Gerhardt 1958) at a
cell density of 186CFU per ml and the flasks incubated at 37°C while shaking at 165 rphe
number of viable brucellae in these cultures was determined at seleasatfier inoculation by

serial dilution and plating on SBA or SBA containing the appropriate antibiotic.

Peroxynitrite resistance assay. B. abortus strains were grown on SBA at 37°C with 5% L£O
for 48 h. Bacterial cells were harvested and resuspended todewsity of 1&in 1 ml PBS in
17 x 100 mm culture tubes. The peroxynitrite generator SIN-1 [3-marmsgidnonimine HCI
(Sigma Aldrich)] at a final concentration of 15 mM and 1000U/nb@fine catalase were added
to the cell suspensions and the mixtures incubated for 1 h at 165 rpm at IHE€number of
viable brucellae in these cultures and in parallel cultures that were not exp&Bdl was then

determined by serial dilution and plating on SBA.

Experimental infection of cultured murine macrophages. A modification of the methods
described by Gee et al. (2005) was used to evaluate the capfatity B. abortus strains to
survive and replicate in cultured murine resident peritoneal maagepha  Briefly,
macrophages obtained from 6- to 8-week old female BALB/c mice seeded at a density of

1.5 x 10 cells per well in sterile 96-well plates in DMEM-FCSulbecco’s Modified Eagle’s
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Medium (ATCC) with fetal calf serum] containing 20 pg/ml gemtan. After an overnight
incubation, 100U/ml IFN+ (Peprotech) was added to cultured macrophages for 30 minutes
before macrophages were washed and co-incubated witBrticella strains (MOI 50:1) that
were previously opsonized with a sub-agglutinating concentration (1:1g@0@perimmune
mouse serum. After allowing phagocytosis to occur for 2 hoursaceflmlar bacteria were
removed by incubating the macrophage monolayer with DMEM-FCS oorgab0 pg/ml
gentamicin for one hour. The cell culture medium was then replaattd DMEM-FCS
containing 20 pg/ml gentamicin and this medium was replaced at 24 imeuvals for
incubation times that extended to 48 hours. At 2, 24, and 48 hours post-infebgon,
phagocyte monolayer was washed with PBS-FCS, lysed with 0.1% chexdaie, and the
number of viable intracellular brucellae was determined biplsditution and plating on SBA.

Triplicate wells of phagocytes infected with each strain were elealu every time point.

Experiments were also performed to evaluate the effectsatntent of the cultured
macrophages with the NADPH oxidase inhibitor apocynin (Sigma) (kfgijet al., 2000) and
the inducible nitric oxide synthase inhibitdP-methyl L arginine (L-NMMA; Fisher) (Ding et
al., 1988). The protocol described above was used except that 500 uM afiapbdyMMA,
or both were included in the DMEM-FCS throughout the experiment. Miopis analysis of
nitroblue tetrazolium reduction was used to monitor the oxidative bysatitg of the cultured
macrophages (Bowe F 1994), and control experiments were perforneedue that apocynin

and/or L-NMMA at this concentration in DMEM were not toxic for Breicella strains.
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Experimental infection of mice. The procedures previously described by Robertson and
Roop (1999) were used to evaluate the spleen colonization profiles Bf ébertus strains in
C57BL/6 and BALB/c mice from Harlan Laboratories. These methedse also used to
compare the virulence &. abortus strains in C57BL/6J mice and derivatives of these mice that
lack a functional phagocyte NADPH oxidase (B6.12@§6b™P"/J) or inducible NO synthase
(B6.129P2Nos2"™2/J) obtained from Jackson Laboratories. Briefly, mice were tiedewith 5

x 10* brucellae via intraperitoneal injection and at each sampling poBttinfection the mice
were euthanized, their spleens aseptically removed, and spleen imatesgeerially diluted and

plated on SBA to determine the number of viable brucellae present.
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Results

Identification of an alkyl hydroperoxide reductase complex (Ah&D) in B. abortus 2308.
The genes designated as BAB2_0531 and BAB2_0532 iB. thisortus 2308 genome sequence
are annotated aghpC and ahpD, respectively. The products of these two genes encode the
components of the alkyl hydroperoxide reductase complex AhpCD. In rfoacteria, the
peroxiredoxin AhpC serves as an important antioxidant that detoxifidsogen peroxide,
organic peroxides, and/or peroxynitrite (Hillas et al., 2000; Bryd.eR000; Seaver and Imlay,
2001a). AhpD is a peroxiredoxin reductase that uses reducing equs\gdatrated by cellular
metabolism to recycle the enzymatic activity of AhpC (ISiks al., 2000; Bryk et al., 2002). The
Brucella AhpC shares 47% amino acid identity with tMgcobacterium tuberculosis AhpC, and

the Cys-61, Cys-174 and Cys-176 residues that have been showmtpdo&nt for activity in

the latter protein (Hillas et al., 2000; Chauhan and Mande, 2002)oaserged as Cys-57,
Cys-171 and Cys-173 in thgrucella AhpC ortholog. Likewise, th®rucella AhpD displays
44% amino acid identity with itdM. tuberculosis counterpart, and amino acid sequence
alignment indicates that the Cys-131 and Cys-134 residues in thisnpané equivalent to the
Cys-130 and Cys-133 that are required for the peroxiredoxin reductéiséy acf the
mycobacterial AhpD (Bryk et al., 2002; Hillas et al., 2000). Reveesescriptase PCR analysis
indicates that thahpC andahpD genes irB. abortus 2308 are co-transcribed as an operon (data
not shown), which is consistent with the predicted function of their predncan enzymatic
complex and the genetic organization of ahpCD operons in other bacteria (Hillas et al., 2000;

Bryk et al., 2002).
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A B. abortus ahpCD mutant exhibits higher levels of endogenous cellular peroxides thahe
parental strain. Studies inE. coli indicate that AhpC plays a major role in removing th©H
that is generated in the cytoplasm of this bacterium as-prdmuct of aerobic metabolism
(Seaver and Imlay, 2001a). Phenotypic analysis oBttabortus mutantahpCD KH16 suggests
that theBrucella AhpC performs a similar function.  Significantly higher leveissndogenous
peroxides are detected in KH16 compared to the parental 2308 sttawirfgl aerobic growth
(Figure 2.1), and the levels of these ROS are significantlynisiheed in a derivative of the
ahpCD mutant carrying a plasmid-borne copy of #&mpCD locus. Endogenous peroxide levels
also return to approximately wild-type levels in a derivativ&KBfL6 carrying a plasmid that
overexpressekatE (Figure 2.1). Because monofunctional catalases such &ribela KatE
detoxify H,O, but not organic peroxides (Loewen, 1997; Chelikani et al., 2004), these finding
indicate that the elevated levels of endogenous peroxides detectbd ahpC mutant are

predominantly made up of.B.,.

The biochemical properties of catalases allow these enzynweggtade KO, across a
broad range of concentrations (Switala and Loewen, 2002). Accordintdlases often provide
bacteria with a second line of defense against the build up of endmsgek@, of metabolic
origin when primary detoxifiers such as AhpC are absent (Seadeimlay, 2001a; Cosgrove et
al., 2007). The levels of peroxides detected irBthabortus katE mutant KH2 are substantially
lower than those detected in the isogempCD mutant and not significantly different that those
detected in the parental 2308 strain. Moreover, although the levels of endogenoxisles
detected in thé. abortus ahpCD katE double mutant KK21 are consistently higher than those

detected in the isogenahpC mutant KH16, these differences are not statistically sigmifica
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These experimental findings suggest that KatE plays a linotedr protecting3. abortus 2308

from the buildup of endogenous®t during routine aerobic cultivation.

AhpCD is required for the wild-type resistance ofB. abortus 2308 to endogenous #D,
generated by the redox cycling-agent paraquat. Paraquat (PQ) reacts with components of
the respiratory chain in bacterial cells leading to the univaéshiction of Q and the generation
of O, in these cells (Hassan and Fridovich, 1979). Th¥ Qhen serves as a substrate for
cytoplasmic superoxide dismutases such as SodA which can convd®8ito HO, and Q
(Fridovich, 1995). Spontaneous non-enzymatic dismutation,©of Qo HO, and Q also occurs
under physiologic conditions (Imlay, 2008). Thus, one of the consequencestofgrespiring
bacterial cells with PQ is the generation of increased igittdar levels of HO,. TheB. abortus
ahpCD mutant KH16 an@hpCD katE mutant KK21 consistently and reproducibly exhibit larger
zones of inhibition around disks containing PQ in a disk sensitivityy deaa does the parental
2308 strain or the isogenkatE mutant (Figure 2.2A). Introduction of a plasmid-borne copy of
the ahpCD locus reduces the sensitivity of KH16 and KK21 to PQ to approxim#ielysame

levels displayed bi. abortus 2308.

H,0O; is an uncharged ROS and can readily cross cellular membrartkgusjon. This
allows extracellular catalase to serve as an efficietaxdeer of intracellular HO, (Seaver and
Imlay, 2001b). Consequently, since the addition of paraquat results getieeation of both
superoxide and hydrogen peroxide, an important control in these ass#ys addition of
exogenous catalase to the test medium to relieve hydrogexigeetoxicity. This allows for

determination of whether or not the increased susceptibility d.thbortus ahpCD andahpCD
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katE mutants to PQ is due to the increased intracellular accuonulatiHO,. As shown in
Figure 2.2B, the addition of exogenous catalase to the test meetures the zone of inhibition
around disks containing PQ exhibited Byabortus KH16 (@hpCD) and KK21 é&hpCD katE) to
the same size as those exhibited by the parental 2308 strasnin@ifdates that the increased
sensitivity of theB. abortus ahpCD and ahpCD katE mutants to PQ is due to the increased
intracellular accumulation of #, and not a differential sensitivity of these mutants t®.O
More importantly, these experimental findings further support theeotah that AhpC serves
as a primary detoxifier of endogenousCH produced by respiratory metabolismBnabortus

2308, while KatE plays a limited and secondary role in this regard.

The ahpCD locus is required for maintenance of stationary phase viabtl of B. abortus
2308 during aerobic growth in a defined minimal mediumB. abortus 2308, KH16 &hpCD),
KH2 (katE) and KK21 @hpCD katE) exhibit equivalent growth kinetics and viability during
exponential growth and stationary phase when these strains axatedltaerobically in rich
medium (brucella broth) (Figure 2.3A). When these strains anengno Gerhardt’'s minimal
medium (GMM), however, th8. abortus ahpCD mutant KH16 and the isogenahpCD katE
double mutant KK21 both exhibit a significant loss of stationary phas®lity compared to
their respective parental strains 2308 and KH2 (Figure 2.3B)ila8lynincreased levels of
endogenous peroxides are present inBhabortus ahpCD mutant KH16 and thahpCD katE
double mutant KK21 compared to those present in 2308 andtthenutant KH2 during growth
in GMM (data not shown). The loss of stationary phase viabilitgMM exhibited by theB.
abortus ahpCD mutant KH16 can also be rescued to a significant degree biyttbduction of a

plasmid containing eitheahpCD or katE into this strain (Figure 2.3C), and this phenotype in the
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B. abortus ahpC katE double mutant KK21 can be rescued by a plasmid carikatify These
data suggest that AhpC plays a particularly important roldetoxifying endogenous 4@
generated during stationary phaseBinabortus 2308 duringin vitro cultivation under nutrient

limiting conditions.

KatE is the major detoxifier of exogenous hydrogen peroxide iB. abortus 2308. While
AhpC appears to be the major detoxifier of endogenou@; h B. abortus 2308, the results
presented in Figure 2.4 indicate that KatE is the major detoxifier of exogepOpHhis strain.
Even at levels of exogenous®} as low as M, the B. abortus katE andahpCD katE mutants
exhibited a marked defect in their capacity to degrade exogengbs ddmpared to their
parental strains (Figure 2.4A), and these defects are muchdraonatic when these strains are
exposed to 50 and 100M H,O, (Figure 2.4B-E). The role of KatE in the degradation of
exogenous bD; is further reflected in the differences in the sensigsitio HO, exhibited by
the B. abortus ahpC andkatE mutants and thehpCD katE double mutant in a disk sensitivity
assay (Table 2.3), where the strains lacking KatE display a moch pronounced phenotype

than theahpC mutant.

The B. abortus ahpCD mutant KH16 displays increased sensitivity to peroxynitrite.
Biochemical studies have shown that in addition @41 AhpC can also detoxify  organic
peroxides such as t-butyl hydroperoxide (t-BOOH) (Hillas e2@00), cumene hydroperoxide
(CHP) (Jacobson et al., 1989; Poole and Ellis, 1996), and peroxynitri®@ Q9N vitro (Bryk

et al., 2000); and genetic studies have shown that this peroxiredoxingzr¢adterial cells with
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an important defense against environmental exposure to these compoundse(&t., 1989;
Chen et al., 1998; Master et al., 2002). The results shown in Figure 2dsstiggg AhpC plays

an important role in protecting this bacterium from exposure to ONOCompared to the
parental strain, theahpC mutant KH16 displays an increased sensitivity to the ONg&Qerator
SIN-1 in anin vitro assay (Figure 2.5), and genetic complementation of KH16 with a
plasmid-borne wild type version of thapCD locus restores the resistance of the mutant to
ONOO to the same levels as those exhibited by the parent.stiaircontrast, the extent to
which AhpC contributes to the detoxification of organic peroxidesB.irabortus 2308 is
presently unclear. Th®&. abortus ahpCD mutant KH16 exhibits variable and inconsistent
sensitivity to t-BOOH and CHP in standarvitro assays and the levels of lipid hydroperoxides
present inB. abortus 2308 and KH16 cells following aerobic growth are equivalent (data not

shown).

The presence of either AhpC or KatE alone allowsB. abortus strains to retain their
virulence in the mouse modelDuring residence in their mammalian hog&sjcella strains are
exposed to both exogenous ROS produced by the oxidative burst of host ypésgmad
endogenous ROS arising as by-products of their own aerobic metal@&mp et al., 2009). To
determine to what extent AhpC and KatE protcabortus 2308 from HO, of exogenous and
endogenous origin in the host, the virulence propertids abortus 2308 and isogeniahpCD,

katE and ahpCD katE mutants were evaluated in cultured murine macrophages and
experimentally infected mice. Only thB. abortus ahpCD katE mutant KK9 exhibited
significant and stable attenuation compared to the parental 2348 sir cultured murine

macrophages (Figure 2.6) and this attenuation was consistently obseryeavhen these
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phagocytes were stimulated with IENNotably, the addition of apocynin (a NADPH oxidase
inhibitor), L-NMMA (an iNOS inhibitor), or both of these inhibitors in commation to the
phagocyte cultures failed to alleviate the attenuation exhibiyetthdoB. abortus ahpCD katE
mutant in the IFNtreated macrophages (Figure 2.6). These experimental findings tstigges
neither AhpC nor KatE is playing a role in protectidgabortus 2308 from exogenous -
produced as a result of oxidative burst of these phagocytes. Tloeguglgest that AhpC does
not play a prominent role in protectifg) abortus 2308 from exogenous ONOQ@enerated by

the NADPH oxidase and iINOS activity of host macrophages.

The B. abortus ahpCD katE double mutant KK9 was also the only mutant to display
significant attenuation compared to the parental 2308 strain in C57@Big6ré 2.7A) or
BALB/c mice (Figure 2.7B), and the severe attenuation exhibited.bgbortus KK9 in
C57BL/6J mice was not alleviated in congenic NADPH oxidase- ibi@i5-knockout mice
(Figures 2.7C and D). These data provide further evidence tliaem&hpC nor KatE plays a
direct role in protectingB. abortus 2308 from the oxidative or nitrosative bursts of host
phagocytes. Instead, the data shown herein support the contentionhéhduitd-up of
endogenous ¥D, is a biologically relevant environmental stress encounterds] &lyortus 2308
during its residence in the murine host (Roop et al., 2009). Moreovesttigig demonstrates

that the presence of either AhpC or KatE alone is sufficient to alletiatsttess.
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Discussion

The experimental findings presented here show that AhpC playsj& note in
scavenging B, that is generated as a by-product of respiratory metaboli@nabortus 2308.
This function is similar to that reported for tBecoli AhpC and is consistent with the reported
biochemical properties of this class of peroxiredoxins which wakt efficiently on low levels
of H,O, (Seaver and Imlay 2001a). The capacity of AhpC to scavenge metapgOli@ppears to
be especially important tB. abortus 2308 for maintenance of stationary phase viability when
cultured under nutrient limited conditions. This function is consistettt the observation that
maximum expression of aahpC-lacZ fusion is observed during stationary phasB.iabortus
2308 (K. Steele, unpublished observations) and AhpC has been proposed to be amtimporta
stationary phase antioxidant (Roop et al., 2003; Schurig-Briccio 08P, Wasim et al., 2009).
The basis for the ¥D.-responsive loss of viability of th&. abortus ahpC mutant during
stationary phase is not known. But the fact thatatip” mutant does not exhibit this phenotype
during growth in a nutritionally replete medium suggests thatioekey biosynthetic enzymes
in B. abortus 2308 may be particularly susceptible teOzmediated damage in the absence of
AhpC. This phenotype could be masked if the products of the corresponding tedsynt
pathways can be readily obtained from the growth medium. For instag@gntédiated damage
of the [4Fe-4S] clusters in isopropylmalate isomerase, a ey in the leucine biosynthetic

pathway, leads to growth arrestincoli katG katE ahpC mutants (Jang and Imlay, 2007).

In contrast to th@hpC mutant, the phenotypes exhibited by Bheabortus katE mutant
and ahpCD katE mutant suggest that the sole catalase produced by this bactelays a

minimal role in detoxifying endogenous,® of metabolic origin during routine aerobic
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cultivationin vitro. These results are intriguing considering the compensatosytrae AhpC
and catalases have been reported to perform in scavenging aytiea®, of metabolic origin

in ahpC mutants in other bacteria (Seaver and Imlay, 2001a; Cosgrove 20@r). In many
cases, the loss of eithaipC or a catalase gene alone does not produce an aerobic growth defect
in bacteria, but the loss of both AhpC and a catalase does affegthg The lack of an
observable aerobic growth defect in Bieabortus katE mutantin vitro is also notable because
KatG appears to be the major scavenger of endogengDs ikl Bradyrhizobium japonicum
(Panek and O’Brian 2004), a close phylogenetic relative dbitheellae. In fact, the observation
that theB. abortus ahpCD katE double mutant does not exhibit a detectable defect in growth
during routine aerobic cultivation in a rich medium or growth on agaeplsuggests that this
bacterium produces other antioxidants that are capable of comperfsatihg loss of AhpC’s
capacity to detoxify kO, of metabolic origin. This proposition is further supported by the
observation that introduction of tHetE mutation into theB. abortus ahpC mutant did not
enhance this mutant’s stationary phase viability defect duringb@eculture in a minimal
medium. Furthermore, thB8. abortus ahpCD katE mutant can still degrade 50M H,0O,,
suggesting that other antioxidants are present to remove@e HThe products of the genes
designated BAB1 0941 and BAB1 0504 in Bhebortus 2308 genome sequence would appear
to be good candidates for this function. BAB1_0941 is predicted to encode aobhoofidhe
bacterioferritin comigratory protein (Bcp) (Jeong et al., 2000) and BAB04 is predicted to
encode an AhpC/TSA type peroxiredoxin that has sequence similarityhet PrxV type
peroxidiredoxins that protect mammalian mitochondria frogOHdamage (Banmeyer et al.,

2005). Whether or not the putative peroxiredoxins encoded by BAB1_0941 and2dr B304
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can compensate for loss of AhpC activity Bx abortus 2308 remains to be determined

experimentally.

Despite the fact that KatE appears to play a minimal rolgrotectingB. abortus 2308
from endogenous ¥, during routine aerobic cultivatiom vitro, the studies performed with
experimentally infected mice suggest that this enzyme plgygosal backup role in protecting
this bacterium from the metabolic,®, it generates during replication in the host. This
proposition is based on two observations. First, althoughrouitro studies suggest that the
Brucella AhpC has the capacity to degradgOsl ONOO and possibly organic peroxides (see
below), the only described function for monofunctional catalases suchtistiat the authors
are aware of is the degradation ofQd. This strongly suggests that®} toxicity plays a key
role in the attenuation exhibited by tBe abortus ahpCD katE mutant. Secondly, this mutant
displays the same level of attenuation in NADPH oxidase defioice that it does in wild-type
mice, indicating that AhpC and KatE do not provide protection from exageHO, produced
as a by-product of the oxidative burst of host phagocytes. Thehficthe presence of either
AhpC or KatE alone allowB. abortus 2308 to maintain persistent infection in mice suggests that
brucellae possess functionally redundant systems to protectdiegi®ddrom the metabolic 4,
generated endogenously during replication in the host. This ispsetbabe expected of a
bacterium that must cope with exposure to ROS of both endogenous origell ass those
generated by the NADPH oxidase and iINOS activity of host plyggm¢Roop et al., 2009)

during residence in this environment.

The increased sensitivity of tie abortus ahpC mutant to the ONOQyenerator SIN-1 in
in vitro assays suggests that tBeucella AhpC, like its counterparts is. typhimurium, M.

tuberculosis and H. pylori, has peroxynitrite reductase activity (Bryk et al., 2000). This
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enzymatic activity has been proposed be important as a badefetise against ONOO
production by host macrophages (Master et al., 2002), but the resultsedbtathis study with
the B. abortus ahpCD katE mutant KK9 in INOS deficient mice suggest that AhpC does ngt pla
a prominent role in protecting the parental 2308 strain from ON@®©duced by host

phagocytes.

In addition to the ability to detoxify 4D, and ONOQ bacterial AhpC proteins have also
been shown to be able to degrade organic peroxides. Indeed, thealkgimleydroperoxide
reductase reflects the fact that degradation of organic peroxekeshe first property identified
for many members of this class of bacterial enzymes (Jacadisal., 1989). Thus, it is notable
that no conclusive evidence was obtained from the studies describes iapbit supporting a
role for AhpC in the detoxification of organic peroxidesBn abortus 2308. One possible
explanation for these findings is that this bacterial stré8n possesses the organic peroxide
scavenger Ohr (Mongkolsuk et al., 1998). Phenotypic analysis a@framutant indicates a role
for Ohr in the detoxification of the organic peroxides tert-biytiroperoxide and cumene
hydroperoxide inB. abortus 2308 (J. Baumgartner, unpublished). Consequently, further
phenotypic analysis adhpC andohr mutants an&hpC ohr double mutants will be required to

determine whether or not AhpC can detoxify organic peroxidBsahortus 2308.
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Table 2.1. Bacterial strains used in this study

Strain or plasmid

Strains

Escherichia coli
DH5a

Brucella abortus

2308

KH16
KH40
KH2
MEKG6
KK9
KK21

Plasmids
pGEM®-T Easy
pBC KS+
pBBR1MCS-4

pMR10-Ap
pMR10
pBlue-CM2

pKS + Kan

Genotype or description

F- ®80acZAM15 A(lacZYA-argF)U169recAl endAl
hsdR17 (-, mk+) phoA supE44thi-1 gyrA96 relAl \-

Virulent challenge strain

2308hpCD::cat; Cn'

2308hpCD::bla; Ap'

2308katE::cat; Cnf

2308katE::aph3A; Kn'
2308ahpCD::bla, katE::aph3A; Ap"; Kn'
2308ahpCD::cat, katE::aph3A; Cm; Kn'

ColE1-based cloning vector;'Ap

ColE1-based cloning vector; Cm

Reference
or source

Invitrogen

Laboratory
stock

This study
This study
This study
This study
This study
This study

Promega

Stratagene

pBBR-based broad host range cloning vector; moderate copiovach et

number (10-14 copies per cell); Ap

al., 1995

RK2-based broad host range cloning vector; low copy numbéailderas et

(2-4 copies per cell); Ap

al., 2005

RK2-based broad host range cloning vector; low copy numiseee et al.,

(2-4 copies per cell); Kn

656 bpcat gene from pBC cloned into the EcoRYV site of
pBluescript KS+

794 bpaph3A gene from TphoA cloned into Sall-Hindlll
digested pBluescript Il KS+
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pPMWV19

PMEK21

PMWV/77

PKHS6

PKHS2

PKHS3

pKHS4

pKHS5

PMEK7-9

PMEK7-9c

PMEK7-9k

2,072 bp genomic DNA fragment froB abortus 2308
containingahpCD [PCR primers ahpCD-3F/ahpCD-3R]
cloned into pGEM-T Easy

Derivative of pPBBR1MCS-4 carrying thatE gene fronB.

abortus S19

2,094 bpNotl fragment from pMWV19 containinghpCD
cloned into pMR10-Ap

1,382 bp genomic DNA fragment froBi abortus 2308
containingahpCD [PCR primers ahpCD-2F/ahpCD-2R]
cloned into pBBR1MCS-4

2,499 bp genomic DNA fragment froB abortus 2308
containingahpCD [PCR primers ahpCD-1F/ahpCD-1R]
cloned into pGEM-T Easy

Derivative of pKHS2 in which a 673 bp BsmBI/Hindlll

fragment internal to thehpC andahpD coding regions was

replaced with theat gene from pBlue-CM2

2,534 bp fragment from pKHS2 containialgpCD cloned into

pBC KS+
Derivative of pKHS4 in which a 950 bp Hindlll/Hincll

fragment internal to thehpC andahpD coding regions was

replaced with théla gene from pGEM-T Easy

1,917 bp genomic DNA fragment froBi abortus S19
containingkatE cloned into the Pvull site of puUC18

Derivative of pMEK7-9 in which a 1 kb PfIMI/EcoRl

fragment internal to thkatE coding region was replaced with

thecat gene from pBlue-CM2
Derivative of pMEK7-9 in which a 1 kb PfIMI/EcoRl

This study

Gee et al.,
2004

This study

This study

This study

This study

This study

This study

Gee et al.,
2004

This study

Gee et al.

fragment internal to thkatE coding region was replaced with 2004

theaph3A gene from pKS + Kan
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Table 2.2. Oligonucleotide primers used for PCR in this study.

Designation Sequence

ahpCD-1F 5-GCCAGAACCAGCGAACGGAA-3’
ahpCD-1R 5-TGGGCTGATGGGCATGACCT-3
ahpCD-2F 5-CCAGTGCGAGAAAATAGTGAAGCTG-3
ahpCD-2R 5-GATCAAAACGGATCGCTTATTCAGT-3
ahpCD-3F 5-GGCAGAACCTTGGGCAGAAG-3’

ahpCD-3R 5'-CATCGTCACCGTGCTGATCG-3
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Table 2.3. Sensitivity oB. abortus 2308, KH16 (2308&hpCD), KH2 (2308katE) and KK21

(2308ahpCD KatE) to H,0,.

Strain 2308 KH16 KH2 KK21

24+ 0.58 27+ 0.58* 41+ 1.5** 41+ 0.0**

#one of inhibition in mm around disks containingll®f a 30% solution of kD;.

Significance - * =P < 0.05 and ** =P < 0.005 for comparisons of 2308 vs. KH16, KH2 or

KK21.
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Figure 2.1. B. abortus ahpC mutants exhibit increased levels of endogenous peroxiddhe
levels of peroxides present B abortus 2308, KH16 (230&hpCD), KH2 (2308katE), KK21
(2308ahpCD katE), KH16 [pMWV77] and KH16 [pMEK21] cell suspensions following aerobic
cultivation were determined using a xylenol orange/ferrous iroeeblagdrogen peroxide assay
(Wolff 1994). The data presented are means and standard deviatitmgit@te determinations
for a single strain in a single experiment. The data pratéete are representative of multiple
(> 6) experiments performed from which equivalent results andtstatitrends were obtained.
Statistical significance R < 0.05) as determined by the Student two-taitetest for the

comparison of 2308 versus the other strains is represented by an asterisk (*).
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Figure 2.2. B. abortus ahpCD mutants display an increased sensitivity to endogenous
H,0, produced by the redox cycling activity of paraquat. Zones of inhibition foB. abortus
2308, KH2 (230&atE), KH16 (2308ahpCD), KK21 (2308ahpCD katE), KH16 [pKHS6] and
KK21 [pKHS6] around disks containing 0.5 M paraquat on (A) Schaed&radgB) Schaedler
agar supplemented with 7,800 U/ml bovine catalase. The data preseatedeans and
standard deviations for triplicate determinations for each strain in @ €rgériment. The data
presented here are representative of multipk) (experiments performed from which equivalent
results and statistical trends were obtained. Statistaifisance P < 0.05) as determined by
the Student two-tailetitest for comparisons of 2308 versus the other strains is repckbgraa

asterisk (*).
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Figure 2.3. B. abortus ahpCD mutants show loss of stationary phase viability during
cultivation in Gerhardt's minimal medium and this phenotype can be rescued by either
AhpC or KatE. Growth ofB. abortus 2308 @), KH16 (2308ahpCD) (m), KH2 (2308katE) (A ),
and KK21 (2308ahpCD katE) (V) in brucella broth (A) and Gerhardt's minimal medium
[GMM] (B). Part C of this figure shows the viability & abortus 2308, KH16, KK21, KH16
[PKHS6], KH16 [pMEK21] and KK21 [pMEK21] following 240 and 288 hours cultivation i
GMM. The data presented are means and standard deviations foateigleterminations for
each strain in a single experiment. The data presenteaieerepresentative of multiple 8)
experiments performed from which equivalent results and statistends were obtained. In
Figure 3B, statistical significanc® & 0.05) as determined by the Student two-tatledst is
represented by an asterisk (*) for the comparison of 2308 vers§ Erd a dagger (1) for the
comparison of 2308 versus KK21. For Figure 3C, statistical signdedg < 0.001) for the
comparisons of KH16 vs. KH16 [pKHS6], KH16 vs. KH16 [pMEK21] and KK21 vs. KK21

[PMEK21] is indicated by an asterisk (*).
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Figure 2.4. B. abortus katE mutants degrade exogenous #D, more slowly than their
parental strains. Figure 4A shows the levels of peroxides measured using the xylenol
orange/ferrous iron assay B abortus 2308 @), KH16 (2308ahpCD) (m), KH2 (2308katE)

(A), and KK21 (230&hpCD katE) (V) cell suspensions at selected times after the addition of 5
uM H,0O.. Figures 4B through E show the levels of peroxides pres@&htaiportus 2308, KH16,

KH2 and KK21 cell suspensions, respectively, at selected tinlesviog the addition of 5@M

(solid lines) and 10@M (dashed lines) kD,. Figure 4F shows levels of.8, detected in cell
free test medium at selected times following the addition ofif0(solid lines) and 10@M
(dashed lines) $D,. The data presented here are representative of multif3@ €xperiments

performed from which equivalent results were obtained.
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Figure 2.5. TheB. abortus ahpCD mutant KH16 exhibits an increased sensitivity to the
peroxynitrite generator SIN-1. Viability of B. abortus 2308 (white), KH16 (230&hpCD)
(black) and KH16 [pMWV77] (gray) before and after a 60 min exposui@IN-1. The data
presented are means and standard deviations for triplicatendeteons for each strain in a
single experiment. The data presented here are represemtativdtiple & 3) experiments
performed from which equivalent results and statistical trendee vobtained. Statistical
significance P < 0.05) as determined by the Student two-tailezbst for comparison of 2308 vs.

the other strains is represented by an asterisk (*).
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Figure 2.6. The B. abortus ahpCD katE mutant KK9 exhibits attenuation in
IFN-y-stimulated cultured murine peritoneal macrophages and tts attenuation is not
alleviated by the addition of inhibitors of the oxidative and nitosative bursts of the host
phagocytes. The intracellular survival and replication patterns Bf abortus 2308 and the
isogenic ahpCD katE double mutant KK9 in IFN-~treated cultured resident peritoneal
macrophages from BALB/c mice with or without the addition of theDRA oxidase inhibitor
apocynin and iNOS inhibitor L-NMMA are shown. The data presentethaess and standard
deviations obtained for each bacterial strain from three sepeefiteof cultured macrophages at
each experimental time point in a single experiment. Thepdasnted here are representative
of multiple & 3) experiments performed from which equivalent results and statiséndktwere
obtained. Statistical significancP € 0.05) as determined by the Student two-tailéelst for

the comparison of 2308 vs. KK9 is represented by an asterisk (*).
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Figure 2.7. Spleen colonization profiles oB. abortus 2308, MEK6 (2308katE), KK9 (2308
ahpCD katE) and KH40 (@hpCD) in C57BL/6J mice (A, C and D), BALB/c mice (B) and
NADPH oxidase-deficient (cybb-) and iINOS-deficient (Nos? knockout mice in the
C57BL/6J background (C and D). The data presented are means and standard deviations for
the number of brucellae recovered from the spleens of fiveinfieeted with each strain at each
experimental time point in a single experiment. Statistgighificance P < 0.05) as
determined by the Student two-tailédest from comparison of 2308 vs. the other strains is

represented by an asterisk (*).
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Chapter Three

Brucella abortus ahpCD expression is responsive to endogenous hydrogen peroxide through

the iron-responsive regulator Irr



Abstract

Expression of amhpC-lacZ fusion inB. abortus 2308 is responsive to endogenou®fievels.
Mutational analysis indicates that this®4-responsiveness is not mediated by OxyR or the
LysR-type transcriptional regulator encoded by the gene (BAB2_(bad)lies immediately
upstream obhpC. Instead, the expression Bfabortus ahpC in response to ¥D, is indirectly

affected by the iron-responsive regulator Irr.
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Introduction

Oxygen is essential for aerobic bacteria to produce energhieartiier hand, oxygen can
accept single electrons and become toxic to bacterial callsa(iT2000; Imlay 2006). Upon
univalent reduction, oxygen can be converted to superoxide and subseqaehtigrogen
peroxide, both of which damage DNA, proteins, and lipids (Messner ang, [b9189; Imlay and
Linn, 1988; Imlay 2006). Aerobic bacteria avoid this toxicity by produengoxidants such
as superoxide dismutase (SOD), catalase, and alkyl hydriagerceductase to remove these
reactive oxygen species (ROS) (Imlay 2008). In order to respond quickly toreas@dn ROS,
bacteria coordinate the expression of the genes that encodeatitiesédants using oxidative
stress regulators. One important oxidative stress regulatéram-negative bacteria is OxyR
(Imlay 2008). OxyR is a DNA-binding protein that is oxidizedHyglrogen peroxide (30,)
and activates the expressionsofl, kat, andahpCF or ahpCD in multiple bacteria (Aslund et al.,
1999; Zheng et al., 2001; Christman et al., 1985; Pagan-Ramos et al., 200fkd\duk et al.,
1998; Ochsner et al., 2000; Rocha et al., 2000; Ohara et al., 2006). iBatser prevent
Fenton chemistry by coordinating the expression of antioxidant genegowdalependent
regulators (Zheng et al., 1999). Fenton chemistry is theioaaat ferrous iron and ¥D,to
form hydroxyl radical and ferric iron. Hydroxyl radicals damageteins, lipids, and DNA
(Babior 1978; Hassett and Cohen, 1989; Dubbs and Mongkolsuk, 2007). Fur is torggula
protein that represses iron uptake genes when cellular iron leeetsgar (Zheng et al., 1999).
Fur also activates the expressiorkatA in Agrobacterium tumefaciens and inEscherichia cali,
Fur activatessodB and repressesodA (Kitphati et al., 2007; Touati 2000; Touati et al., 1995;

Varghese et al., 2007).
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The alkyl hydroperoxide reductase complex (AhpCD) is the pyiraatioxidant used to
detoxify HO, produced by respiratory metabolism B1 abortus 2308 (Chapter 2). It is
currently unknown though if the expression Exfabortus ahpCD is responsive to increased
levels of HO, within the bacterial cell, or if the expression of these genesnstitutively high.
Furthermore, our current knowledge of oxidative stress regulatoB abortus is limited.
OxyR regulates the expression of catalase apC genes in many bacteria includifg coli
(Christman et al., 1985Mycobacterium leprae (Dhandayuthapani et al., 199&anthomonas
campestris (Loprasert et al., 1997; Loprasert et al., 200@isseria gonorrhoeae (Seib et al.,
2007),Pseudomonas aeruginosa (Ochsner et al., 2000 nor hizobium meliloti (Luo et al., 2005),
andPorphyromonas gingivalis (Ohara et al., 2006). THg&rucella OxyR has been characterized
in the literature as a J@,-responsive regulator that contrélstE expression (Kim and Mayfield,
2000). However, evidence suggests that this OxyR homolog is only neegedtect the
brucellae from prolonged exposure to high concentrations©f (¢.g. mM)(Kim and Mayfield,
2000). Besides OxyR, there is another LysR-type transcriptional regiB#&B2_ 0530, whose
gene shares a promoter region with @ahpCD operon. This putative LysR-type transcriptional
regulator possesses significant amino acid homology with bac@xR homologs including
the presence of key amino acids necessary for DNA binding, bindiR§Jfopolymerase, and
H,O.-responsiveness (Figure 3.1) (Paget and Buttner, 2003; Imlay 2008; Zhehg 1998;
Mongkolsuk and Helmann, 2002). Since LysR transcriptional regulators offtect &he
expression of genes divergently transcribed from their own geiB2 B)530 is an excellent

candidate to affe@hpCD expression in response te® exposure irB. abortus (Schell 1993).

Irr is an_ron responsive egulator that regulates genes whose products are involved in

iron metabolism (Hamza et al., 1998). Brucella abortus, Irr represses the expression of its
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own gene and activates expression of the siderophore biosynthesis dig#EBA (Rudolph et

al.,, 2006; Martinez et al., 2006). Iron and(d work in concert to degrade Irr in
Bradyrhizobium japonicum, and experimental evidence suggests that in addition to its role in
regulating iron metabolism genes, Irr also plays a role inréigelation of bacterial genes
involved in oxidative defense (Yang et al., 2006a). Martinez et al. (2fad@xample, showed
that aB. abortus irr mutant has increased catalase activity, degrad@sfeister than wild-type,
and is more resistant to,8,than wild-typan iron-deficient media. IfB. japonicum, Irr directly
represses the rubrerythrin gembr}, whose gene product detoxifies® (Rudolph et al., 2006;
Sangwan et al., 2008). Since®4 affects the protein stability of Irr, Irr may be g@3-

-responsive regulator that affeetspCD expression irB. abortus.

In this report, we show thahpCD expression inB. abortus 2308 is responsive to
changes in endogenous®ilevels. This HO,-responsiveness is not mediated by OxyR or the
OxyR-like regulator encoded by BAB2_ 0530, but instead appears togemdint upon the

iron-responsive regulator Irr.
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Materials and Methods

Bacterial strains and growth conditions. Brucella abortus 2308 and derivatives of this strain
(Table 3.1) were cultivated on Schaedler agar (Becton, Dickinson, anga@g)rsupplemented
with 5% defibrinated bovine blood (SBA) at 37°C with 5% JGfD in brucella broth (Becton,
Dickinson, and Company) at 37°C with shaking at 165 fgsoherichia coli DH5a strains were
grown in Luria Bertani (LB) broth (Sambrook et al., 1989) or on LB ag&87°C. Zeocin (30
ug/mL) (Invitrogen), chloramphenicol (1&/ml) (Sigma-Aldrich), kanamycin sulfate (4g/ml)
(Invitrogen), and ampicillin or carbenicillin (3&/ml for Brucella strains; 10Qug/ml for E. coli
strains) (Sigma-Aldrich) were added to culture media as reges$sr selection of bacterial

strains carrying antibiotic resistance markers.

Recombinant DNA techniques.Standard methods were employed for the manipulation of
recombinant DNA molecules and amplification of DNA by polymerelsain reaction (PCR)
(Sambrook et al., 1989; Ausubel et al., 2000). Plasmid DNA was introducedsf uusla strains

by electroporation (Elzer et al., 1994).

Construction of B. abortus mutants. A previously described gene replacement strategy (Elzer
et al.,, 1994) was used to introduce defined mutations onto the gendinelmirtus 2308. A
ColE1-based plasmid containingat-disrupted version of thieatE locus (pMEK7-9c¢) (Chapter

2) was introduced into thB. abortus ahpCD mutantKH40 (Chapter 2) by electroporation and
transformants were selected on SBA containing chloramphenicol. AiveukatE ahpCD

double mutant (designated KK30) was selected for further ei@uétised on its lack of
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catalase activity and resistance to chloramphenicol and carbeniciThe genotype of KK30
was confirmed by PCR analysis of genomic DNA from this stugingahpC-, katE-, cat-, and

bla- specific primer sets as appropriate.

ColEl-based plasmids containingat-disrupted versions of the BAB2_0530 locus
(PKHS13), oxyR locus (pKHS12), andrr locus (pEA2) (Table 3.1) were independently
introduced into B. abortus 2308, and transformants were selected on SBA containing
chloramphenicol. Putative BAB2_0530 (designated KH1&)R (designated KH231), and
irr (designated BEA2) mutants were selected for further evaluation bagbkdiofailure to grow
on SBA supplemented with ampicillin. The genotypes of KH112, KH231, and2Bk#e
confirmed by PCR analysis of genomic DNA from these strasnsg BAB2_0536 oxyR-,irr-,
cat-, andbla- specific primer sets as appropriate. Southern blot analjtsigrobes foroxyR-,

irr-, cat-, andbla- was also done to further confirm the genotypes of KH231 and BEAZ2.

Production of recombinant Brucella BAB2_0530, OxyR, and Irr proteins. The oxyR and
BAB2_ 0530 open reading frames fronB. abortus 2308 were directionally cloned into
PMAL-C2X digested with Xmnl and Smal (Table 3.1) to creat@®E-oxyR and
malE-BAB2_0530 gene fusions (MBP). The resulting plasmids (pKHS14 and pKHSd%e
3.1) were introduced intB. coli DH5a cells by chemical transformation. The MalE-OxyR and
MalE-BAB2_0530 fusion proteins were purified from recombin@ntoli cultures via affinity

binding to an amylose resin and elution with maltose following the manufacturecsatise

The irr open reading frame fronB. abortus 2308 was directionally cloned into

pASK-IBA6 digested with EcoRI and EcoRV (IBA BioTAGnology)afle 3.1) to create a gene
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fusion ofirr with nucleotides that encode an eight amino acid tag capable of btodimg biotin
binding pocket of streptavidin. The resulting plasmid (pASK-irr; @akll) was introduced
into E. coli DH5a cells by chemical transformation. The tagged Irr protein puagied from
recombinan€. coli cultures via affinity binding to a streptavidin derivative (Stregetin) resin

and elution with desthiobiotin, a biotin analog, following the manufacturer’s directions.

B-galactosidase production byB. abortus strains carrying an ahpC-lacZ fusion in response

to cellular H,O, levels. A DNA fragment representing the intergenic region between
BAB2_0530andahpC wasamplified from theB. abortus 2308 chromosome using polymerase
chain reaction (primer set intergenic-F/intergenic-R) and intratlirde the Smasite upstream

of the promoterleskacZ gene in pMR15, a low copy number plasmid (Table 3.1). afp€
promoter orientation with respect tacZ was confirmed by PCR analysis. The resulting
plasmid (designated pKHS15) was introduced by electroporationBinatortus 2308, KH2
(katE), KH16 (@hpCD), KK30 (ahpCD katE), KH112 (BAB2_0530), KH231dkyR), BEA2 (irr),
and derivatives oB. abortus 2308, KH112, KH231, and BEA2 harboring pBBRMCS4 or

PMEK21. Bacterial colonies containing pKHS15 were selected by theitaiesgésto kanamycin.

To measure the effect of lowering endogenou®Hevels onahpC expression inB.
abortus 2308, derivatives of this strain containing aE bearing plasmid pMEK21 or the base
vector pBBRMCS-4 in combination with thapC-lacZ bearing plasmid pKHS15 were grown
on SBA for 48 h, and inoculated into 3 ml of brucella broth ink 00 mm tubes followed by
incubation at 37°C with shaking at 165 rpmAfter overnight incubation, the bacterial cells

were inoculated into 500 ml flasks containing 100 ml of brucellehbaoia cell density of £0
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CFU per ml and the flasks incubated at 37°C while shaking at 165 r@0 for Bacterial cells
were harvested by centrifugation (12,10@,<L0 mins, room temperature) and resuspended in
PBS to an Oyof 0.8. One hundred microliters of this bacterial cell suspension emasved
and the levels of endogenous@d present determined using the xylenol/orange ferrous iron
based assay described previously (Wolff 1994; Chapter®yalactosidase production by these

cultures was measured using the procedures described by Miller (1972).

Previous work has shown that abortus AhpC is a major scavenger of metaboligh
(Chapter 2). To evaluate the effect of increasing endogengiisldvels onahpC expression
in B. abortus 2308, the methods described in the previous paragraph were used to compare
B-galactosidase production from thlepC-lacZ fusion inB. abortus 2308 and the isogenahpC

mutant KH16.

Electrophoretic mobility shift assays. Purified recombinant OxyR-MBP and
BAB2_0530-MBP fusion proteins were dialyzed in 1x binding buffemi Tris-HCI, 40 mM
NaCl, 4 mM MgC}, 4% glycerol, HO) and adjusted to a protein concentration p§/LL using

the Bradford assay (Bradford 1976) Using PCR, DNA fragmentsesepting a 180 bp
intergenic region betweerkatE (BAB2_0848) and oxyR (BAB2_0849) [primer set
pkatE-F/pkatE-R; Table 3.1], a 147 bp intergenic region betweeBARB? 0530gene and
ahpC (BAB2_0531) [primer set pahpC-F/pahpC-R; Table 3.1], and a 169 bp Diénren the
serA (BAB1_0005) open reading frame [primer set p0005-F/p0005-R; Table 3.1] were
amplified fromB. abortus 2308 chromosomal DNA and radiolabeled witf’P]JdATP using the

following procedure previously described by Anderson et al. (2008)efly8r14 uL of purified
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PCR fragment (10-20 ngll) was added to AL Taq polymerase 10x reaction buffer (200 mM
Tris pH 8.4, 500 mM KCI), 50 mM MgG| 20 uCi [¢**P]dATP, and 5 units offaqg DNA
polymerase. This mixture was incubated at 70°C for 30 min, unincéedoradiolabeled
nucleotide was removed from the fragment using the QIAquick nucleetmdeval kit (Qiagen),
and the fragment was suspended inpB0elution buffer. Binding of the MalE-OxyR and
MalE-BAB2_0530 fusion proteins to the radiolabeled DNA fragments mv@asured by mixing
the corresponding purified protein withy2 radiolabeled promoter fragment, 4@ sonicated
salmon sperm DNA (Strategene)uR 5% binding buffer, and sterile water. This mixture was
incubated for 60 min at room temperature and then loaded onto a 6% namdidgretrylamide
gel and subjected to electrophoresis at 150 V. The contents @ethsere visualized by
autoradiography. To evaluate the specificity of the interacbhenseen the MalE-OxyR fusion
protein and th&atE radiolabeled DNA fragment, an unlabeled version ofkdiE fragment was

used as a specific inhibitor. TherA fragment was used as a nonspecific inhibitor.

A similar procedure was used to determine if Irr binds toati@C andrbr promoters.
A 398 bp DNA fragment encompassing thahpC promoter region [primer set
pahpC-F2/pahpC-R; Table 3.1] and a 276 bp DNA fragment encompassiragithe upstream
of the transcriptional start site fobr (BAB1_1691) [primer set prbr-F/prbr-R; Table 3.1] were
amplified fromB. abortus 2308 genomic DNA. The same protocols were used as described in
the previous paragraph except purified recombinant Irr was diaiyzéd TB buffer (0.89 M
Tris-Borate solution) and adjusted to a protein concentration ofyl mging the Bradford assay.
Accordingly, 1x TB buffer was also the gel buffer used. We addedulD®nCl; to the gel
buffer, acrylamide gel, and binding reactions because Sangwan 20@8) (showed that the

addition of MnC} increases Irr binding to DNA.
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Results

Genetic organization of theB. abortus ahpCD locus and surrounding regions. The genes
designated as BAB2 0531 and BAB2 0532 in Bieabortus 2308 genome sequence are
annotated ashpC and ahpD, respectively. The products of these two genes encode the
components of the alkyl hydroperoxide reductase complex AhpCD. deetvanscriptase PCR
analysis indicates that thahpC and ahpD genes inB. abortus 2308 are co-transcribed as an
operon (data not shown). As shown in Figure 3.2, directly upstredine ahpC gene is a gene
(BAB2_0530) predicted to encode a LysR-transcriptional regulator vgtiifisant homology to

OxyR (Figure 3.1).

Primer extension analysfdata not shown) reveals one transcriptional start site fd8.the
abortus ahpCD operon located 60 bp upstream of #pC start codon. Within the intergenic
region betweerhpC and BAB2_0530 are two identical 17 bp direct repeats (Figure 3.2). The
second 17 bp repeat overlaps the -35 region relative to the transctiptarhaite for thehpCD
promoter. Interestingly, a predicted OxyR binding site witiAATC sequence that repeats at
regular intervals overlaps both repeats. There is also actme@dir binding site with 71%
homology to the predicteBrucella Irr binding motif (Rodionov et al., 2006) that overlaps the
second repeat and -35 region of @dgCD promoter. Since both the OxyR and Irr boxes
overlap the -35 region of thehpCD promoter, both regulators are presumed to function as

activators if they regulate these genes.

ahpC expression is responsive to changes in endogenougOhllevels inB. abortus 2308. B.
abortus AhpCD is the primary detoxifier of endogenously produce®@HChapter 2). We
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have shown thaB. abortus ahpCD mutants have higher levels of intracellulapQd than
wild-type, and that the build-up of this,®&; reduces viability oB. abortus ahpCD mutants in
late stationary phase when grown in minimal medium (Chapter 2). edm lif ahpC is
constitutively expressed to remove,(®4 created from respiratory metabolism or ahpC
expression is responsive to increases in intracellul®, Honcentrations, we measured the
activity of anahpC-lacZ fusion in response to both the removal of intracellulg®+and to an

increase in intracellular ..

pBBR1MCS-based plasmids replicate Brucella strains with a copy number of
approximately ten per bacterial genome (Elzer et al., 1995). eGoestly, we used a
derivative of pPBBR1MCS4 carrying thHérucella katE gene (pMEK21) to reduce the levels of
endogenous $D, present inB. abortus 2308 (Chapter 2). As seen in Figure 3.3, significantly
reduced levels of endogenous(d (Figure 3.3A) andp-galactosidase production from the
ahpC-lacZ fusion (Figure 3.3B) were observed in tBe abortus 2308 derivative carrying

pPMEK21 compared to the isogenic derivative carrying the base vector pPBBR1MCS4.

AhpC has previously been shown to be a primary scavenger of metbbGlicn B.
abortus 2308 (Chapter 2), andhpC mutants exhibit elevated levels of endogenouy®©,H
compared to the parent strain. As seen in Figure 3.4, significactigased3-galactosidase
production is observed from thehpC-lacZ fusion in theB. abortus ahpC mutant KH16
compared to that observed in 2308, and this elevahpC expression correlates with an
increased level of endogenous,(Qd in B. abortus KH16 compared to 2308. These
experimental results indicate thahpC expression inB. abortus 2308 is responsive to

endogenous D, levels.
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Overproduction of KatE does not repressahpC expression in aB. abortus irr mutant.
Elevated expression &htE results in a significant decreasepigalactosidase production from
the ahpC-lacZ fusion in theB. abortus BAB2_0530 mutant KH112 (Figure 3.5A) and tye/R
mutant KH231 (Figure 3.5B) in the same manner as it does in thetgaP808 strain. In
contrast, elevated expressionkafE does not represghpC expression in ther mutant BEA2
(Figure 3.5C). These experimental findings suggest that Irahae in the KHO,-responsive

expression odhpC.

Recombinant Irr, OxyR, and BAB2_0530 do not bind to theahpC promoter region in
electrophoretic mobility shift assays. As shown in Figure 3.6, recombinaBitucella Irr does
not bind in a specific manner to a 398MNA fragment representing tlapC promoter region.
These findings suggest that Irr plays an indirect role in atigglahpC expression irB. abortus
2308. Similarly, no specific interactions between the OxyR-MBRu(E 3.7A) and
BAB2_0530-MBP (Figure 3.7B) fusion proteins and #hpC promoter region could be detected
in these assays. The OxyR-MBP fusion protein did exhibit afgpederaction in EMSA with
the katE promoter region as expected based on the previously demonstrated @tgR in

regulatingkatE expression irBrucella strains (Kim and Mayfield, 2000).
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Discussion

In this report we show th@itgalactosidase production from ahpC-lacZ transcriptional
fusion directly correlates with endogenougOhilevels in B. abortus 2308: ahpC expression
decreases in response to decreased levels of endogei@usitiahpC expression increases in
response to increased levels of endogena@.H These data suggest tlapC expression is
regulated by one or more,B,-responsive transcriptional regulators, and that AhpC is part of a

Brucella oxidative stress response.

One of the regulators we considered was Irr. Irr is an iespansive regulator that
regulates genes involved in heme biosynthesis and iron metaboli®rnugella and other
a-proteobacteria (Rudolph et al., 2006; Martinez et al., 2006; Martinalz, 2005; Sangwan et
al., 2008; Qi et al., 1999; Yang et al., 2006b), but this regulator hmabeds linked to oxidative
defense inBradyrhizobium japonicum and Brucella abortus. In B. abortus, an irr mutant
degrades bD, faster than wild-type in iron-deficient media (Martinez akt 2006). InB.
japonicum, Irr directly repressedor, whose gene product detoxifies®3 (Rudolph et al., 2006;
Sangwan et al.,, 2008). When endogenouy®,Hevels increase, #D, interacts with the
carboxy-terminus and destabilizes Irr (Yang et al., 2006a), isiciggebr expression so its gene
product can then degrade theQd(Rudolph et al., 2006; Sangwan et al., 2008). Thus, Irris a
regulator that can sense increases in celluj@, kevels and affect gene expression accordingly.
Since Irr detects changes in endogenou®;Hevels in B. japonicum, Irr would be a good

regulator for sensing endogenougalevels inB. abortus and affectingahpC expression.

Our data originally suggested that Irr directly represalsC expression at low

endogenous ¥D, levels, but as these levels increase, Irr is degraded (F@8)e The
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electrophoretic mobility shift assays, however, showed no interabgtween Irr and thahpC
promoter under the conditions examined. This suggests that Irr magvogg an indirect
effect onahpC expression. One possible explanation is that Irr controls expressitme
regulator that directly affecahpC expression (Figure 3.9). For example, when cellulgd,H
levels are low, Irr activateghpR (alkyl hydroperoxide_epressor), whose gene product represses
ahpCD; when cellular HO, levels increase, the B, interacts with Irr leading to Irr's
degradation, preventinghpR gene activation, and keepir@ppCD expression high. Since Irr
degrades when cellular iron levels are high (Hamza et al., 18@8gted iron levels would also
preventahpR gene activation and keghpCD expression high. Another possible explanation
(Figure 3.9) is that the direct regulator that affettisC expression is a repressor and requires
iron or iron-sulfur clusters for its regulatory ability. Irr potentiakgulates genesufBCDS X)
encoding proteins involved in iron-sulfur cluster assembB.iabortus (Rodionov et al., 2006),
and since there are low cellular iron levels inrmmutant (Martinez et al., 2006), the repressor
would be inactive causinghpC expression to increase independently of cellulgDHevels.

In either scenarioghpC expression is affected by cellular iron levels, which suggésts t
Brucella coordinates its oxidative stress response with iron metabolismeteerr Fenton
chemistry and cellular damage caused by hydroxyl radical.théruexperiments must be done
to determine ifahpCD expression is iron-responsive, and what the precise role of Irr is i

regulatingahpC expression.

ahpC is part of the OxyR regulon in several bacteria includiEsgherichia coli
(Christman et al., 1985Mycobacterium leprae (Dhandayuthapani et al., 199X anthomonas
campestris (Loprasert et al., 2000)Pseudomonas aeruginosa (Ochsner et al., 2000), and

Porphyromonas gingivalis (Ohara et al., 2006). This does not appear to be the caBe in
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abortus 2308 though, because the responsivenesahjp€ to endogenous D, levels is not
affected by aroxyR mutation. Furthermore, the recombinant OxyR-MBP fusion protein does
not bind to theahpC promoter region. This was unexpected because there is a predkgtied O
binding motif spaced at regular intervals in @gC promoter region that overlaps the -35
region. It is also unusual that OxyR would have no effe@hp® expression considering that
increasing endogenous ,®; levels induces the OxyR regulon in other bacteria. PIn
aeruginosa for example, OxyR induceshpB 90-fold in response to increased endogenogs O
and HO, levels generated from the redox cycler paraquat (Ochsner.,e2010). InX.
campestris, inactivation ofkatA or ahpC increases endogenous@®3 levels, and the entire OxyR

regulon is activated (Charoenlap et al., 2005).

The putative LysR-type regulator encoded by BAB2_ 0530 also does nairappbe
playing a role in the regulation @hpC in B. abortus 2308 in response to endogenougOH
levels. This is surprising because BAB2_ 0530 has OxyR-like prepertiBAB2 0530
contains key amino acids that are required for OxyR to bind totifegdlymerase and to bind
DNA (Paget and Buttner, 2003)B. abortus BAB2_0530 also contains C202 which is involved
in H.O; sensing, but not C211, the second cysteine residue involy®gsdnsing inE. coli
(Imlay 2008; Zheng et al., 1998). Therefore BAB2_0530 would be ckedsif a 1-Cys OxyR
(Chen et al., 2008) similar to the 1-Cys OxyRDOanococcus radiodurans that activatekatE
expression and repress#s andmntH expression in response te® (Chen et al., 2008). Itis
also unexpected that BAB2 0530 does not regudaaC in response to endogenousCd
because of the proximity of the BAB2_0530 gene toath@CD operon. One of the properties
of LysR-transcriptional regulators is that they often affeet éxpression of genes divergently

transcribed from their own genes (Schell 1993). There is ddidancrease in the basal level
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of ahpC expression in BAB2_0530 mutants comparedBtoabortus 2308, but changes in
intracellular HO, levels have the same effect almpC expression in the wild-type strain as they
do in the BAB2_ 0530 mutant. We cannot presently explain how BAB2 0530 afitguts
transcription, because the EMSAs show that BAB2_0530 doekimibtto theahpC promoter.

It must be noted though that we do not know if the EMSA conditions@rect for optimal
BAB2_0530 binding, because we do not have a positive control for this expériFurther

examination of BAB2_0530 will be necessary to clarify its potential role eguator ofahpC.

Although we have found three regulators that afépC expression in some manner in
B. abortus 2308, neither Irr, OxyR (see Chapter 4), nor BAB2_0530 directly actatgi€
expression in response to increased levels of endogen@js HBut there are other candidate
regulators to examine. PerR, a member of the Fur superfamihetalloregulators (Lee and
Helmann, 2006), is a major oxidative stress regulator in Gram-pobisigteria (Mongkolsuk
and Helmann, 2002). PerR directly sense®-tand intracellular Fé and Mri? levels. Data
from our laboratory show thatB abortus perR mutant is significantly more resistant to®3
than wild-type (E. Anderson unpublished), and since PerR has anble regulation obhpC
andkat in other bacteria (Bsat et al., 1998; Imlay 2008; Horsburgh et al., 20&5.an obvious
candidate to examine iB. abortus for being the HO,-responsive regulator we are trying to

identify.

NoIR is global regulator ir&norhizobium meliloti, and studies showed thahpC is a
primary target of NoIRChen et al., 2000). Sin& méliloti is a close phylogenic relative Bf
abortus, it is possible that NolR affecahpC expression in our bacterium tooB. melitensis

nolR mutants are attenuated in HelLa cells, J774 macrophages, and in BAldg/by one week
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post-infection (Haine et al., 2005), so NolIR is critical for survisathis bacterium within the

experimental host.

The Rhizobium group of bacteria uses NifA, an oxygen-responsive regulatacticate
genes whose products are involved in nitrogen fixation (Hauser .et2@07). In
Bradyr hizobium japonicum, >* (RpoN) binding to RNA polymerase is required for transcription
of the NifA target genes, and microarray analysis indictitasahpC is regulated by NifA and
RpoN (Hauser et al., 2007). Analysis of the publisBe@dbortus 2308 genome shows that
Brucella does not possessndgA homolog, but theéB. abortus RpoN can restore normal growth
and formation of functional nodules in & mdliloti rpoN mutant (lannino et al., 2008).
Furthermore B. abortus rpoN mutants are similar t@. abortus ahpCD mutants (Chapter 2)
because they have a stationary phase growth defect and are ruligntvin host macrophages
and BALB/c mice (lannino et al., 2008). Because of the phenotypic similarities betw&en
abortus rpoN and ahpCD mutants and the fact that RpoN affeatppC expression in a close
phylogenic relative td3. abortus, it is plausible that RpoN is involved ahpC expression, but
probably through an oxygen-responsive ofOkresponsive regulator. It should be noted
though that the predicted RpoN promoter sequence f&  mditensis
(AAGCAAN,TTN4CCAN,TT; Dombrecht et al., 2002) and forB. japonicum
[((T/IC)GG(C/T)(A/IC)(CIT)(G/A)N(T/A)TGC(T/A); Hauser et al., 2007] is not found in tBe

abortus ahpC promoter DNA region.

TheB. japonicum RegSR (also known as RegBARmodobacter capsulatus, ACtSR inS.
meliloti, and RoxSR irP. aeruginosa) is a two-component regulatory system that activaite€
expression indirectly by activatingfA expression (Bauer et al., 1998; Lindemann et al., 2007).

BAB1 0136 and BAB1_0132 iB. abortus 2308 have 71% and 40% amino acid identity with
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RegA and RegB, respectively, Bhodobacter sphaeroides. R. capsulatus RegBA responds to
the redox state of the bacterial cell, and its activity jgeddent on aerobic respiration. The
expression of RegBA target genes is higher in cytochrdmbg mutants (Elsen et al., 2004).
Since B. abortus ahpC is responsive to increased levels ofCh generated from aerobic
metabolism, it would be plausible that theQzresponsiveexpression ofahpC is through a

redox-sensing system like RegBA.

In summary, we have now identified AhpCD as a member ofBtlueella oxidative
stress response to,®,. We have shown thahpC expression is responsive to changes in
endogenous ¥D- levels, and our data indicate thaipC expression may be iron-responsive as
well. If this is the case, theB. abortus coordinates its oxidative stress response with iron
metabolism, which demonstrates the importance for the brucellaestenprhydroxyl radical
formation. At this time, we have failed to identify a regulathat directly affectsahpC
expression. To complete this study, we are currently construatip@ irr, ahpC oxyR, and
ahpC BAB2_0530 double mutants to determine if one of these regulatorspsmnsble for
activating ahpC in response to elevated cellulap®d levels. If this is the case, thapC
expression will not increase in the corresponding strain. Aeptesur KatE overproduction
studies suggest that neither of Bieabortus two OxyR homologs regulai@hpC in response to
endogenous #,. OxyR is a HO,-responsive regulator that is critical to the oxidative stress
defense in many Gram-negative bacteria (Christman et al., 198%, &tal., 1987), so it is
difficult to explain whyB. abortus would use a different regulator to sense increased endogenous
H.,O;levels and to activate antioxidant gene expression. We furskewhat roles do OxyR
and BAB2_0530 have iB. abortus? Earlier data suggested that OxyR’s role is to actkaite

expression beyond basal levels in response to high levelgpfélg. mM) (Kim and Mayfield,
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2000). Since KatE does not compensate for the loss of Ahp(Giimo cultivation experiments
(Chapter 2) and has a minor role in removing endogeng@s, kit is plausible that OxyR and
KatE are part of a secondary line of oxidative stress defensor example, the first line of
defense in response to increased levels .kt to activateahpC expression through our
unidentified regulator. If KD, levels continue to increase, then the second line of defense uses
OxyR to activatekatE. At this time, it is hard to explain whg.abortus has two levels of

oxidative stress defense.
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Table 3.1 Bacterial strains, plasmids, and primers used in this study

Strain or plasmid

Strains

Escherichia coli
DH5a

Brucella abortus
2308
KH16
KH2
KK30
KH112
KH231
BEA2

Plasmids
pGEM®-T Easy
pBlue-CM2

PKHS17

pKHS13

Genotype or description

F- ®80lacZAM15 A(lacZYA-argF)U169recAl
endAl hsdR17(k., m+) phoA supE44thi-1

gyrA96 relAl A-

Virulent challenge strain

2308hpCD::cat; Cm'
2308katE::cat; Cn

2308ahpCD::bla, katE::cat; Ap'; Cnf

2308 BAB2_0530cat; Cnf

2308xyR::cat; Cml

2308rr::cat; Cml

ColE1-based cloning vector;'Ap

656 bpcat gene from pBC cloned into the

EcoRYV site of

2,749 bp genomic DNA fragment froB
abortus 2308 containing BAB2_053[PCR
primers lysR8-F/lysR8-R] cloned into pGENT

Easy

Derivative of pKHS17 in which a 259 bp
BsiWI/Eco0109I fragment internal to the

pBluescript KS+

Reference or source

Invitrogen

Laboratory stock
Chapter 2
Chapter 2
This study
This study
This study
This study

Promega

Robertson et al., 2000

This study

This study

BAB2_0530coding region was replaced with the
cat gene from pBlue-CM2
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pKHS11

PKHS12

pBluescript KS+
pMF4

pMF4delta

PKHS2

pKSZeol

pPMR15

PKHS15

pBBR1MCS-4

PMEK21

PMAL-C2X

PASK-IBA6

2,836 bp genomic DNA fragment froBa This study
abortus 2308 containingxyR [PCR primers
oxyR-F/oxyR-R] cloned into pGEMT Easy

Derivative of pKHS11 in which a 703 bp Afel This study
fragment internal to thexyR coding region was
replaced with theat gene from pBlue-CM2

ColE1-based cloning vector; Ap Strategene

577 bp genomic DNA fragment froBy abortus  This study
2308 containingrr [PCR primers irr-F/irr-R]
cloned into pBluescript KS+

Derivative of pMF4 in which theat gene from  This study
pBlue-CM2 was inserted into a Nrul site internal
to theirr coding region

2,499 bp genomic DNA fragment froBa Chapter 2
abortus 2308 containinghpCD cloned into
pGEM®-T Easy

463 bpble gene from pZEO19 cloned into the This study
EcoRV site of pBluescript KS+

RK2-based broad host range transcriptional  Gober and Shapiro 1992
fusion vector; contains the coli lacZ gene

from pRSZ3 subcloned into pRK290; low copy

number (2-4 copies per cell); Kn

Derivative of pMR15 carrying an 185 bp This study
fragment [PCR primers

intergenic-F/intergenic-R] containing thbpC

promoter region froni. abortus 2308

pBBR-based broad host range cloning vector; Kovach et al., 1995
moderate copy number (10-14 copies per cell);
Ap'

Derivative of pPBBR1MCS-4 carrying tHetE Gee et al., 2004
gene fromB. abortus S19; Ap

pBR322-based protein fusion vector; contains New England BioLabs
mal E gene which encodes maltose-binding
protein; Ap

pUC-based, Strep-Tactin tag protein purificatiomBA BioTAGnology
vector; Ap
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PKHS45

pKHS14

PASK-irr

Primers
Designation
lysR8-F
lysR8-R
oxyR-F
oxyR-R
irr-F

irr-R
intergenic-F
intergenic-R
pahpC-F
pahpC-R
pahpC-F2
pkatE-F
pkatE-R
p0005-F
p0005-R
prbr-F
prbr-R

953 bp genomic DNA fragment froBy abortus  This study
2308 containingxyR [PCR primers
oxyR-F2/oxyR-R2] cloned into pMAL-C2X

900 bp genomic DNA fragment froBy abortus  This study
2308 containing BAB2_0530 [PCR primers
lysR8-F2/lysR8-R2] cloned into pMAL-C2X

435 bp genomic DNA fragment froBh abortus  This study
2308 containingrr [PCR primers irr-F2/irr-R2]
cloned into pASK-IBA6

Sequence
5-CTCCATGTGGGTCGAGGGTGAACTG-3’
5-CAAACAGGCCATATTTCTGCTGCGG-3’
5-CATGATCTGAACCTGCACCT-3’
5-GAAGTTTGCAGCCGAGATAA-3’
5-GCGGCCGCATGAAAACTCTT-3
3-ACCGGCTTTCGGATCAAGGC-3’
5-TAAAACCCGAATAATCGCTT-3
5'-CCTTGAAAGGGGGAAGCTTG-3
5-TAAAACCCGAATAATCGCTT-3
5-CCTTGAAAGGGGGAAGCTTG-3
5-CACGCGCCAGAAAGTCCTCA-3’
5-GATAGGAAAATCTTATCAATAATAACAAA-3
5'-GCGATCTGTCATGGAATAAT-3
5-AGATTGACATTGATGCCGTCCA-3
5'-CAAAGCATCTGCTTGCAGCC-3
5-GGAAATCCTGCCGGTTAAGC-3'
5-ACGGAAGAATCGGCTGAACA-3’
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oxyR-F2

oxyR-R2
lysR8-F2
lysR8-R2
irr-F2

irr-R2

S-ATGTTTACAGTCCGTCAAATACG-3
S'-TTAAGAATATGAAGGGGTAT-3’
5-ATGCTCAATATTAGTGTCAGGCAGC-3
5'-GTCCTGCAAGCAATTGCTGC-3
S'-GTGAATATGCATTCTTCACATACCCACTC-3’

5-TCAGCGGGCCTGACGGCGCAGACGCACAATGATATCCACA
T-3
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Figure 3.1. The Brucella OxyR and BAB2 0530 proteins share biologically relevant
conserved domains with the OxyR protein oEscherichia coli. Indicated are the five amino
acids necessary fdt. coli OxyR to bind to DNA (*) (Paget and Buttner, 2003), the two amino
acids necessary fd@. coli OxyR to interact with RNA polymerase (¢) (Paget and Buttner, 2003)
and the two conserved cysteine residues that become oxidized @andEaltoli OxyR to be

responsive to kO, (m) (Imlay 2008).
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* ,,,*, . - Section 1

@1 30 40 B 72
E. coli OxyR protein (1) ——-MNT DLE AEHRH DSCH GOERKLEDEL TSR KVLE‘TQA MLLVDQAR
B. abortus OxyR protein (1) ——MFTVRQIR FD ASTLH RK ELAH]| S PA AEMEATA AP E‘E SQRQVIMTELGKHLYPGIK
B. abortus BAB2_0530 protein (1) MLNISVRQLH VQAGS EATIG] QOALEAELGATHIDRTGRRMOMLPAGEDFLARAR
Consensus (1) ISVRQL YFLALA HFRRAAEA HVSQPTLSAQI LEAELGA LIERT RKVIMT AG LL AR
Section 2
73) 73 80 144
E. coli OxyR protein (70) ’I‘VLREVKV K| QGETMSGPLHI TVG LBHT I[B MLHQTF KLEMYLH AQLDSGK|
B. abortus OxyR protein (71) AILRELQKLE SRGLLOQTGIKL TVA Y V VLIPLLHEQHRBSFRLQLR EELHAGD,
B. abortus BAB2_0530 protein (73) DIVALIEELPEHARQAEHPLTTRLRM SIA KVLBATAKAF ELQLTVR ESLRSGT
Consensus  (73) ILRE‘.I L EIAAQA LST LKIGIIPTVAPYLLP IIPLLH FP L LLE L SG L
- B — Section 3
(145) 145 150 160 170 180 190 2ool 216
E. coli OxyR protein (142) CVILALVKESEAFIEVPLFDEPMLLAIYEDHPWANRECVPMADLAGEKL DQAMGFCFEAGA
B. abortus OxyR protein (143) DATVAALPIDDEKLSHQKLFDDRE TSTNDHTVLASPMTQNHAALERLLL DQALAVCTLPSQ
B. abortus BAB2_0530 protein (145) DVALVAHPYDLDEFEIAETIGRDPE VRRDHALANRDSVEASDIDDQPE‘L EHVMAAIGSKPA
Consensus (145) D IILALP D E F LFDDPFLLAT DH ANRD V ADIA EKLLLLEDGHCLRDQAMA C A
. ® — Section 4
17y 217 230 240 260 270 288

E. coli OxyR protein (214) DEDTHFR, RNM AREsE VPP ERKRDGVVYL CIKPEPR TIGLVYRPGSPLRSRYEQ
B. abortus OxyR protein (215) ROQLVKYG LOMV SHGMG L I EI VRA-EARSNHMRIVPFEGEQPKREIALFWRROSMRGKDERA
B. abortus BAB2_0530 protein (217) QMSGDVH VOQLMOFGMGV: IKAGVTRGTDLSVVEBYEGKYNFRSLV TNAARRNEFQL

Consensus (217) F ATSI TLLQMVA GMGITLLP TJAVKA E R L IVPFEG PKRSIAL WR NS RR DF

o Secuon >
(289) 289 300 310 320
E. coli OxyR protein (285) LAEATRARMDGHFDKVLKQAV-==--===-=-~-—
B. abortus OxyR protein (286) LAEC TAESANKLKIDPSKIDTLLDNPSTPSYS
B. abortus BAB2_0530 protein (289) FANHLRSNCLQDV-=====-=-=-—————————
Consensus (289) LAE IRA K

Figure 3.1
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Figure 3.2. Genetic organization of the BAB2_0530 — BAB2_0533 locusBnabortus 2308.
BAB2_0530 encodes a LysR-type transcriptional regulator that igagficant amino acid
homology with bacterial OxyR homologs; BAB2_0531 encodes a perioximegoatein named
AhpC that is involved in detoxifying 4D, in B. abortus; BAB2_0532 encodes a
hydroperoxidase named AhpD which functions to reduce the AhpC protelnBAB2_0533
encodes a protein belonging to the major facilitator superfaMiiRg), which is a diverse group

of transporters that includes uniporters, symporters, and antiporians €t al., 2008). The
transcriptional start site fahpC is noted by +1 and the corresponding G is shown in boldface.
The -10 and -35 regions relative to the transcriptional site ageshlown. The amino-termini

of the BAB2_0530 andhpC coding regions are labeled by their amino acids. There are two 17
bp direct repeats (shaded regions) in the intergenic region dretd&B2 0530 andhpC. A

predicted Irr box is underlined, and the five predicted OxyR binding sites are shown acbkoldf
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Figure 3.3 Reduction of endogenous ¥, levels (black bars) inB. abortus 2308 results in
reduced B-galactosidaseproduction from an ahpC-lacZ fusion (white bars). The data
presented are means and standard deviations for triplicate detensrfeom a single culture in
a single experiment. The data presented here are represeotativitiple & 3) experiments
performed from which equivalent results and statistical trendee vobtained. Statistical
significance P < 0.05) as determined by the Student two-tatle@st is represented by an
asterisk and is for the comparison of 2308 (pMEK21; pKHS15) versus 2308 (pBB&AM

pKHS15).
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Figure 3.4 The B. abortus ahpCD mutant KH16 exhibits increased levels of endogenous
H,0, (black bars) andahpC expression (white bars) compared to the parental 2308 strain.
The data presented are means and standard deviations fort&igitarminations from a single
culture in a single experiment. The data presented here meseatative of multiple>(7)

experiments performed from which equivalent results and statisteyads were obtained.
Statistical significanceR < 0.05) as determined by the Student two-tailesbt is represented by

an asterisk and is for the comparison of 2308 versus KH16.
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Figure 3.5 Overproduction of katE does not reduceahpC expression in theB. abortus irr
mutant BEA2. [-galactosidase activity from aahpC-lacZ fusion in derivatives ofB.
abortus 2308 (A-C), KH112 (BAB2_0530) (A), KH231oxyR) (B), and BEA2 (fr) (C) carrying
pBBR1MCS4 or a version of this plasmid containing Bnacella katE gene (pMEK21). The
data presented are means and standard deviations for triplicatenidations from a single
culture in a single experiment. The data presented here aesegfative of multiplex(2 (A)
and> 3 (B and C)) experiments performed from which equivalent reaulisstatistical trends
were obtained. Statistical significanée< 0.05) as determined by the Student two-tailsbt
is represented by an asterisk and is for the comparison of wid2$08 to KH112, KH231, or

BEAZ2.
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Figure 3.6 Irr binds to the Brucella rbr promoter region but not to the ahpC promoter
region in an EMSA. Lanes 1,0°’P-labeledrbr promoter DNA; lane 2a*’P-labeledrbr
promoter DNA plus 50 ng Irr; lane 82?P-labeledrbr promoter DNA plus 100 ng Irr; lane 4,
o*?P-labeledahpC promoter DNA; lane 5¢3?P-labeledahpC promoter DNA plus 50 ng Irr; lane
6, 0°?P-labeledahpC promoter DNA plus 100 ng Irr The results presented here are finyle
experiment that is representative of multipte2] experiments performed from which equivalent

results were obtained.
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Figure 3.7 The OxyR-MBP fusion protein binds to theBrucella katE promoter region but
neither OxyR-MBP (A) nor BAB2_0530-MBP fusion proteins (B) bnd to the ahpC
promoter region in an EMSA. (A) Lane 1, o*’P-labeledkatE promoter DNA; lane 2,
o**P-labeledkatE promoter DNA plus Juig OxyR-MBP fusion protein; lane 8>°P-labeledkatE
promoter DNA plus 2ig OxyR-MBP fusion protein; lane 4°°P-labeledkatE promoter DNA
plus 3 pg OxyR-MBP fusion protein; lane 5 specific competitor contsdfP-labeledkatE
promoter DNA plus Jug OxyR-MBP fusion protein and 20 x unlabeledE promoter-specific
DNA fragment; lane 6 non-specific competitor contedfP-labeledser A promoter DNA plus 1

ng OxyR-MBP fusion protein; lane >?P-labeledahpC promoter DNA; lane 8¢>?P-labeled
ahpC promoter DNA plus Jug OxyR-MBP fusion protein; lane 83?P-labeledahpC promoter
DNA plus 2pg OxyR-MBP fusion protein; lane 18%?P-labeledahpC promoter DNA plus 3ig
OxyR-MBP fusion protein. The results presented here are fr@nghe experiment that is
representative of multiple>(3) experiments performed from which equivalent results were
obtained. (B) Lanes 1-5?P-labeledahpC promoter DNA; lane 2, 0.5g BAB2_0530-MBP
fusion protein; lane 3, 1g BAB2_0530-MBP fusion protein; lane 4,18 BAB2_0530-MBP
fusion protein; lane 5, 3g BAB2_0530-MBP fusion protein. The data presented here are
representative of multiple>(3) experiments performed from which equivalent results were

obtained.
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Figure 3.8 The original working model proposing that Irr directly repressesahpCD
expression when cellular HO, levels are low, but repression is relieved when celluldt,O-

levels increase because A, destabilizes Irr.

156



Low endogenous
H,O, ievels

Hich endooesnong

,H;E); levels

Figure 3.8

157



Figure 3.9B. abortus Irr can affect ahpC expression by repressing (A) or activating (B) the
gene encodingahpC’s regulator or by keeping cellular iron levels high enough tdkeep
ahpC's regulator in an active state (C). In this model, theahpC direct regulator is termed
AhpR(A) [alkyl hydroperoxidase &pressor (@ivator)]. Ahp is an activator in (A) and a
repressor in (B) and (C). In figure C, AhpR is in an inacttaeesvhen iron is not bound to the

sulfur group.
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Chapter 4

Our current understanding of the roles of BAB2_0530, Irr, and OxyR in oxidative sess
defense inBrucella abortus 2308



The OxyR-like protein BAB2_0530 regulates genes whose productstofy superoxide

and organic peroxides, but not hydrogen peroxide iB. abortus 2308.

Identification of the OxyR homolog BAB2_0530 B abortus 2308. Analysis of theB.

abortus 2308 genome sequence reveals the presence of two genes that aredptedicicode
LysR-type transcriptional regulators with high homology to OxyRxyR is an oxidative stress
regulator in Gram-negative bacteria that allows bacteriadapt to lethal levels of 4@, by
activating antioxidant genes (Christman et al., 1985; Storz et97). One of th&rucella
OxyR homologs is designated as BAB2 0849 and shares 37% amino acidy idatftithe
Escherichia coli K12 OxyR (Figure 3.1). A study describing its charactewrathas been
published (Kim and Mayfield, 2000), and this homolog was named OxyR. s&bend
potentialoxyR gene inB. abortus, BAB2_0530,is found divergently transcribed from thlspCD
operon. BAB2_ 0530 shares 33% amino acid identity witlethmeli K12 OxyR.  Amino acid
alignment indicates that BAB2_0530 is a 1-Cys OxyR homolog traaims most of the critical
residues for OxyR activity (Figure 3.1; Chen et al., 2008). The RMRT238 residues that
are important for binding to RNA polymerase in thecoli OxyR are conserved as D145 and
T241 inB. abortus BAB2_0530 (Paget and Buttner, 2003). Four of the five residues that are
important for DNA binding (R4, Y8, A22, S33, P30) in taecoli OxyR are also conserved B
abortus BAB2_0530 (R7, Y11, A25, S36) (Paget and Buttner, 2003). There are two cysteine
residues in th&. coli OxyR (C199 and C208) that are critical for itgdzresponsivenegdmlay

2008; Zheng et al., 1998; Mongkolsuk and Helmann, 2002)Bbabortus BAB2_0530 only
contains the first cysteine (corresponding to C202, Figure 3.1)is nieans that if BAB2_0530
functions as an OxyR homolog, it only requires one cysteine for toxidand thus is similar to

the Deinococcus radiodurans OxyR. D. radiodurans oxyR mutants are sensitive to,8&,, and
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the D. radiodurans OxyR protein activatekatE expression and repressdps and mntH

expression in response to,® (Chen et al., 2008). Researchers showed thatDthe
radiodurans OxyR C210 is oxidized to a sulfenic acid by@d and this oxidation is sufficient to
fully activate OxyR (Chen et al., 2008). Therefore BAB2_0530 couleffeetive at responding

to H,O, even though BAB2_ 0530 contains one redox-active cysteine residue.

B. abortus BAB2_0530 does not impact the removal ofGd from the bacterial cell.

Earlier work showed that BAB2_0530 has a two-fold repressive teffiedhe expression of
ahpCD in B. abortus 2308 under all conditions testé@Ghapter 3). BAB2_0530 continues to
have this effect even when endogenoy®Hkevels change, suggesting thaiQddoes not affect

the regulatory activity of BAB2_0530. To determine if BAB2_0530 rdgslather genes
involved in detoxifying HO,, we compared the sensitivities Bfabortus 2308 and the isogenic
BAB2_ 0530 mutant KH112 to #Din in vitro assays. KH112 and 2308 displayed equivalent
resistance to D, in both disk inhibition assays on a solid medium (Figure 4.1A) and in broth
culture susceptibility assays (Figure 4.1B) indicating thatltiss of BAB2_ 0530 does not

impact the survival oB. abortus 2308 after an exposure te®}.

These results are further supported by the observation th& #imrtus BAB2_0530
mutant produces the same levels of endogenous per@sdie parent strain during aerobic
cultivation (Figure 4.2A) and can detoxify p exogenous kD, with the same efficiency as
2308 (Figure 4.2B). In summary, the phenotype exhibited in thesesassdigates that

BAB2_0530 does not regulate gene8irabortus 2308 that are essential fop®}, resistance.
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BAB2 0530 is necessary for the detoxification of superoxide and orgerigides.To

determine if BAB2_0530 regulates genes involved g ©r organic peroxide resistance, we
asked if a mutation in the BAB2_0530 gene would affect the vialwfit. abortus 2308 in
response to superoxide or organic peroxides. As shown in Figure 4.3, ttie B33 mutant
KH112 displays an increased sensitivity to the~@enerator paraquat (PQ) compared to the
parental 2308 strain. The addition of catalase to the test mediunotdidlieve the increased
sensitivity of KH112 to PQ indicating that this toxicity is doetlie generation of endogenous
O~ and not the result of generation of endogenox3,Hs a by-product from the PQ reaction.
The B. abortus BAB2_ 0530 mutant also exhibits an increased susceptibility to theniorg
peroxides cumene hydroperoxide (CHP) and tert-butyl hydroperoxfeOtl) (Figure 4.4).
Thus it appears that BAB2_0530 plays a role in the regulation of garesead in protectinds.
abortus 2308 from Q< and organic peroxides. The identity of these genes remains to be
determined. Thé&. abortus BAB2_0530 mutant demonstrates a wild-type spleen colonization
profile in C57BL/6 mice through eight weeks post infection (datashotvn) indicating that

regulation by BAB2_0530 is not critical for virulence in the mouse model of chroeictiorh.

BAB2 0530 summary and future directiond8BAB2 0530 is a predicted LysR-type

transcriptional regulator that has a two-fold repressive etfiedioth the expression of its own
gene (data not showr@nd that ofahpCD under all conditions tested (Chapter 3). The data
shown here illustrate that despite BAB2_ 0530 being an OxyR-like pr&&iB2_0530 has no
role in the removal of D, from Brucella cells: BAB2_ 0530 mutants scavengeCd as
quickly as wild-type cells, and BAB2_0530 mutants have the same igéngid H,O, as
wild-type cells. Furthermore, the two-fold repressive effeé&tBB 0530 has onahpCD

expression is not affected when endogenoi3; levels decrease.
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OxyR regulatesod in the anaerobBorphyromonas gingivalis (Ohara et al., 2006; Wu et
al.,, 2008) andtpx (which encodes a thiol peroxidase) the anaerobd3acteroides fragilis
(Herren et al., 2003), but OxyR does not seem to have a direchrtie regulation of these
genes in aerobic bacteria (Nakjarung et al., 2003).  Aerobesottaeteregulators like SOXRS
and OhrR to regulate genes whose products are involved in detoxifyingxsdpeand organic
peroxides (Imlay 2006). If BAB2_0530 functions as a regulator, it tagyet the potential
organic peroxide detoxifier genbesp, tpx, andohr and the superoxide detoxifier gersedC and
sodA. More studies are necessary to define the role BAB2_0530 has Brutsla oxidative

stress defense against superoxide and organic peroxides.

Irr regulates oxidative defense genes iBrucella and other a-proteobacteria.

Irr is an _ron responsive ggulator that regulates genes whose products are involved in
iron metabolism (Hamza et al., 1998). Bnabortus, Irr represses the expression of its own
gene and activates expression of the siderophore biosynthesis dpe@iBA (Rudolph et al.,
2006b; Martinez et al., 2006). Bradyrhizobium japonicum, Irr regulates over eighty genes
including a heme biosynthesis geimenB (Hamza et al., 1998jhe heme uptake gene cluster
hmuTUV-hmuR-exbBD-tonB, and the gene encoding bacterioferritin (Rudolph et al., 2006a). In
Rhizobium leguminosarum, Irr regulates the heme biosynthesis geseAl, a gene encoding the
iron-responsive regulator RirA, the iron-sulfur synthesis opesof&2BCDSLXA, and a

ferrisiderophore ABC transporter gen@l (Todd et al., 2006).

Iron and HO,work in concert to degrade Irr . japonicum and indeed experimental

evidence suggests that in addition to its role in regulating irotabuksm genes, Irr also

182



regulates genes involved in oxidative defense (Yang et al., 2006)tin&taet al. (2006) for
example showed thd. abortus irr mutants have increased catalase activity. Irr also affects
ahpCD expression irB. abortus in response to 0, (Chapter 3). InB. japonicum, Irr directly
binds to the rubrerythrin gene promoter to reprdss expression (Rudolph et al., 2006a;

Sangwan et al., 2008).

To further investigate the roe abortus Irr plays in protecting bacteria against oxidative
stress, we determined cell viability &. abortus irr mutants and wild-type 2308 after an
exposure to kD,, O,*7, and organic peroxides. We first performed a broth sensitisggyato
compare sensitivities of wild-type 230B, abortus katE mutant MEK6, andB. abortus irr
mutant BEA2 to varying concentrations of®3. The results showed that tBe abortus irr
mutant BEAZ2 is more sensitive ta®h than wild-type but not as sensitive as Biabortus katE
mutant MEK6 (Figure 4.5). These resudigree with the data that show that Bieabortus irr
mutant BEA2 has a defect scavengingdb(Figure 4.2). Since there are predicted Irr binding
sites upstream of thBrucella katE, bcp, tpx, andrbr genes (Figure 4.7), it is plausible that Irr
has a role in regulating genes involved in removin@Hrom the bacterial cells. Our data
contrast with the data published by Martinez et al. (2006), though siwvowed that B. abortus
irr mutant is more resistant ta®, and scavenges B, more quickly than wild-type. It should
be noted, though, that their experiments were performed in low irolame a different cell
density, and the authors used different experimental assays. Fam#igsis must be done to
work out these discrepancies and to determine if iron availabditthe reason for these

differences.

We next asked if the presence of Irr affects the viabilitheforucellae after an exposure

to organic peroxides (OP), which would indicate that Irr affectsegevhose products are
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involved in detoxifying OP. The results of broth sensitivity assdysved theB. abortus irr
mutant is more sensitive to cumene hydroperoxide and tert-butybpsmrxide than wild-type
(Figure 4.6). These results indicate that the Irr regulon melyde genes whose products
detoxify OP and if this is true, that Irr is an important oxidastress regulator iB. abortus.

Irr could be directly regulating eitheépx or bcp, because there is a predicted Irr binding
sequence with 67% and 76% identity in the DNA upstreatmoénd bcp genes, respectively

(Figure 4.7).

Since our evidence suggests tlBatabortus Irr regulates genes whose products are
involved in detoxifying HO,and OP, it is possible that Irr may regulate genes whose products
detoxify another important ROS, superoxide. So we next asked H. thi#ortus irr mutant is
more sensitive than wild-type to superoxide. In this experimentusesl the endogenous
superoxide generator paraquat. Paraquat is a redox-cyclingtlitigncreases superoxide
production from the respiratory chain (Bus and Gibson, 1984). Thus, the effectsopfgpana
more obvious during cellular growth. Our data showed that while wild-B808 is sensitive to
an exposure to paraquat during growth, Bha@bortus irr mutant BEA2 is much more sensitive
to the addition of paraquat (Figure 4.8). These results indicatelrthet involved in the
removal of endogenous superoxide and/or superoxide’s downstream pra@ct Hurther
analysis must be done to distinguishrif mutants are sensitive to superoxide and/or 40.lih

this assay, and if Irr regulates genes whose protein products are respfumsiiis phenotype.

A B. abortus strain lackingirr is attenuated compared to wild-type in mic&inceB.

abortus Irr plays an important role in the brucellae’s resistance tdatixie stress, we next asked
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whetherB. abortus Irr is critical for establishing and maintaining an infection in the erpartal
murine host. Martinez et al. (2006) showed tBatbortus irr mutants are not attenuated by
three weeks post infection in BALB/c mice. Our results agbeg, preliminary evidence
showed thaB. abortus irr mutants are significantly less virulent than wild-type in theuse
model starting at four weeks post-infection (Steele unpublished). eTresslts indicate that
regulation by Irr is critical for maintaining an infectiomvivo, and further study is warranted to

identify Irr-regulated genes and Irr's contribution to the survival of thisshaat in its host.

Irr summary and future studiesMartinez et al. (2006) showed that tBeabortus iron

responsive regulator Irr is involved in removingQd, most likely through its regulation of
antioxidant genes. For this reason and the fact that iron-respoegivators have been linked

to oxidative stress defense in other bacteria (Zheng et al., 199@xangened the effect Irr has

on ahpCD expression irB. abortus 2308. Iron metabolism and oxidative stress defense are
coupled because of Fenton chemistry. Fenton chemistry is théowreathydroxyl radical
from the interaction of ferrous iron and,® (Reaction 6 p. 12). Hydroxyl radical reacts
instantaneously with cellular macromolecules causing irreverdiMlA, protein, and lipid
damage (Babior 1978; Hassett and Cohen, 1989; Dubbs and Mongkolsuk, 2007). Sance ther
are no known antioxidants that remove hydroxyl radical from thesbaktell before damage
can occur, bacteria use regulators that respond to high iron and fighekkls and repress
genes whose proteins bring iron into the bacterial cell and actjestes whose products remove
H,O, (Zheng et al., 1999). Irr is a well-equipped regulator capafblesponding to both high
iron and HO:levels, because Irr is degraded in the presence of iron (thrbagloh-dependent

heme biosynthesis process) andOksimultaneously (Small et al., 2009). Indeed, Bn
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japonicum, Irr degrades when cellular,&,and iron levels are high, and Irr’'s degradation causes
an increase in expressionrir (Sangwan et al., 2008), whose gene product remo»®@sfidm

the bacterial cell.

We know Irr plays a role in the oxidative stress defend®. abortus 2308, because its
presence increases the resistance of these bacteria toregpossuperoxide, hydrogen peroxide,
and organic peroxides. Circumstantial evidence suggests thaalhieiso sense redox changes
within the bacterial cell and directly regulate antioxidant gen®ne example of this is Irr's
ability to bind to the DNA upstream of ter open reading frame (Chapter 3). Rubrerythrin
degrades kD, (Lumppio et al., 2001). As seen in Figure 4.9, Irr may reprlesexpression
when cellular HO, levels are low, and as.B, levels increase, Irr repression is relieved.
Further experiments have to be done to determine if Rbr degra@geHB. abortus, and if Irr

regulatesbr expression.

It is possible that Irr has an indirect role in the oxidativesst defense d8. abortus.
An example of this is Irr's affect cahpCD expression. B. abortus irr mutants have abnormal
iron concentrations: they have lower cellular iron levels but higkete levels than wild-type
(Martinez et al., 2006). Thus, because the presence of Irr ing&dictisr iron levels, Irr would
affect the activity of any iron containing proteins. Figure 4lli@trates how Irr could affect
the activity of Brucella’'s primary oxidative stress regulator if the regulator reguiren to
function. Further experiments must be done to distinguish betweedirdw and indirect

models.
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ahpCD expression inB. abortus 2308 is responsive to supraphysiologic levels of,6;

through OxyR.

Earlier work has shown thd@. abortus ahpCD expression increases in response to an
increase in endogenous;® levels (Chapter 3). Since the expressioralgfC increases in
response to 50M exogenous kD, in Bacteroides fragilis (Rocha and Smith, 1999 200uM
exogenous kD, in Sreptomyces coelicolor (Hahn et al., 2002), and to 2 mM exogenou®Hh
Mycobacterium marinum andM. xenopi (Pagan-Ramos et al., 1998), we next ask&d abortus
ahpCD expression is responsive to the addition of exogene@s.Ho answer this question we
measured3-galactosidase production from ahpC-lacZ transcriptional fusion irB. abortus
2308 to determina@hpC promoter activity in response to the addition of varying conceoisti
of H,O,. The results show thahpCD expression does not increase in response to an exposure
with low nanomolar levels of ¥, (Figure 4.11A). Since KatE is probably detoxifying the
exogenous kD, before itcan oxidize a regulator, we measufedalactosidase production from
the ahpC-lacZ transcriptional fusion in @. abortus katE mutant. These results show that
ahpCD expression slightly increases in response to@xogenous kD,, but returns to basal
levels in response to 50tM and 1000uM H,0O, (Figure 4.11B). We next discovered that
ahpCD expression in wild-type 2308 decreases in a dose-dependent fashiespange to
millimolar, non-lethal levels of exogenous®} (Figure 4.11C). These results demonstrate that
ahpCD expression is responsive to the addition of supraphysiologic levelsogienous D,
but it is somewhat surprising thBt abortus 2308 would decrease expression of an antioxidant

gene in response to,8,.

OxyR is considered to be an important oxidative stress regutaBrabortus, because

an oxyR mutationmakes the brucellae more sensitive t@HFigure 4.1a), and becau®xyR
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regulates katE, whose gene product detoxifies,® (Kim J-A and Mayfield, 2000).
Furthermore, OxyR has an established role for defending the laeicelyainst high
concentrations of exogenous,® (30 mM) (Kim J-A and Mayfield, 2000). Since OxyR
directly regulateshpC expression in response to exogenoy®te¢xposure in other bacterig. (
coli [Christman et al., 1985]Neisseria gonorrhoeae [Sieb et al., 2007],Pseudomonas
aeruginosa [Ochsner et al., 2000]), we next asked if OxyR was involved in je-Hesponsive
repression odhpC in B. abortus 2308 caused by millimolar levels of exogenouy®©F Using
the B. abortus 2308 strain carrying thehpC-lacZ fusion to measurahpC promoter activity, we
found thatahpCD expression decreases in response to 10 mk l 2308 but not in thé.
abortus oxyR mutant KH231 (Figure 4.12). These results indicate that Oxy&smonsible for
repressingahpCD expression in response to supraphysiologic levels 43, kh B. abortus.
However our electrophoretic mobility shift analysis revealed @ayR does not bind to the
ahpC promoter DNA, so OxyR is likely affectinghpC expression irB. abortus 2308 indirectly
(Chapter 3). Since we know that OxyR activadtats expression in response to 10 mMQ4
(Kim and Mayfield, 2000; Kim et al., 2000), and that the overexpessikatE causesahpCD
expression to decrease (Chapter 3), we propose in Figure 4.13 thatir@xgRtly affects the
ahpC H,O,-responsive expression by leading to an increase in KatE protein. Further work must

be done to verify this model.

OxyR summary and future directionsOur data suggest that the basal level of catalase

protein being produced iB. abortus 2308 is sufficient to protect the cell againsOpitoxicity
even without the presence of OxyR to enha@tE expressionB. abortus oxyR mutants are not

as sensitive akatE mutants to HO, (Figure 4.1A),B. abortus oxyR mutants have catalase
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activity (Figure 4.14 and personal observation), exdR mutants do not have the sadefect as
katE mutants in scavenging 50 and 100uM exogenous b, (Figure 4.15). So we question
what role OxyR plays iBrucella’s oxidative defense. Does OxyR only activkaéE expression

in response to high levels ob®, (e.g. mM)? Does OxyR regulate other antioxidant genBs in
abortus? Is OxyR necessary for the survival Bifabortus within the host? Our phenotypic
analysis suggests that OxyR may not have the important rol€thd has inE. coli and
Salmonella typhimurium (Storz et al., 1987 )anthomonas campestris (Mongkolsuk et al., 1998),
N. gonorrhoeae (Sieb et al., 2007 Rorphyromonas gingivalis (Ohara et al., 2006; Meuric et al.,
2008), and many other bacteria. InsteBidycella OxyR resembles thB. japonicum OxyR.
While a mutation irB. japonicum's sole catalase genkatG, results in the absence of catalase
activity, the inability to grow in the presence of, @nd the failure to scavenge 1Bl and 150
uM exogenous kD, B. japonicum oxyR mutants have catalase activity, have only a small
aerobic growth defect, and have no defect in scavengingM.&nd 150uM H»0, (Panek and
O’Brian, 2004). Therefore the relationship OxyR has \#tG expression irB. japonicum is
similar to the relationship OxyR has wikhtE expression irB. abortus. Both OxyR proteins

may only have a limited role in oxidative stress defense in these bacteria.

The indirect effect of OxyR oahpC expression in response to highCGdlevels implies
that OxyR does have a role in oxidative stress defenBeahortus, but we do not know how
universal that role is or how OxyR affe@spC expression. There are predicted antioxidants
such as Bcp (BAB1 0941), Rbr (BAB1 1691), and Tpx (BAB1 0504) that have not been
characterized iBrucella. These antioxidants may be important for the degradation,©f H
and/or OP, and OxyR may have an important role in the regulatiomeaf genes. To

understand how important OxyR isBoabortus, it is necessary to know what the OxyR regulon
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is. Two-dimensional SDS-PAGE analysis of protein lysates i a valuable tool for this
purpose. We can compare®-exposed 2308 protein lysates teQF-exposedoxyR mutant
cell lysates to identify proteins that are induced by OxyRegponse to $D,. We can also use

microarray analysis to identify OxyR regulated genes.

Conclusions.

B. abortus has the ability to detoxify y,and Qe produced from aerobic metabolism
and by the macrophage before these R&fcause irreversible damage to the bacterial cell. In
order to learn howBrucella can sense increased levels of ROS and use antioxidants to prevent
oxidative damage, we made mutations in genes encoding three putatdagivexistress
regulators and studied how these mutations affected the vialilBy @bortus in response to
increased levels of #D,, O,*7, and OP. We have learned that BAB2_0530 may regulate genes
encoding proteins that detoxify,© and OP. The effect BAB2_0530 has on these genes,
though, does not seem to be critical for survival within the experahbost since BAB2_0530
mutants are fully virulent in C57BL/6 mice. It would be interestindearn what the target
genes of BAB2_0530 are, and if BAB2_0530 is important for survivBl abortus 2308 within

its natural host cattle.

OxyR does not seem to affdatE expression duringn vitro growth unless the brucellae
are exposed to millimolar levels of exogenoy®©¥ Furthermore, OxyR only repressasC
expression in response to millimolar levels gzl  Therefore, it seems that OxyR’s role in the
Brucella oxidative stress defense is to affect antioxidant gene exmmessi response to

supraphysiological levels of@,. But we question iB. abortus is ever exposed to these levels
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of H,O.in nature. TheE. coli oxidative stress response is activated by 20 ni@,HImlay
2008). We estimate that tlige abortus oxidative stress response is activated by similar levels
of H,O, based on the levels of endogenou®ithat activateahpC expression irB. abortus
2308. Macrophages are estimated to produce 100 #@4fkbm their oxidative burst (Jang and
Imlay, 2007). Even the combination ob® produced from aerobic metabolism and by the
macrophage do not reach millimolar levels @Opl so agairB. abortus may never be exposed to
the high levels of kD, that OxyR responds to. But sinBeabortus produces OxyR, it is either
advantageous for the brucellae to have this secondary line of oxidatieese, or OxyR is

important for regulating other genes.

The data presented in chapter 3 show that Irr affects the tagtiat directly controls
ahpC expression in response to,®4 in B. abortus. Irr may affect the expression of the
regulator's gene or may affect the regulator’s activitit fequires iron or iron-sulfur clusters
(Figure 3.9). The data in this chapter show that Irr not only hakean Brucella’'s oxidative
defense againstJ,toxicity, but also against & and OP damage. Therefore either Irr or the
B. abortus unidentified oxidative stress regulator (which Irr affectgectly regulates other
antioxidant genewhose products detoxify ® and OP. Further experiments must be done to
identify ahpC'’s regulator and its regulon. We must also identify the Igul@n to really

understand Irr's role in thBrucella oxidative stress defense.
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Figure 4.1 The B. abortus oxyR mutant KH231 exhibits increased sensitivity to HO,in in
vitro assays, but the BAB2_0530 mutant KH112 does not. (A) B. abortus katE KH2 andB.
abortus oxyR KH231 mutants are more sensitive than wild-type 2308 andBthabortus
BAB2_0530 mutant KH112 to 7.5L 30% H0O, at a cell density of focfu/mL in a disk
inhibition assay, and (B) KH2 is more sensitive than KH112 and wjld-2308 to a one hour
exposure to 50 mM ¥D, at a starting cell density of 1@fu/mL in a liquid broth assay. The
experimental procedures used are described in detail in Chapt@@. data presented are
means and standard deviations for triplicate determinations frgimgée culture in a single
experiment. The data presented here are representative ipleneiperiments (A> 2; B-> 5)
performed from which equivalent results and statistical trendee vobtained. Statistical
significance P < 0.05) as determined by the Student two-tailet#st is represented by an

asterisk and is for the comparison of 2308 versus the other strains.
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Figure 4.2 TheB. abortus irr mutant BEA2 exhibits a defect scavenging both endogenous
and exogenous KO, but the isogenic BAB2 0530 mutant KH112 does not.(A) The
amount of endogenous peroxidesBirabortus 2308, theB. abortus BAB2_ 0530 mutant KH112,
and theB. abortus irr mutant BEA2, and (B) the rate of degradation ofud0exogenous kD,
by B. abortus 2308, theB. abortus BAB2_0530 mutant KH112, and th& abortus irr mutant
BEA2. The experimental method employed are described in detathdpter 2. The data
presented are means and standard deviations for triplicate detesngrfeom a single culture in
a single experiment. The data presented here are represeotativitiple & 2) experiments
performed from which equivalent results and statistical trendee vobtained. Statistical
significance P < 0.05) as determined by the Student two-tailefst is represented by an
asterisk and is for the comparison of (A) 2308 versus KH112 and BEAZBakde( amount of
cellular peroxides at 0, 5, and 10 minutes versus the amount of lifircperoxides in each

strain before the addition of,8,.
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Figure 4.3 TheB. abortus BAB2_ 0530 mutant KH112 displays an increased sensitivity to
endogenous @~ or H,O,generated by the redox cycler paraquat (PQ). In this assay, thB.
abortus sodA mutant JB12 is used as a positive contrd. abortus strains were harvested into
brucella broth and adjusted to a cell density ot @BU per ml (ORyo nm = 0.15). 600 pl
aliquots of each cell suspension was then added to 18 ml prewarn?&) (whcella broth
supplemented with 0.7% agar, and 3 ml portions of the resulting cellnsispe plated onto
three Schaedler agar (SA) plates and three SA plates contdia$)@00 U bovine catalase
(Sigma). A sterile 7-mm Whatman no. 3 filter paper disk waseplan the center of each plate
and 10uL of a fresh 0.5 M solution of paraquat (PQ; #xiOrganics) was added to each disk.
Plates were incubated for three days and the zones of inhibitiorursdimg each disk were
measured in millimeters. The data presented are means addrdtaleviations for triplicate
determinations from a single culture in a single experiment. ddta presented here are
representative of multiple>(3) experiments performed from which equivalent results and
statistical trends were obtained. Statistical significdRce 0.05) as determined by the Student
two-tailedt test is represented by an asterisk and is for the comparfis2808 versus KH112

and JB12.
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Figure 4.4 TheB. abortus BAB2_0530 mutant KH112 displays an increased susceptibility
to organic peroxides. Viability of B. abortus 2308, theB. abortus BAB2_ 0530 mutant KH112,
and theB. abortus ohr mutant JB11 to organic peroxides. Bacterial cells were hadvesig
resuspended to a cell density of 101 ml Gerhardt's minimal medium (GMM) in 7100 mm
culture tubes. Cumene hydroperoxide (CHP) and tert-butyl hydroperg8d®OH) were
added at a final concentration of 3 mM and 50 mM, respectively, andidtgres incubated for

1 h at 165 rpm at 37°C. The number of viable brucelladf@bortus 2308, was measured
before and after exposure by serial dilution and plating on SBAe déla presented are means
and standard deviations for triplicate determinations from a soudfigre in a single experiment.
The data presented here are representative of multiile éxperiments performed from which
equivalent results and statistical trends were obtained. Bitisignificance P < 0.05) as
determined by the Student two-tailegkst is represented by an asterisk and is for the comparison

of 2308 versus the other strains.
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Figure 4.5 The B. abortus irr mutant BEA2 exhibits an increased sensitivity to
supraphysiologic levels of HO;in a broth assay. Viability of B. abortus 2308, theB. abortus
irr mutant BEA2, and th8. abortus katE mutant MEKG6 to increasing concentrations ¢fOh0l
Bacterial cells were harvested and resuspended to a nsitdef 1¢ in 1 ml GMM in 17x 100
mm culture tubes. Varying concentrations efOxwere added to the cell suspensions and the
mixtures incubated for 1 h at 165 rpm at 37°C. The number of viable brucellae inulesesc
before and after exposure was then determined by serial dilutigoiaimdy on SBA. The data
presented are means and standard deviations for triplicate detensrfeom a single culture in
a single experiment. The data presented here are represeotativitiple & 9) experiments
performed from which equivalent results and statistical trendee vobtained. Statistical
significance P < 0.05) as determined by the Student two-taile@st is represented by an

asterisk and is for the comparison of 2308 versus the other strains.
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Figure 4.6 TheB. abortusirr mutant BEAZ2 is more sensitive to organic peroxides than the
parental 2308 strain. Viability of B. abortus 2308 (white bars) an®. abortus irr mutant
BEA2 (black bars) before exposure and after a one hour exposure to (@jheumene
hydroperoxide (CHP) or (B) tert-butyl hydroperoxide (tBOOHRacterial cells were harvested
and resuspended to a cell density df ib0L ml GMM in 17x 100 mm culture tubes. CHP and
tBOOH were added at a final concentration of 3 mM and 50 mMecéisply, and the mixtures
incubated for 1 h at 165 rpm at 37°C. The number of viable brucell&e &bortus 2308, was
measured before and after exposure by serial dilution and platinBAn She data presented
are means and standard deviations for triplicate determinationsafingle culture in a single
experiment. The data presented here are representative of multipienexpe (A-> 3, B-> 6)
performed from which equivalent results and statistical trendee vobtained. Statistical
significance P < 0.05) as determined by the Student two-taile@st is represented by an

asterisk and is for the comparison of 2308 veBwabortusirr mutant BEA2.
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Figure 4.7 Predicted Irr binding sites (termed ICE boxes)ound in promoter regions of
antioxidant genes inB. abortus 2308. (A) The ICE boxes are shown in bold and in brackets.
(B) Percent identity of predicted ICE boxes to Bheabortus consensudCE box is noted in

parentheses (Rodionov et al., 2006).
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Figure 4.8 The B. abortus irr mutant BEAZ2 is more sensitive to paraquat (PQ) than the
parental 2308 strain. B. abortus strains were grown overnight in 3 ml brucella broth inx17
100 mm culture tubes incubated aP@7Awith shaking at 165 rpm. The resulting cultures were
inoculated into 500 ml flasks containing 100 ml of brucella broth at lla demsity of
approximately 1CFU per ml, and the flasks were incubated at 37°C while shakit@papm.
Some cultures were exposed to 100 PQ after 24 h of growth and are represented by dashed
lines. Cultures that were not exposed to PQ are representedlidbyirees. The number of
viable brucellae in these cultures was determined at selaoted after inoculation by serial
dilution and plating on SBA or SBA containing the appropriate antibiofithe data presented
are means and standard deviations for triplicate determinationsafingle culture in a single
experiment. The data presented here are representative of enufitipd) experiments
performed from which equivalent results and statistical trendee vobtained. Statistical
significance as determined by the Student two-tdilezbt is represented by one asteriBk<(
0.05) or two asteriskd?(< 0.001) and is for the comparison of cultures not exposed to PQ versus

cultures exposed to PQ.
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Figure 4.9 A model depicting how Irr could be directly affecing rbr expression in response
to H,O,in B. abortus 2308.1n this figure, Irr is directly repressindpr (rubrerythrin) expression
when cellular HO, levels are low. When #;levels increase, Irr is degraded in response to
the HO, and Irr repression orbr is relieved. The corresponding increase in Rbr levels would

be beneficial for the bacterial cell because Rbr detoxifi€xH
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Figure 4.10 A model depicting how Irr could indirectly affectthe Brucella oxidative stress
response. Irr directly activates thalhbCEBA operon inB. abortus (Martinez et al., 2006),
which encodes the siderophore 2.3-DHBA. The bacterial cell canitakeore iron with
increased levels of 2,3-DHBA. Iron is a cofactor for mangteins, and theBrucella
unidentified oxidative stress regulator (Osr) may require iroit$activity. In this model, Osr
represseshpCD expression when iron levels are high. In the absence of Irr, cetludevels

decrease, Osr is inactive, asltpCD expression increases in the absence of Osr.
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Figure 4.11 ahpC expression in B. abortus 2308 inversely correlates with increasing
supraphysiologic levels of HO, in the mM range. p-galactosidase production from the
ahpC-lacZ fusion in B. abortus 2308 (Chapter 3) in response to exposure to nanomolar
concentrations of D, (A) and millimolar concentrations of @, (C). (B) B-galactosidase
production from thehpC-lacZ fusion in aB. abortus katE mutant in response oVl H,O,. B.
abortus strains were grown on SBA for 48 h and inoculated into 3 ml baubetlith in 17 100

mm tubes and incubated at 37°C with shaking at 165 rgfollowing overnight incubation, the
bacterial cells were inoculated into 500 ml flasks containing 106frbkucella broth at a cell
density of 10 CFU per ml, and the flasks were incubated at 37°C while shakifi§5atpm.
After 30 h of growth, bacterial cells were adjusted to admfisity of 18 CFU/mL in GMM in

17 x 100 mm tubes and exposed to varying concentrationg®ffét one hour while incubating

at 37°C with shaking at 165 rpmp-galactosidase production by these cultures was then
measured using the methods of Miller as described in Chaptefh&re was no loss in cell
viability after any of these exposures. The data presentedesnes and standard deviations for
triplicate determinations from a single culture in a singlgeeinent. The data presented here
are representative of multiple @) experiments performed from which equivalent results and
statistical trends were obtained. Statistical significdRce 0.05) as determined by the Student
two-tailed t test is represented by an asterisk and is for the compasfsanpCD promoter

activity levels exposed to no,8, versus levels exposed to®}.
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Figure 4.12 ahpC expression does not decrease in tH& abortus oxyR mutant KH231 in
response to exposure to 10 mM $¥D,. B-galactosidase production from thlepC-lacZ fusion

in B. abortus 2308 and th&. abortus oxyR mutant KH231 in response to exposure to millimolar
concentrations of $D, (C). B. abortus strains were grown on SBA for 48 h and inoculated into
3 ml brucella broth in 1% 100 mm tubes and incubated at 37°C with shaking at 165 rpm
Following overnight incubation, the bacterial cells were inoculaterl500 ml flasks containing
100 ml of brucella broth at a cell density of* IDFU per ml, and the flasks were incubated at
37°C while shaking at 165 rpmAfter 30 h of growth, bacterial cells were adjusted to a cell
density of 1§ CFU/mL in GMM in 17 x 100 mm tubes and exposed to 0 mM or 10 ra®% far

one hour while incubating at 37°C with shaking at 165 rpfiigalactosidase production by
these cultures was then measured using the methods describatebynVchapter 2. There
was no loss in cell viability after any of these exposuretie data presented are means and
standard deviations for triplicate determinations from a singliure in a single experiment.
The data presented here are representative of multif@e éxperiments performed from which
equivalent results and statistical trends were obtained. Bltisignificance P < 0.05) as
determined by the Student two-tailetst is represented by an asterisk and is for the comparison
of ahpCD promoter activity levels when not exposed tgOklversus levels when exposed to

H20s.
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Figure 4.13 A model illustrating that OxyR indirectly affectsahpC expression inB. abortus
2308 by upregulatingkatE expression whose protein will change cellular D, levels. A)
During routine growthB. abortus primary oxidative stress regulator, Osr, activaadpCD
expression in response to endogenop@,Hand basal levels of KatE are being produced. (B)
WhenB. abortus is exposed to high levels of exogenougOk{e.g. mM), OxyR is oxidized by
the HO, and activatekatE expression (Kim and Mayfield, 2000). KatE detoxifiegOplinto
H,O and Q, and thus removes the exogenoufkthat activates OxyR and the endogenous
H,O,that activates Osr. When Osr is not active it cannot actargi€ expression in response

to endogenous #D-.
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Figure 4.14B. abortus 2308 (white) and the isogenioxyR mutant KH231 (black) display
similar levels of catalase activity during routinein vitro cultivation. B. abortus strains
grown on SBA supplemented with the appropriate antibiotics for 48 hinecalated into 3 ml
brucella broth in 1% 100 mm tubes and incubated at 37°C with shaking at 165 rpter
overnight incubation, the bacterial cells were inoculated into 500ask<sIcontaining 100 ml of
brucella broth at a cell density of2l.GFU per ml and the flasks were incubated at 37°C while
shaking at 165 rpm. At specific time intervals, bacteriasog#tre harvested by centrifugation
(12,100 xg, 10 mins, room temperature) and resuspended in 1x reaction buffer to @l opti
density at 600 nm (Ofgy) of 0.5. Reaction buffer and other solutions were provided by a
commercial version of the catalase detection assay (Cétindeagy, #FLOCAT 100-3), which
was used to measure the level of catalase activity followiegnanufacturer's directions.
Briefly, 50 ul of bacterial cell suspension was mixed with B®f a 40uM H,0, solution and
incubated at room temperature for 30 minutes. Next {ll0®f reaction cocktail (detection
reagent, horseradish peroxidase, 1x reaction buffer) was added toathienrenixture and
incubated at room temperature for an additional 10 minutes. Theoreautitures were then
excited at an absorbance of 570 nM, and the absorbance of therreactiures were measured
in a spectrophotometer at 590 nm. Cell-free catalase stan@atisn(, 1 U/mL, 2 U/mL, 3
U/mL, 4 U/mL) were used to construct a standard curve, and the [Eveatalase activity in the
cell suspensions were determined by comparison to the standard clineedata presented are
means and standard deviations for triplicate determinations frgmgée culture in a single
experiment. The data presented here are a representative tiflen@ 2) experiments

performed from which equivalent results and statistical trendee vobtained. Statistical
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significance P < 0.05) as determined by the Student two-tailefst is represented by an

asterisk and is for the comparison of the levels of catalase activity in 2308 ¥@1231.

220



4.0+
3.51

(Tw/N)

Figure 4.14

221



Figure 4.15 TheB. abortus oxyR mutant KH231 degrades 50 and 10@M exogenous HO,

with the same efficiency as the parental 2308 strain.The levels of peroxides were measured
using the xylenol orange/ferrous iron assay (Chapter R) abvortus 2308 @), KH2 (2308katE)

(m), and KH231 (230®xyR) (A) cell suspensions at selected times after the addition p60
H,O, (A) and 100uM H,O;, (B). The data presented are means and standard deviations for
triplicate determinations from a single culture in a singlgeeinent. The data presented here
are representative of multiple ) experiments performed from which equivalent results and
statistical trends were obtained. Statistical significdRce 0.05) as determined by the Student
two-tailedt test is represented by an asterisk and is for the comparii®8®fversus KH2 and

KH231.
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Chapter 5

Summary and Conclusions



AhpC is a major detoxifier of metabolic,®, during routine aerobic growth &rucella
abortus 2308. KatE plays a minimal, if any role in removing this endogengQs, ldince only
an ahpCD mutation results in an aerobic growth defect, and the additional IdssEofloes not
amplify this defect. The need for AhpC is enhanced in nutrierield conditions compared to
growth in rich media, which suggests that certain metabolic pgthused inB. abortus 2308
are prone to bD,-mediated damage. Our evidence shows that there are gtbgdédoxifiers
capable of working in conjunction with AhpC to remove endogena®.H These potential
H,O, scavengers are bacterioferritin comigratory protein (Bcp), thebxidase (Tpx), and
rubrerythrin (Rbr). Mutational studies are necessary to ledhese antioxidants are effective
scavengers of ¥D,in B. abortus 2308and if so, how they work in combination with AhpC to

protect the brucellae fromB,-mediated damage.

KatE is an effective detoxifier of all levels of exogenoy®©Hexamined inB. abortus
2308 in this study. This is expected based on catalase’s high Kh@r One source of
exogenous kD, that the brucellae must cope with is@d produced from the macrophage’s
oxidative burst. However, we have no evidence that KatE or AhpQusred for protection
against this source of.B,. Instead, the roles of KatE and AhpC in the host appear to be
detoxifying HO, produced from respiratory metabolismBnabortus. It is interesting that the
B. abortus ahpCD katE double mutant cannot survive in mice but retains viability when growing
aerobically in the laboratory. One explanation for this is thahdnidevels of HO, are
produced in the host than during routine growth in the laboratory. ptissible that there are
other sources of exogenous@®4 other than the respiratory burst of macrophages that are
creating a high concentration ob®. AhpC alone or KatE alone can detoxify these levels of

H,0O,, but the combination of Bcp, Tpx, and/or Rbr cannot.
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We have provided evidence that abortus 2308 uses a ¥D,-responsive regulator to
modulateahpC expression according to the bacterial cell’'s needs. Tlhierieficial toBrucella,
because this method conserves NADH and NADPH reducing equivahattare required to
reduce AhpC. If Bcp, Tpx, and/or Rbr work in conjunction with AhpC to reneoa®genous
H,O,, we propose that this JB,-responsive regulator may also regulétp, tpx, and rbr
expression. It is important to identify this regulator, since it is a majdabxe stress regulator
in B. abortus 2308. NolR, PerR, and RirA are possible candidates to be this oxidaias

regulator.

Compared to its role in other bacter@axyR is atypical inB. abortus 2308 because it
does not regulatehpC. Moreover, it appears that OxyR-regulated genes do not paridgipat
scavenging endogenous®4in this strain.  Virulence studies in mice can be performedhtao le
if OxyR is critical for the survival of this bacterium in thest, and microarray analysis can be
used to define the OxyR regulon. This will help us learn if ®xpntributes to th&rucella
cell physiology by regulating other genes whose proteins are tampdor Brucella survival in
the host. Irr regulateahpC expression in response to®} levels and/or cellular iron .
abortus 2308.  This indicates th&rucella strains link iron metabolism to oxidative defense,
which is beneficial to the bacterial cell because iron ekates HO,toxicity. BAB2_0530’s
failure to regulateahpC in a HO,-responsive manner is puzzling, because BAB2_0530 is an
OxyR homolog and its gene is divergently transcribed fromatip€D operon. We presently
do not know what genes BAB2 0530 regulateB.irabortus 2308, but our data suggest that

these genes may be linked to organic peroxide and superoxide resistance.
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APPENDIX

Animal Care and Use Committee
East Carolina University

212 Ed Warren Life Sciences Building
Greenville, NC 27834
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A copy is enclosed for your laboratory files. Please be reminded that all animal procedures must
be conducted as described in the approved Animal Use Protocol. Modifications of these
procedures cannot be performed without prior approval of the ACUC. The Animal Welfare Act
and Public Health Service Guidelines require the ACUC to suspend activities not in accordance
with approved procedures and report such activities to the responsible University Official (Vice
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Robert G. Carroll, Ph.D.
Chairman, Animal Care and Use Committee
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