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Bartonella quintana, a Gram-negative bacterial pathogen, causes Trench fever, bacillary
angiomatosis and endocarditis. Transmitted by the human body louse (Pediculus
humanus corporis), the agent has a tropism for erythrocytes in humans. In vitro growth
requires an extraordinary concentration of hemin, and genomic analyses indicate several
potential uptake systems and iron-responsive regulators. Transcription of the hbp genes
(hemin binding protein genes) is responsive to alterations in available hemin and an
HbpA homolog in B. henselae reportedly functions as a hemin receptor in E. coli hemA
strain EB53. B. quintana hbpA was not able to complement EB53, indicating that it is
not a hemin receptor. A functional hemin receptor and coordinate uptake system is
encoded by the hemin utilization (hut) locus. B. quintana hutA was able to complement a
hemA mutation in E. coli EB53 and was shown to be TonB-dependent using an isogenic
E. coli hemA tonB strain.

Fur (ferric uptake regulator) has been described as a global iron-responsive regulator in
Y-proteobacteria. If expression is forced, B. quintana fur is able to complement an E. coli
fur mutant, but an endogenous promoter for the gene could not be located and native
expression in B. quintana was not detected. Overexpression of the iron response
regulator (Irr), a Fur family member, in B. quintana repressed hut locus transcription.
Previous studies showed that Irr interacted with a consensus motif, the H-box, in the
promoter of the hbp genes. A region with homology to the H-box consensus is present in
the divergent promoter between hutA and fonB and in the promoter region of hemsS.

The fate of hemin in the bacterial cytoplasm is not well understood. HemsS is a potential
hemin storage/degradation enzyme. Initial characterization indicates that HemS is able to
bind hemin in a 1:1 fashion with an estimated dissociation constant (Kd) of 5.9 + 1.7 uM.
Complementation analyses using Corynebacterium ulcerans CU712hmuOA strain have
not been successful but future experiments plan to use an E. coli chuS strain. These
studies have characterized the principal hemin uptake system of B. quintana, identified its
transcriptional regulator, and initiated investigation of a potential heme oxygenase.
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CHAPTER ONE

Introduction to Bartonella quintana and bacterial hemin acquisition

I. Bartonella quintana

A. INTRODUCTION

The genus Bartonella encompasses 31 species and 3 subspecies of Gram-negative
facultative intracellular bacteria that belongs to the a2-proteobacterial subclass (See
Table 1.1, p.18). To date, eighteen of these species have been solely associated with
nonhuman mammalian hosts, to date. Another 10 Bartonella species are implicated in
occasional reports of human illness suggesting incidental infection. In contrast, B.
quintana and B. bacilliformis utilize the human host as the primary mammalian reservoir
and have been recognized as human pathogens for a long time (89). Together with B.
henselae, these three species are the primary Bartonella agents of human disease (122).

Alternative mammalian hosts have not been identified for either B. quintana or B.
bacilliformis, but cats provide an alternative reservoir for B. henselae (121). Although B.
henselae has been detected in cat fleas (Ctenocephalides felis), transmission to humans is
believed to be mediated by the scratch or bite of a cat (189). Typical B. henselae
infections in humans result in cat-scratch disease, but complications can include
endocarditis, bacillary angiomatosis, bacillary peliosis, neuroretinitis and chronic
bacteremia (56, 121). Due to the restricted geographical range of its sandfly vector
(Lutzomyia spp.), infection with B. bacilliformis, which results in Carrion’s disease, is
less common but more serious than other Bartonella infections (89). Carrion’s disease
presents itself in two distinct phases. The initial phase, Oroya fever, is characterized by
severe hemolysis-driven anemia and fever. The next phase, verruga peruana, is
characterized by the development of vasoproliferative skin lesions (41, 89). Like B.
bacilliformis, B. quintana has been described as a ‘specialist’ based on its strict body
louse vector-human host cycle that lacks an alternative mammalian reservoir (4).
Transmission to humans is mediated by the human body louse (Pediculus humanus
corporis), which can also transmit the bacterial pathogens that cause relapsing fever and

typhus, Borrelia recurrentis and Rickettsia prowazekii, respectively (3). B. quintana



infections cause trench fever and are currently re-emerging as ‘urban trench fever’.
Complications arising from B. quintana infection, like B. henselae, include chronic

bacteremia, endocarditis, and bacillary angiomatosis (57).

B. GENOME AND EVOLUTION

The genomes of four Bartonella species, B. bacilliformis, B. henselae, B. quintana,
and B. tribocorum have been sequenced. Common themes among all four genomes
include a core of 959 genes, a G+C content of 38.2 to 38.8%, and a low-coding density of
72.3 to 81.6% (52). In addition to being the first recognized pathogenic member of the
Bartonella genus and the most virulent, B. bacilliformis is thought to represent an ancient
lineage while the remaining two major Bartonella pathogens, B. henselae and B.
quintana, along with B. tribocorum appear to have evolved more recently. The crux of
this argument is that the ‘modern’ lineage, including B. henselae, B. quintana, and B.
tribocorum, have genetically acquired factors leading to attenuated virulence and
improved host adaption. Genomic analyses indicate that 66 genes required to establish
intraerythrocytic infection in a rat model are common to all four Bartonella species
examined. An additional 15 pathogenicity genes are shared by the representatives of the
‘modern’ lineage but are absent in B. bacilliformis. Fourteen of these 15 genes are
components of type IV secretion systems, which allows for the delivery of effector
molecules into host cells resulting in enhanced host adaptation (151). The acquisition of
these factors is a characteristic of the ‘modern’ lineage that may contribute to the
establishment and maintenance of chronic infections rather than the severe acute phase of
B. bacilliformis infection.

Direct genomic comparisons between B. henselae and B. quintana indicate that the B.
quintana genome is a reduced version of the B. henselae genome. Furthermore, both
genomes appear themselves to be reduced versions of Brucella melitensis chromosome I.
In particular, B. henselae has a 1.93 megabase pair (Mb) genome containing 1,491
protein coding genes, 301 of which are unique to B. henselae. B. quintana has a 1.58Mb
genome encoding 1,143 proteins, 26 of which are unique to B. quintana (4, 32). Like B.
quintana, B. bacilliformis has a small genome consisting of 1.44Mb encoding 1,283

genes (52). Reductive genome evolution is consistent with an intracellular lifestyle and



vector-borne transmission (32). In the case of B. quintana and B. bacilliformis, it may
reflect the utilization by both species of restricted host-range insect vectors and the
human host. Alternatively, the genomic expansion observed in B. henselae and B.
tribocorum may reflect selective pressures unique to the cat and rat reservoirs,

respectively.

C. HISTORICAL BACKGROUND

Paleomicrobiological methods have been used to amplify B. quintana DNA recovered
from dental pulp removed from human remains that are estimated to be more than 4000
years old by radiocarbon dating (45). Likewise, B. quintana DNA has been recovered
and amplified from the remains of 7 Napoleonic soldiers and 3 associated body lice found
in a mass grave in Vilnius, Lithuania. Local records date the grave to the period of
Napoleon's retreat from Russia in 1812 (20, 137). Despite this evidence of its longevity,
the first published reports describing Trench fever occurred during World War I (WWI)
(57, 129). Second only to influenza as a leading cause of illness during WWI, Trench
fever affected an estimated 1 million soldiers (57, 122). Signs and symptoms were
somewhat variable, but typically consisted of possibly relapsing febrile episodes
accompanied by chills, headache, and body aches with a focus on the shin (177). The
end of the war brought with it improved hygienic conditions resulting in decreased
occurrence of trench fever. However, World War II (WWII) initiated another round of
epidemics resulting in continued interest in the causative organism of the disease (119).
Undoubtedly due to difficulties encountered during attempted in vitro cultivation of the
organism, B. quintana (then Rickettsia quintana later Rochalimaea quintana) was
initially thought to be a Rickettsial species (180). Nonetheless, B. quintana was
definitively identified as the agent of Trench fever with the fulfillment of Koch’s
postulates by 1969 (177, 181). The end of the WWII again brought improvements in
hygienic conditions that were not conducive to louse infestation or the transmission of
Trench fever resulting in diminished incidence of and interest in B. quintana that would
last for more than 2 decades.

Interest in B. quintana infections would be renewed again in the 1980s. Although the

authors were unaware of it at the time, a 1981 report of Pneumocystis carinii infections in



five previously healthy homosexual men marks the first report of AIDS, which is caused
by the human immunodeficiency virus (HIV) (67). By 1990, reports of opportunistic
Bartonella infections in immunocompromised individuals resulting in the development of
angioproliferative skin lesions similar to the verruga peruana produced by B.
bacilliformis began to surface. The condition was called bacillary angiomatosis (BA)
(109, 142). B. quintana was isolated from the BA lesions of three HIV-positive
individuals in 1992 (95). Within a few years of this report, B. quintana was
simultaneously reported as a cause of bacteremia and blood culture negative endocarditis
(BCNE) in homeless populations in Seattle, WA, USA and Marseilles, France (44, 163).
More than a decade later, B. quintana is widely recognized as a significant re-emerging
agent of disease especially in inner city homeless populations and immunocompromised

individuals.

D. TRANSMISSION

B. quintana is found extracellularly in the gut lumen of P. humanus corporis and is
able to replicate and survive there. Infection does not affect the longevity of the body
louse and is not transmitted to louse offspring. B. quintana is excreted by the louse in a
biofilm-like matrix in feces where it survives for up to a year. Lice feed up to five times
per day on humans and release factors when biting that produce irritation and itchiness.
Transmission to humans is thought to occur when scratching generates breaks in the skin
that allow inoculation with the bacteria-laden louse feces (36, 82). Although uptake
occurs via an unknown receptor, B. quintana has been identified intracellularly in
erythrocytes in the human host. However, only a small percentage of red blood cells
were found to contain B. quintana in the blood of patients with chronic bacteremia. No
evidence of B. quintana-mediated hemolysis or anemia has been found. (145). B.
quintana also has a tropism for endothelial cells and is rapidly endocytosed into a vacuole
where it survives and replicates (26). The ability of B. quintana to infect erythrocytes
undoubtedly promotes immune evasion and transmission to the body louse. Likewise,
the ability of B. quintana to remain infectious in louse feces for long periods of time
undoubtedly enhances it transmission to humans. Thus the transmission cycle is a good

example of the adaptation of B. quintana to its unique and limited host-vector range.



E. DISEASE AND EPIDEMIOLOGY

Re-emerging urban trench fever in HIV-negative individuals was described almost
simultaneously in the U.S. and France. Although somewhat variable, signs and
symptoms similar to classical trench fever were described in primarily homeless,
alcoholic, male populations. Chronic bacteremia and endocarditis were also noted in the
initial reports (44, 163). Although there were some issues with the species specificity of
the assay used, followup studies at a downtown Seattle, WA clinic for homeless and
indigent persons reported that 20% of its subjects were seropositive for B. quintana (83).
Since that time, numerous studies have been undertaken in order to estimate the
prevalence of B. quintana in homeless populations. Of note, the population at-risk for
urban trench fever and a variety of other infectious diseases, namely the homeless, is by
its very nature dynamic and difficult to identify, treat, and conduct followup exams on
(138). These facts may account for some variability in results. Alternatively, the
variability may be the result of environmental factors favoring epidemics at particular
time points with lower prevalence rates observed between epidemics. Finally, the studies
are significantly different from one another in terms of the diagnostic measures and target
populations. Collectively these issues result in a fairly wide range of prevalence. For
example, a 1997 study of seroprevalence rates with 221 samples taken from eight
charitable institutions dedicated to the homeless over the course of five months reports
positive serology in 1.8% of the population (147). A later study in the same area focused
on 71 homeless emergency room patients and reported that 14% had positive blood
cultures for B. quintana and 30% had high antibody titers (25). During an epidemic
typhus outbreak in a refugee camp in the East African Republic of Burundi, up to 12% of
suspected typhoid cases also had increased antibody titers to B. quintana (139). In a
2005 Marseilles, France study of 930 subjects from two homeless shelters over the course
of four years, 22% were infested with body louse and 5.3% were blood-culture positive
for B. quintana (27). A wide range of seroprevalence rates have also been obtained in
U.S. studies. A 1996 study from Baltimore, MD reported elevated B. quintana antibodies
in 10% of 630 subjects, while a 2001 study of 204 subjects from New York City found

only 2% were seroreactive to B. quintana (39, 40). Yet another study examined 200



samples obtained from patients at a downtown Los Angeles clinic and reported 9.5%
seroprevalence of antibodies to B. quintana (162). High titers of B. quintana antibodies
were also reported in 11% of 151 blood samples from homeless people in Tokyo, Japan
(158). One study focused solely on immunocompromised individuals and found that
among 382 HIV-positive individuals with a fever of unknown origin, B. quintana or B.
henselae was the cause in 18% of cases. The precise number of fevers attributable to B.
quintana could not be determined due to cross reactivity between the two species in the
assay (97). Again, the differences in reported prevalence of B. quintana undoubtedly
reflect the differences in diagnostic technique, target population, and study design.

Another series of studies has examined the prevalence of B. quintana in body lice. B.
quintana DNA was amplified by polymerase chain reaction (PCR) in 33% of body lice
collected from homeless people in Russia in 1996 and 1997 (150). A recent San
Francisco, CA study amplified B. quintana DNA from 33% of louse-infested individuals
and reported an overall rate of 23.9% body louse infestation in 138 participants.
Interestingly, these authors also amplified B. quintana DNA from head lice obtained in
the same study even though Bartonella is not usually associated with this subspecies of
P. humanus (22, 63). Like seroprevalence rates, a review of a number of these studies
shows wide variation in the percentage of lice infected with B. quintana. For example, B.
quintana was detected in 4-26% of lice from Marseilles, 36% of lice examined in the
Netherlands, 2.3-93.9% of lice examined in Burundi and only 1.4% of lice in Peru (60).
Again, the variability observed in different studies may reflect environmental factors
favoring high rates of infection and transmission.

In addition to urban trench fever and chronic bacteremia, B. quintana and B. henselae
are the primary species responsible for Bartonella-mediated infective endocarditis (IE)
and are thought to account for approximately 1-3% of all infective endocarditis (16, 59).
Similarly, one study indicated that Bartonella species account for more than one-fourth
of blood-culture negative endocarditis cases (BCNE) with B. quintana responsible for 53
of the 70 cases (79). Serological testing for Bartonella has been suggested as a
modification to the original Duke criteria used for the diagnosis of IE (111). Not
surprisingly, epidemiologic analyses indicate that risk factors for B. quintana-mediated

endocarditis include exposure to body lice, alcoholism, and homelessness. This



investigation also found that patients with Bartonella-mediated endocarditis were at least
twice as likely as controls with endocarditis caused by other organisms to require
valvular surgery and were as likely as controls to have experienced embolic
complications (59). Additional life-threatening complications associated with IE include
congestive heart failure and neurological problems secondary to embolic events (126).
Although isolated reports of the disease in immunocompetent individuals exist,
bacillary angiomatosis is almost entirely associated with immunodeficiences (64, 174).
Characterized by vasoproliferative lesions containing bacilli observable by Warthin-
Starry staining that can occur in a number of different organs, BA has an estimated
overall prevalence of 1.2 cases per 1000 HIV-positive individuals (121, 133). Although
infection with other Bartonella species can also result in BA, reports suggest that B.
quintana is the causative agent in just under half of the cases examined. Furthermore, B.
quintana, rather than B. henselae, is more likely to be involved in the development of

subcutaneous and bone lesions (65, 96).

F. DIAGNOSIS AND TREATMENT

Given the extraordinary range of clinical manifestations of B. quintana infection
and the fastidious nature of the organism, diagnosis and isolation can both be
challenging. In cases of suspected urban trench fever and chronic bacteremia, diagnosis
is typically made by blood culture and serological testing. Blood culture techniques have
been marginally successful, but basically consist of either direct plating onto solid media
or co-cultivation of the sample with cell culture (57, 88). Even when successful, primary
isolation of Bartonella can take up to two weeks. However, refined protocols specific to
species and tissue sample can enhance Bartonella recovery (57). Numerous serological
tests are available including one that was developed and characterized by the Centers for
Disease Control (CDC). Problems exist with respect to cross reactivity with other
species, including Chlamydia pneumoniae and Coxiella burnetti, a lack of anti-Bartonella
antibody production in up to 25% of blood culture positive HIV-infected individuals, and
slow development of antibodies to Bartonella in some immunocompetent individuals. In
suspected cases of endocarditis and bacillary angiomatosis, additional diagnostic tests

include PCR and histopathological examination of tissue. As previously mentioned, BA



lesions contain bacilli that can be seen by Warthin-Starry silver staining and clusters of
bacteria are visible in valvular tissue from Bartonella-mediated endocarditis (57, 88).
Various PCR targets have been used to differentiate Bartonella species, including but not
limited to 16S rDNA, the heat shock protein gene htrA, the citrate synthase gene gltA,
and the 16S-23S rDNA intergenic spacer region (ITS) (121).

Although trench fever can be self-limiting, the occurrence of chronic bacteremia in
homeless people has led to the recommendation that the disease should be treated with
200 mg of doxycycline by mouth daily for 28 days combined with a 14-day regimen of
intravenous administration of gentamicin (3 mg/kg body weight). In the case of bacillary
angiomatosis, erythromycin or doxycycline (500 mg 4 times daily or 100 mg twice daily,
respectively) are the drugs of choice and treatment should be maintained for at least 3
months. Treatment recommendations for Bartonella-mediated endocarditis consist of
intravenous administration of gentamicin (3 mg/kg body weight) daily for 14 days (88,
144). Risk factors for B. quintana infection include homelessness, alcoholism and
exposure to body lice. Providing complete clothing changes, boiling infested clothing
and sheets, as well as dusting with insecticides, can be used to counter louse infestation.
Additionally, oral treatment with ivermectin can result in short term decreases in both
number of lice per infested individual and in prevalence of louse infestation (58, 138).
With respect to immunocompromised populations and associated B. quintana-mediated
disease, prophylactic antibiotic treatment is not recommended. Not surprisingly,
prophylactic treatment for other infections with macrolides or rifamycin is also effective

against B. quintana (88).

II. HEMIN

A. HEMIN REQUIREMENTS

The earliest attempts of in vitro cultivation of B. quintana required media
supplemented with erythrocytes. Based on the fact that the red blood cells retained their
growth enhancing properties even after being subject to freeze/thaw cycles or autoclaved,
hemoglobin was suspected as the critical factor provided by them. Examination of B.

quintana growth as a function of hemoglobin concentration in a blood-agar baser



indicated 4 mg/ml was sufficient provided the medium was also supplemented with
serum (179). Further analyses indicated that the serum requirement could be fulfilled
with bovine serum albumin (BSA), which could in turn be replaced with charcoal or
starch. Under these conditions, either hemoglobin or high concentrations of hemin (20-
40 ng/ml) were sufficient to support growth. The authors propose a detoxification role
for serum and suggest that hemin may be required for hydrogen peroxide breakdown
(125). Invitro studies in the closely related species, B. henselae, served to further define
the precise components of hemin required for growth of Bartonella. Lactoferrin,
transferrin, and iron, alone or in combination with protoporphyrin IX, were unable to
satisfy the hemin requirement suggesting that hemin itself is the essential component of
erythrocyte lysates for supplying Bartonella with both iron and protoporphyrin IX (152).
These observations were validated by genomic analyses, which indicate that Bartonella
species lack most of the enzymes required to synthesize porphyrins. Ferrochelatase
catalyzes the addition of iron (II) to protoporphyrin IX to generate heme and is among the
missing enzymes (4). The importance of hemin to survival and pathogenesis of
Bartonella is underscored by in vivo studies that indicate mutagenesis of any of a number
of proteins involved in hemin acquisition interferes with the establishment of chronic
intracellular infection of erythrocytes in a rat model (151). Furthermore, Bartonella
species have one of the highest reported hemin requirements amongst bacterial
pathogens. Notably, a similar concentration of hemin is required for growth of some

Haemophilus species that also lack porphyrin biosynthesis pathways (172).

B. HEMIN AVAILABILITY

Heme is a required component of a number of proteins vital to cellular function in
pathogen, vector and host. For example, it is a key component of cytochrome c,
myoglobin, nitric oxide synthase, prostaglandin synthase, and hemoglobin. In fact,
hemoglobin is the most abundant protein in blood and hemoglobin-bound heme
concentrations are approximately 10 mM (68). However, free hemin is toxic in excess
due in part to its hydrophobic nature that allows it to disrupt membrane and cytoskeletal
interactions. Additionally, the iron moiety of heme is able to participate in Fenton

chemistry resulting in the generation of reactive oxygen species (ROS). Accordingly,



incubation with free hemin can result in protein oxidation leading to cross-linking and
aggregation, lipid peroxidation, single-strand DNA scission or nicking of DNA and
subsequent degradation. Likewise, bloodstream hemoglobin can be oxidized to
methemoglobin by activated inflammatory cells resulting in an enhanced release of
hemin and all of its associated toxicities (11). A number of strategies exist to limit heme-
mediated cytotoxicity. One strategy, employed by bacteria, humans and number of other
organisms, is the breakdown of heme into biliverdin, free iron (Fe 2+) and carbon
monoxide (CO) by heme oxygenases. Another strategy is the production of high-affinity
scavenger proteins such as haptoglobin, which binds hemoglobin, and hemopexin, which
binds heme, thereby neutralizing their ability to cause cellular damage (103). Serum
proteins such as transferrin and lactoferrin are also produced to sequester free iron and
prevent its participation in the generation of damaging reactive oxygen species (103).
Exacerbating the iron and hemin limitation in the human host and underscoring its
importance to the survival and pathogenesis of bacteria is the fact that iron sequestration
is an innate immune response to infection. Mechanisms include decreasing absorption of
dietary iron, increasing serum concentrations of transferrin, increased production of
hemoglobin, haptoglobin and hemopexin, and localized release of lactoferrin by
neutrophils (7, 112). The hemoglobin/hemopexin scavenger receptor, CD163, is released
from the cell surface as a soluble molecule and cell surface expression is subsequently
upregulated in response to lipopolysaccharide- and bacterial flagellin-mediated activation
of Toll-like receptors (185).

In contrast to the human host, little is known about the fate of hemoglobin in the louse
gut during digestion of a blood meal. It is generally accepted that blood-sucking
arthropods face a unique challenge with respect to hemin detoxification as either free or
bound hemin is thought to exceed 5 mM during digestion of a blood meal (68). Although
the mechanisms employed by P. humanus are not known, several adaptations have been
reported in other hematophagous insects. Several reports suggest that certain ticks digest
hemoglobin intracellularly (1, 107). In contrast, some mosquitoes and other insects
sequester heme in the gut lumen by surrounding it with extracellular matrix proteins or
phospholipids membranes. Alternatively, they may surround the gut cells with a

protective matrix (107).
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C. HEMIN UPTAKE SYSTEMS

Utilization of host hemin-containing proteins as a source of both hemin and iron is a
common strategy employed by successful pathogens. In fact, recent studies in
Staphylococcus aureus indicate that hemin is preferred over transferrin as an iron source
(161). Both classical and unique heme uptake systems have been characterized in
several bacterial pathogens. At least two common solutions to the heme uptake problem
exist in Gram-negative bacteria. The first is the use of outer membrane receptors that
directly bind heme or heme-containing proteins (See Fig. 1-1A, p. 19). Heme receptors
are further subclassified on the basis of substrate specificity. For example, the BhuR
receptor of Bordetella avium has been classified in the ‘heme scavenger’ receptor
category based on its ability to use hemin, hemoglobin, myoglobin and catalase while the
HmbR receptor of Neisseria meningitidis is in the more specific hemoglobin subclass
based on its limited ability to obtain heme from other hemoproteins (124, 132).

The second common solution combines the utilization of outer membrane receptors
with secreted high affinity hemophores. Hemophores obtain heme from hemoproteins in
the vicinity and deliver it to the appropriate receptor. A classic example of this solution
is the recently crystallized HasA/HasR system of Serratia marcescens (See Fig. 1-1B, p.
20). Crystallographic data indicate that the transfer of heme from the high affinity
hemophore, HasA, to the lower affinity receptor, HasR, is mediated by a small steric
hinderance upon completion of docking that dislodges the heme from HasA (102).

In either scenario, once heme is bound to the outer membrane receptor it is transported
into the cell by virtue of a periplasmic binding protein and an ATP binding cassette
(ABC) transport system. Heme is slightly larger than the upper threshold size of
molecules able to diffuse across membranes but has been shown to transverse model lipid
bilayers (66). Regardless, heme transport across the outer membrane is energy-
dependent and that energy is obtained from the proton motive force of the inner
membrane through the TonB/ExbB/ExbD complex. TonB is in direct contact with
receptors through its C-terminal domain and its N-terminal domain is in contact with

ExbB and ExbD. The complex is thought to bind protons used to energize TonB through
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conformational changes, which are then transduced to the outer membrane through
interaction with a weakly conserved amino acid consensus sequence found in TonB-
dependent receptors termed the TonB box (172). TonB-dependent receptors share
structural similarity; they consist of 22 anti-parallel -strands and share an N-terminal
plug (102). Additionally, heme receptors share a certain amount of amino acid sequence
similarity including conservation of the characteristic FRAP/NPNL domain (183).

The fate of heme upon entering the cytosol is unclear. Most heme uptake loci from
bacterial pathogens include a putative heme degrading/storage enzyme. In some species,
e.g. E. coli O157:H7, these enzymes have been shown to function as heme oxygenases
while homologous proteins in other bacterial pathogens have been described as heme
chaperones or storage molecules (90, 169, 193).

Genomic analyses of B. quintana indicate the presence of at least three systems with
the potential for involvement in heme or iron uptake (4) . One of these is the hut locus,
encoding a potential hemin receptor and a coordinate ABC transporter system (discussed
in detail in Chapter 3). A second locus, designated yfe (A-D), encodes a putative ABC
transporter implicated in manganese, zinc, and possibly ferric iron acquisition, but lacks a
homolog to yfeE. YfeE is an essential component of the system in Yersinia pestis, as
evidenced by its requirement for complementation of an E. coli strain unable to produce
the enterobactin siderophore (15). The final locus, fatB-D, encodes a putative
siderophore transporter system similar to that described in Vibrio species (113). Notably,
B. quintana also encodes a five member family, HbpA-E, of porin-like proteins that have
been shown experimentally to bind hemin despite the absence of structural or sequence

similarity to classical hemin receptors (discussed in detail in Chapter 2) (31, 123).

D. REGULATION OF HEMIN UPTAKE

Like mammalian cells, bacteria are also sensitive to iron- and hemin-mediated
oxidative damage. Therefore, survival of bacterial pathogens requires a balance between
obtaining sufficient iron and heme in the limiting environment of the human host such
that required levels are available and preventing the accumulation of intracellular
concentrations high enough to cause injury. Furthermore, B. quintana must be able to

rapidly shift between the iron-replete louse gut and the iron-deficient human host.
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Numerous examples of iron-responsive transcriptional regulation exist in the literature.
Although homologs exist in many bacterial species, the ferric uptake regulator (Fur) of E.
coli is the most well studied example. Under iron-replete conditions, dimeric Fur binds
ferrous iron (Fe*"), which causes a conformational shift that allows binding to a
consensus sequence (Fur box) and repression of target genes (28). Reports confirming
the role of Fur as a “global” iron responsive regulator are primarily associated with other
members of the y-proteobacterial subclass. A Fur homolog exists in all pathogenic
Bartonella species, and its role will be discussed in detail in Chapter 2 (131).

In species more closely related to Bartonella, such as Agrobacterium and Rhizobium,
the function of Fur has been largely delegated to novel iron response proteins, namely
the iron response regulator (Irr) and/or the rhizobial iron regulator A (RirA) (71, 148,
190). RirA has primarily been characterized in o-proteobacteria and appears to be an
iron-sulfur cluster regulator (IscR). Mutational analyses suggest that it can function as
either a transcriptional activator or a repressor and target genes include transport systems
involved in hemin and iron acquisition (148, 171, 178). The B. quintana RirA
homologue has 85% amino acid similarity to R. leguminosarum RirA.

Irr is a member of the Fur family, but responds directly to intracellular hemin
concentrations rather than iron and can either transcriptionally activate or repress genes
depending on the location of its cognate DNA consensus motif (71, 149). In
Bradyrhizobium japonicum, Irr is transcriptionally regulated by Fur and post-
translationally regulated by hemin, which rapidly degrades the protein upon binding to it
via two heme response motifs (HRM) (194). In contrast, the Brucella abortus Irr
homolog remains stable even upon heme binding (117). Irr has been shown to repress a
number of genes, including those involved in protoporphyrin biosynthesis under iron-
limiting conditions. Positive regulation of both heme and iron uptake systems has been
reported (117, 149). The B. quintana Irr protein has 72% amino acid similarity to B.
Jjaponicum Irr. The precision and speed required for B. quintana to react to shifts in
available hemin as well as the number of systems dedicated to the uptake of this critical
factor suggest a complex regulatory network requiring one or more of the aforementioned

regulators to fine tune uptake and detoxification systems.

13



E. IRON/HEMIN-MEDIATED REGULATION OF VIRULENCE

Iron and hemin limitation in the human host serve as environmental triggers for the
expression of virulence factors in many bacterial pathogens. For example, the expression
of Shiga-like toxin (SLT-1), which interferes with eukaryotic ribosomal function, is
repressed by Fur in enterohemorrhagic E. coli strains. Exotoxin A of Pseudomonas
aeruginosa is also under Fur control, albeit indirectly through the Fur-regulated
alternative sigma factor, PvdS (80). A classic example of iron-regulated expression of
virulence factors is the diphtheria toxin from Corynebacterium diptheriae, which is
under control of the DtxR regulator (112). DtxR also controls siderophore biosynthesis
and hemin uptake in Corynebacterium (188). Although the implications are not clear, a
recent study examining lipid A heterogeneity in Porphyromonas gingivalis indicates
increased production of monophosphorylated tetra-acylated and diphosphorylated penta-
acylated lipid A when the organism was grown in media containing high (10 pg/ml)
concentrations of hemin compared to the production of only monophosphoryl penta-
acylated lipid A when grown in the presence of 1 pg/ml. Of note, lipopolysaccharide
(LPS) containing penta-acylated lipid A has been shown to act as a Toll-like receptor 4
(TLR4) agonist (2). Another recent study examining alterations in gene expression in
response to iron limitation in Bacillus anthracis reported the induction of two putative
internalin genes. Although the function of these genes is not precisely defined, a
homolog in Listeria monocytogenes has been implicated in epithelial cell invasion. The
role of these genes in B. anthracis virulence was established when deletion of either or
both internalin genes resulted in a substantial increase in the number of spores required to
kill half of the mice tested (LDsp) (30). These examples indicate that the shift to low iron
and hemin is frequently an indicator of host invasion to pathogens and results in

coordinate control of factors required for virulence.

III. RESEARCH SIGNIFICANCE AND GOALS

A. SIGNIFICANCE
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Hemin is a critical factor for the growth of Bartonella but the mechanisms employed
to obtain it, the regulatory networks controlling those mechanisms and the basis of the
extraordinary requirement remain elusive. Reports describing the Hbp family members
as potential heme receptors combined with identification of a Fur homolog in Bartonella
provided much of the impetus for the current studies (123). The lack of structural
similarity to known heme receptors makes the role of the Hbps in heme acquisition truly
intriguing. Identification of HbpE as one of the predominant proteins recognized by
convalescent sera from patients infected with B. quintana indicates a role virulence and
pathogenesis (23). Bartonella species are currently recognized as emerging agents of a
number of human diseases ranging from self-resolving flu-like diseases to life threatening
endocarditis, but very little is known about mechanisms of pathogenicity. Furthermore,
Hbp homologs exist in several bacterial species, including Brucella and Neisseria (123).
Therefore, any further definition of Hbp function has the potential to be generalized to a
number of important pathogens. Likewise, not only do Bartonella species exhibit an
absolute requirement for heme in order to grow in vitro, one species has been used to
show that both HbpB and several components of the Aut locus are required to establish
intracellular infection in vivo (151). Delineation of the roles of the Hbps and the hut
locus proteins is significant because it will either expand or validate the current paradigm
of hemin acquisition in Gram-negative bacterial pathogens. Bacterial hemin acquisition
systems are an attractive target for rational drug design because inhibition of these
systems is likely to be synergistic with the innate immune response and lethal for the
pathogen.

Regulatory networks in Bartonella are largely undefined. Regulation of heme
acquisition is significant in and of itself, but as argued previously many virulence factors
are under transcriptional control of iron-responsive regulators. Given the enormous
differences in heme availability thought to be encountered by B. quintana in the human
host and body louse vector, environmental heme concentrations may serve as an even
more potent cue indicative of the host environment in this species than it is in others.
Iron-responsive regulation in Gram-negative bacteria has primarily been attributed to the
Fur protein owing to the fact that the majority of studies have been done in E. coli.

Identifying Fur targets in Bartonella and examining the activity of the less well known «-
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proteobacterial regulators Irr and RirA will be an important first step in defining the
regulatory network of this hemotrophic bacterium. On a more concrete and practical
level, these studies may begin to characterize inducible species-specific promoters with
potential utility in genetic manipulation.

Finally, the fate of heme upon delivery to the cytoplasm by classical heme uptake
systems is not precisely known. Heme oxygenases (HO) have been identified in
mammalian cells; bacterial HOs have various levels of homology to them (62, 156).
Recent reports suggest that the HemS homolog in E. coli, ChuS, is a unique HO (169).
This is in direct contrast to reports in other bacterial species that suggest that this protein
stores, protects, or transports heme. While these multiple functions are not necessarily
exclusive, no reports of overlapping function exist. The function of this protein is of
particular interest in B. quintana because examination of the genome suggests that this
organism does not possess any sort of iron storage protein, e.g. bacterioferritin (Minnick
and Battisti, unpublished data). Iron acquisition per se has not been described in
Bartonella beyond reports indicating that iron alone is insufficient for in vitro growth
(152). Even if independent iron uptake systems exist, free iron outside of the heme
molecule, or perhaps hemosiderin, is unlikely to be abundant in an erythrocyte. It seems
likely that heme serves as both the porphyrin source and the iron source in B. quintana,
suggesting the necessity of a heme oxygenase. Of additional importance, Chus is
notably absent from avirulent strains of E. coli and homologous proteins are present in
the genomes of many bacterial pathogens (169). Regardless of the mechanism used by
these proteins to neutralize heme, it undoubtedly contributes to the pathogens' ability to
colonize the mammalian host. Like other components of bacterial heme uptake systems,
ChuS-like enzymes represent an attractive target for the rational design of antimicrobial

peptides in part due to the absence of similarity to mammalian heme oxygenases.

B. RESEARCH GOALS

These studies were undertaken to elucidate the mechanisms and regulation of heme
acquisition in B. quintana. Initial experiments focused on the Hbps and Fur. Based on
descriptions of Fur as a ‘global’ iron-responsive regulator, the first goal was to determine

the function of B. quintana Fur by complementation of an E. coli fur strain. The ability
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of the Hbps to bind hemin and confer a hemin-binding type on E. coli was well
established, but expression profiles in response to alterations in available heme were not
defined. Therefore, the second goal was to examine hemin-mediated regulation of B.
quintana HbpA. The third goal was to examine the effect of B. quintana Fur on hbp
transcription. However, difficulties in identifying natively expressed Fur led to the
modification of this goal such that it became an attempt to identify expression of B.
quintana Fur by either in vitro transcription/ translation (IVTT) or Western blotting. The
HbpA homolog, Pap31, in B. henselae was shown to function as a hemin receptor by
complementation analyses in an E. coli hemA strain (199). The fourth goal was to
examine the ability of HbpA to similarly function as a hemin receptor by
complementation analyses.

The second set of experiments focused on characterizing the function and regulation
of the B. quintana hut locus. The primary goal of this set of experiments was to examine
the ability of HutA to function as a hemin receptor by complementation analysis of the E.
coli hemA strain EB53. Classical heme receptors are typically TonB-dependent. The
ability of HutA to function as a heme receptor in an otherwise isogenic E. coli strain with
a second mutation in fonB was also tested by complementation analyses. A secondary
goal of these studies was to establish heme-mediated transcriptional regulation of the hut
locus and to examine the effects of each of the potential iron-responsive regulators,
namely Fur, Irr, and RirA, on the transcriptional profile of the hut locus genes.
Additionally, these experiments were performed with RNA isolated in parallel from three
different hemin concentrations in order to account for cofactor availability. This was
accomplished by quantitative reverse transcription-polymerase chain reaction (qQRT-
PCR). A third goal was to define the transcriptional organization of the hut locus and this
was accomplished by RT-PCR. The final goal of the experiments was to map the
transcriptional start sites (TSSs) of the transcriptional units in order to identify putative
promoter and regulatory binding sequences.

The final set of experiments undertaken has focused on characterization of the B.
quintana HemS protein. The first goal of these experiments was to generate and purify a
natively-folded His-tagged HemS. The second goal of these experiments was to examine

the ability of the purified recombinant HemS protein to bind hemin. This goal was
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achieved spectrophotometrically and by hemin blotting. The third goal of these studies
was to examine the ability of B. quintana HemsS to function as a HO in a
Corynebacterium ulcerans hmuO mutant by complementation. The final goal of these
experiments was to examine the ability of recombinant HemsS to catalyze the breakdown

of hemin in vitro. This goal was approached spectrophotometrically.
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Table 1.1. Bartonella species and their ability to cause human disease.

Species Vector Reservoir __ Reference(s) Disease Reference(s)
alsatica Unknown Rabbit (75) Isolated (85)
australis Unknown Kangaroo 61) No

bacilliformis Sandfly Human (36) Oroya fever (89)
birtlesii Unknown Mouse (18) No

bovis Horn fly (?) Cattle (17, 38) No

capreoli Tick (?7) Roe Deer (17,21) No

chomelii Unknown Cattle (114) No

clarridgeiae Flea (?) Cat (110, 144) Isolated (98,
115) coopersplainsensis Unknown Rodent (70) No

doshiae Flea Rodent (20, 170) No

elizabethae Flea (?) Rodent, Dog (49, 50, 116) Isolated 42,
130)

grahamii Flea Cat (20, 170) Isolated 93)
henselae Flea, Cat Cat (89) Cat Scratch (6,
89)

Jjaponica Unknown Rodent (81) No

kohlerae Flea, Cat Cat 47, 146) Isolated 9)
peromysci Unknown Rodent (20) No

phoceensis Unknown Rodent (69) No
queenslandensis ~ Unknown Rodent (70) No

quintana Body louse Human (89) Trench fever (89)
rattaustraliani Unknown Rodent (70) No
rattimassiliensis ~ Unknown Rodent (69) No

rochalimae Unknown Human (?) (53) Isolated (53)
schoenbuchensis Deer ked Deer (118) No

silvatica Unknown Rodent 81 No

tamiae Unknown Rodents (?)  (100) Yes (100)
taylorii Flea Rodent (20, 170) No

tribocorum Flea Rodent (76, 141) No

talpae Unknown Moles (20) No

vinsonii

sub sp. aurepensis Unknown Rodent (187) Isolated 54
sub sp. berkhoffi Ticks (?) Dog, Coyote (34,77, 99) Isolated 24)
sub sp. visonii Unknown Vole 99) No

washoensis Ticks (?) Dog, Squirrel (34, 37, 101) Isolated (134)
weissi Unknown Cat (196) No
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Figure 1-1. Schematic of bacterial hemin acquisition systems. A) Model of hemin
acquisition via an outer membrane (OM) hemin receptor and a coordinate transport
system as described in Bordetella (175). BhuR is a hemin receptor that uses energy
transduced by TonB and ExbB/D to bring hemin into the periplasmic space (PS). BhuT
is a periplasmic binding protein that shuttles hemin to the membrane-spanning permease,
BhuU. Energy for hemin transport across the inner membrane (IM) is provided by the
ATPase activity of BhuV. The fate of hemin in the cytoplasm is uncertain. Predicted
functions for BhuS and its homologs include storage or degradation of hemin. B) Model
of hemin acquisition via a hemophore as described in Serratia marcescens (33). The
hemophore HasA is secreted and binds hemin with high affinity. The hemin-HasA
complex docks onto the hemin receptor, HasR, and releases hemin for transport into the

cytoplasm as described in A.
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CHAPTER TWO
Hemin Uptake Is Not Mediated by Hemin Binding Protein A and the Ferric Uptake

Regulator Is Not Central to Iron-Responsive Regulation in Bartonella quintana

A. INTRODUCTION

Bartonella quintana has an extraordinary heme requirement that is thought to fulfill
both iron and porphyrin needs. B. quintana is expected to have evolved specialized
systems adept at satisfying this requirement despite the heme-limiting nature of the
human host environment. In addition to its success as a human pathogen, B. quintana is
also able to rapidly shift between the human host and the heme-replete gut of the body
louse. Thus, B. quintana must not only be able to acquire heme when it is scarce, but
must also be able to protect itself from heme-mediated toxicities when heme is abundant.
Therefore, the expression of heme uptake systems in B. quintana is expected to be under
tight iron- and/or heme-responsive control. The disparity in heme availability between
these two environments suggests that heme concentration may also serve as an indicator
of the shift into either the human host or the body louse. Consequently it would be
logical to co-regulate heme acquisition and virulence, as described in numerous other
bacterial pathogens. Despite the pivotal role of heme to the survival and pathogenesis of
B. quintana, little is known about either the mechanisms or the regulation of heme

acquisition in this versatile species.

Iron-responsive regulation in Gram-negative bacteria is primarily attributed to the
ferric uptake regulator (Fur) and has been most widely studied in E. coli. In the presence
of excess iron, the dimeric Fur protein binds the ferrous form (F62+) and undergoes a
conformational shift. The Fur dimer then binds DNA at a consensus motif,
GATAATGATAATCATTATC, in the promoter region termed the Fur Box and represses
transcription (164). Fur has also been implicated in the activation of genes, but the
mechanisms may involve the regulation of intermediate regulators and/or post-
transcriptional control. Fur-targeted genes encode iron and heme uptake systems,
superoxide dismutase, and several virulence factors. In fact, more than 90 genes are

regulated by Fur in E. coli (72). Fur homologues have been identified in several Gram-
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negative pathogenic genera including Yersinia, Vibrio, Neisseria, Salmonella and
Haemophilus (143). Although it only has 38% amino acid identity to E. coli Fur, a Fur
homologue was also identified in B. henselae (131). Corresponding fur genes were also
identified in B. bacilliformis and B. quintana (131). Functional analyses of B. henselae
fur indicate that it was able to complement a Vibrio cholerae fur mutant when
constitutively expressed by a ptac promoter (131). Based on these data, we hypothesized
a major role for B. quintana Fur in transcriptional control of heme acquisition systems.

The heme acquisition systems of B. quintana have not been fully characterized, but
studies to date have focused on the genes encoding hemin-binding protein (Hbp) family
members as a potential Fur target. This family consists of five porin-like outer
membrane proteins (HbpA-E) that share ~ 48% amino acid identity to one another and
are able to bind hemin, as implied by the name. Structural predictions suggest that each
Hbp forms a - barrel consisting of eight conserved transmembrane domains connected
intracellularly by four small loops and extracellularly by four large loops (123). Out of
eight membrane proteins identified by hemin blots, HbpA was chosen for further
investigation because it was the only protein that hemin remained bound to after the blot
was extensively washed (31). Pretreatment of B. quintana with o-HbpA antibody
fractions was sufficient to partially inhibit heme binding relative to controls. Although
recombinant HbpA was unable to confer a hemin-binding phenotype on E. coli, analysis
of a B. quintana hbpA mutant showed increased hemin binding relative to wild type.
Correspondingly, quantitative reverse-transcriptase-PCR (qQRT-PCR) examining
expression profiles of the remaining hbp transcripts in the B. quintana hbpA mutant
indicated that compensatory expression occurred with all remaining members of the
family upregulated to some degree. Of note, a sequence was identified in the promoter
region of the hbp genes that shares ~50% identity to the Fur Box of E. coli suggesting a
role for the B. quintana Fur protein in transcriptional control.

HbpA shares amino acid similarity with an outer membrane protein from Brucella,
Omp31, the Opa proteins from Neisseria, and the phage-associated protein, Pap31, from
B. henselae (123). Examination of the hemin-binding capacity of Brucella suis or B. ovis
Omp31 indicates that it also binds hemin. As described with HbpA, pretreatment of B.

ovis with o-Omp31 antibodies inhibits heme binding. Moreover, Omp31 expression is
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increased when B. suis is grown on iron-deficient media relative to the amount produced
when the strain is grown on iron-replete media (43). The hemin-binding capacity of
these proteins is extended in the characterization of Pap31 from B. henselae.
Investigation of this HbpA homolog focused on its ability to function as a hemin receptor
in an E. coli hemA mutant, EB53, which is unable to synthesize porphyrin. As the
parental strain is relatively impermeable to the heme molecule, there are only two ways
for this strain to obtain hemin. The first is to bypass the hemA mutation with the addition
of d-aminolevulinic acid (the product of the reaction catalyzed by HemA) and the second
is to express a recombinant hemin receptor so that hemin can be imported from an
external source. These experiments indicated that expression of recombinant Pap31,
consisting of the sequence encoding the mature protein fused to the signal sequence from
ompT of E. coli, was sufficient to allow growth of EB53 in the presence of exogenous
hemin (199). Together, these data led to the hypothesis that HbpA functioned as a hemin
receptor in B. quintana, that Hbp expression was responsive to available hemin and/or
iron concentrations, and that this response was mediated at least in part by the Fur
protein.

These studies were undertaken to examine these hypotheses and define the major
mechanisms and regulation of hemin acquisition in B. quintana. Here, we report that
although B. quintana HbpA expression is responsive to available hemin concentration,
expression of the recombinant protein in EB53 is insufficient to reproducibly
complement the hemA strain. Furthermore, while forced B. quintana fur expression is
able to complement an E. coli fur mutant, we were unable to identify an endogenous

promoter in the B. quintana fur gene or express the native protein.

B. MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli strains were routinely grown
overnight at 37°C with shaking in either Tryptone-yeast extract (TY) and lysogeny broth
(LB) media and standard antibiotic concentrations were added as needed. 25 uM o-
aminolevulinic acid (ALA) (Research Products International, Prospect, IL) was added to

the medium for growth of E. coli hemA strain EB53 (51). Induction of gene expression
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Figure 3-6. TSS mapping and promoter regulatory regions of the hut locus showing
the H-box.

A. TSS’s mapped by 5’RACE are indicated by a diamond (hutA) and arrowhead (fonB).
Putative -10 and -35 promoter elements are shown with directionality, and the horizontal
arrow and bold-face type indicate the hutA and fonB genes. The consensus sequence that
interacts with B. quintana Irr (6) is boxed. Note the consensus is on the inverse
complement (lower) strand.

B. TSS of hems is indicated in bold by the star. Potential -10 and -35 sites are indicated
and the region containing the consensus sequence that interacts with B. quintana Irr (6) is

boxed. The hemsS gene is indicated by the horizontal arrow and bold-face type.
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CHAPTER FOUR
Bartonella quintana HemS is a Hemin Binding Protein with Potential Heme

Oxygenase Activity

A. INTRODUCTION

An extraordinarily high hemin requirement for in vitro growth is a hallmark of
Bartonella species, and meeting this requirement is undoubtedly pivotal to its ability to
cause disease in the context of the human host. Recent work with Bartonella quintana
has focused on the mechanisms of hemin acquisition resulting in the characterization of
the hemin utilization locus (hut) and the hemin binding protein family members (HbpA-
E). The ability to obtain iron, either free or from the breakdown of heme, is largely
undefined in Bartonella. It has been established that iron and protoporphyrin IX are not
sufficient for in vitro growth in the absence of hemin itself, but this may result from the
lack of ferrochelatase rather than the inability to acquire iron (4, 152). Analysis of the B.
quintana genome indicates two potential systems for iron uptake, namely the yfe (A-D)
locus for manganese, zinc, and possibly ferric iron acquisition and the ceuD/fat (B-D)
locus for siderophore-mediated iron acquisition (4). However, the B. quintana yfe locus
lacks a homolog to yfeE, which was shown to be an essential component of the Yersinia
system in complementation assays of an E. coli enterobactin mutant (15). Furthermore,
there are no obvious candidates for siderophore synthesis genes in the B. quintana
genome (Battisti and Minnick, unpublished observations). In addition to the ambiguity
surrounding iron uptake, the mechanism of protection from heme-mediated cytotoxicity
is unclear. One potential solution that provides iron and neutralizes heme-mediated
oxidative damage is the utilization of a heme oxygenase (HO).

Originally characterized in mammalian cells, membrane associated HOs act in
conjunction with NADPH-cytochrome P450 reductase to catalyze the breakdown of
heme into biliverdin, carbon monoxide (CO) and free iron (Fez+). Biliverdin is then
converted by biliverdin reductase to bilirubin (94). Heme breakdown can also occur via
coupled oxidation which, like HO-mediated catabolism, generates meso-hydroxyheme

and verdoheme intermediates. However, the two reactions can be distinguished by
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inhibitors and end products. In particular, coupled oxidation does not occur in the
presence of catalase whereas HO-mediated catabolism does. Also, coupled oxidation
nonspecifically degrades heme generating a mix of biliverdin isomers, whereas HO-
mediated catabolism proceeds to the specific generation of o-biliverdin in almost all
instances (10, 94). Although the detoxification of free heme is thought to be the primary
function of mammalian HOs, secondary functions include protection from cellular injury
through generation of the antioxidants biliverdin and bilirubin and maintenance of
homeostasis through CO signaling (19, 94) .

Unlike the situation described in eukaryotes, bacterial HOs are soluble, their in vivo
reductase partners are largely undefined, the fate of biliverdin is unclear, and their
primary function is presumably to release iron from heme. Due in part to considerable
homology with human HO-1, one class of bacterial HO has been characterized in the
Gram-positive pathogen Corynebacterium diphtheriae (192). Another example is the
Gram-negative Neisserial HemO protein which also bears some resemblance to
eukaryotic HOs. Studies suggest that the Neisserial HemO degrades heme into ferric-
biliverdin IXa and CO rather than releasing free iron and biliverdin, but this may be the
result of a weak interaction with a surrogate reductase partner (198). In Pseudomonas
aeruginosa, PigA also has homology to the HemO/HmuO class of heme oxygenases and
has been shown to function as such (140). Of note, this HO, like coupled oxidation,
generates a mixture of biliverdin IX-f and biliverdin IX-9 rather than the biliverdin IX-a
product characteristic of HO-catalyzed heme degradation. It is also unable to efficiently
interact with the NADPH-cytochrome P450 reductase (140). The widespread use of
heme by pathogenic bacteria implies that utilization of a HO to liberate iron from heme
might also be widespread. Interestingly, one report indicates that database searches of
bacterial genomes have identified homologs to HmuO and HemO in only Deinococcus
and Legionella, suggesting that either the strategy of iron release from heme via HO-
mediated degradation is rare or that many bacterial species encode a novel HO enzyme
(140).

Not surprisingly, analysis of the B. quintana genome also indicates the absence of a
mammalian HO homolog, but it does encode a potential hemin-degrading protein, HemsS.

The precise function of HemS homologs is somewhat controversial. Initial experiments
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suggested that the Shigella dysenteriae homolog, ShuS, formed an oligomeric ferritin-like
structure that functions as a heme-storage protein (191). This result was modified to
suggest that ShuS complexed with heme exists as a dimer, while the oligomeric structure
arises from heme-free ShuS bound to DNA (91). This occurrence led Kaur and Wilks to
hypothesize a Dps-like role in protection of DNA from oxidative stress, but ShuS-bound
DNA was not fully protected from oxidative stress and shuS was not able to complement
an E. coli dps mutant (91). Examination of the P. aeruginosa homolog, PhuS, indicates
that heme can be degraded by this protein in the absence of catalase but not in its
presence. The authors attributed degradation to the coupled oxidation mechanism and
proposed that PhuS functions as a heme-trafficking protein that facilitates the transfer of
heme to PigA (106). The closely related Yersinia enterocolitica HemS was required for
efficient utilization of heme as an iron source, but not as a porphyrin source, in
complementation studies involving E. coli EB53 (165). Y. enterocolitica HemS was also
required to prevent cytotoxicity, presumably resulting from the accumulation of excess
heme, in E. coli strains expressing the recombinant hemin receptor, HemR, from a high-
copy plasmid (166). Based on these observations, heme oxygenase activity was proposed
for HemS despite the absence of sequence similarity to known HOs or experimental
evidence of this catabolic capability (166, 192). Evidence of enzymatic activity was
obtained for the ChuS homolog from E. coli O157:H7, which was shown to function as a
HO by specific degradation of heme accompanied by generation of carbon monoxide in
the presence of an electron source, in vitro. The generation of free iron and biliverdin
was assumed based on spectral data and culture pigmentation (169). The suggestion that
ChuS-mediated heme degradation occurs via coupled oxidation was addressed by the
addition of catalase or superoxide dismutase to the reaction. Neither of these agents
inhibited the decomposition of heme, but mutagenesis of a highly conserved histidine
residue completely abolished enzymatic activity (168). These data provide strong
evidence for the existence of a novel HO that has homologs in many bacterial species.

Due to the fact that heme is assumed to be the primary source of iron and porphyrin in
the human host, especially in the intracellular erythrocyte environment, we hypothesized
that HemS functions as a heme oxygenase. However, it should be noted that heme-

trafficking/chaperone functions are not necessarily exclusive of heme oxygenase

88



functions. These studies were undertaken to elucidate the function of HemsS in an effort

to better understand heme/iron acquisition in Bartonella.

B. MATERIALS AND METHODS

Bacterial strains, media, and culture conditions. E. coli strains were routinely
grown overnight at 37°C in Luria-Bertani (LB). Gene expression was induced by the
addition of 0.1 mM to 2.5 mM isopropyl-f-D-thiogalactopyranoside (IPTG) to mid-log
phase cultures prior to an additional 4-6 h incubation. Corynebacterium ulcerans strains
CU712 hmuOA and CU712 hmuOA/pCUhmuO (generously provided by Michael
Schmitt) were routinely grown overnight at 37°C in heart infusion broth (HIB) containing
0.2% Tween 80 (HIBTW) unless otherwise stated (104, 135). Standard antibiotic

concentrations were supplied as needed. Strains used in this study are listed in Table 4.1

(p. 94).

Analysis of sequence and structural similarity. The National Center for

Biotechnology Information website (http://www.ncbi.nlm.nih.gov) and the RhizoDB

website (http://xbase.bham.ac.uk/rhizodb/) were used for genome searches and sequence

retrievals. Multiple amino acid sequence alignments were performed with ClustalW
version 2.0 and comparison with sequence databases were performed with BLAST (5,
108). Structural predictions were made with the Protein Homology/Analogy Recognition

Engine (Phyre) version 0.2 (http://www.sbg.bio.ic.ac.uk/~phyre/) (92).

DNA preparations and plasmid construction. A DNeasy blood and tissue kit
(Qiagen, Valencia, CA) was used for the preparation of genomic DNA. Small-scale
plasmid purification was performed with a QIAprep miniprep kit (Qiagen) and large-
scale preparations were obtained with a Wizard Plus midiprep kit (Promega, Madison,
WI). Standard protocols were employed for PCR amplification, restriction digestion,

ligation, and cloning (8). Primers used in this study are listed in Table 4.2 (p. 95).
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HemsS expression and purification. Overnight cultures of JIM109/pQE30HemS were
expanded and grown to mid-log phase then induced with 2.5 mM IPTG for 5-7 h. Cells
were centrifuged at 10,000 x g for 10 min at 4°C, and resulting pellets were placed in -
20°C until needed. Because attempts to purify soluble His¢-tagged HemS resulted in very
low yields, purification was performed under denaturing conditions per QIAexpressionist
(Qiagen) protocol with minor modifications. Briefly, denatured HemS was purified with
Ni""NTA (nickel nitrilotriacetate) resin per protocol except the column was washed twice
with 4 mls Buffer C each time. Elution was monitored by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) using 12.5% (wt/vol) acrylamide gels,
which indicated partial purification of HemS in the third and fourth fractions of Buffer E.
These fractions were combined and refolded against dialysis buffer (100 mM NaH,PO,,
600 mM NacCl, 20% glycerol, pH 8.0) in a 3500 MWCO (molecular weight cut-off)
Slide-a-Lyzer cassette (Pierce, Rockford, IL) (135). Re-folded HemS was concentrated
with PEG [poly(ethylene glycol)] 20,000 (Alfa Aesar, Ward Hill, MA). Pooled samples
were further concentrated by ultrafiltration using an amicon stir cell with a 30,000

MWCO membrane. Samples were stored at -20°C until needed.

Spectral analysis of hemin binding. Hemin binding to HemS was assessed
spectrophotometrically with an HP8453 A diode array UV/VIS spectrophotometer.
Briefly, 81.25 nM of hemin was added incrementally to the sample cuvette containing 3
ml of HemS (27uM/L) or the reference cuvette (containing buffer only) in 6.25 nM
aliquots. Hemin was incubated with HemS for 5 min at room temperature after each
addition, and the absorbance spectrum from 300 nanometers (nm) to 800 nm was
recorded for each. Data obtained for the reference cuvette were subtracted from data
obtained from the sample cuvette to generate difference spectra. Data from two
independent experiments were used for nonlinear regression analysis with Prism software

from GraphPad (http://graphpad.com).

Hemin blots. A bicinchoninic acid protein kit (Sigma Chemicals, St. Louis, MO) was

used for protein quantification. SDS-PAGE followed the general methods of Laemmli
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(105). Gels were stained with Coomassie brilliant blue for visualization or transferred to
nitrocellulose according to the methods of Towbin (8, 173). Hemin blots were basically
performed as described (31). In brief, blots were blocked for 1 h with Tris-buffered
saline (TBS-Tween 20) (10 mM Tris, 150 mM NaCl, 0.1% Tween 20) containing 2%
nonfat dry milk then washed twice with TBS. Blots were then incubated for 1.5 h in
TBS-Tween 20 containing 10 pg/ml hemin, washed three times (30 min each) in TBS-
Tween 20, developed using enhanced chemiluminescence (ECL) reagents (Pierce,
Rockford IL) and visualized with autoradiographic film (Eastman Kodak Co., Rochester,
NY).

Electroporation of Corynebacterium. Corynebacterium ulcerans strains were
transformed essentially as described (74). Ten ml of overnight CU712AmuOA culture
was used to inoculate 100 ml of HIBTW supplemented with 20 ml of 20% glycerol.
Cultures were incubated 1 h at 37°C then diluted to ODgo ~0.4. Cells were centrifuged at
10,000 x g for 10 min at 4°C and the resulting pellet was washed with 200 ml cold 15%

glycerol. Cells were centrifuged again and resuspended in a final volume of 400 pl cold
15% glycerol. A 40 pl volume of this suspension was mixed with plasmid DNA (1.4 pg
to 34.3 ug) in a 2mm gap electroporation cuvette (BTX, Holliston, MA). Cells were
electroporated with a GenePulser (Bio-Rad, Hercules, CA) set at 2.5kV, 25uF and 200Q.
HIBTW (900 pl per cuvette) was added immediately after the pulse and cells were
incubated at 30°C for 1.5 h prior to plating.

Complementation of C. ulcerans hmuOA. Complementation of C. ulcerans was
performed as described previously (135). In brief, the C. ulcerans CU712hmuOA strain
was transformed with the E. coli-Corynebacterium shuttle vector pKN2.6Z (kindly
provided by M. Schmitt) containing B. quintana hemsS (46). CU712hmuOA containing
vector only served as a negative control and CU712AmuOA/pCUhmuO served as a
positive control. Strains were grown overnight at 37°C in HIBTW then diluted 1:1000.
25 ul aliquots of these dilutions were used to inoculate HIBTW supplemented with 200
pg/ml of the iron chelator ethylenediamine-N,N’-bis(2-hydroxyphenyl acetic acid)
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(EDDHA), alone, or in conjunction with 1 mM FeSO, or 7 uM hemin. Plates were

scored for visible growth following overnight incubation at 37°C.

DNA Sequencing. An automated DNA sequencer (AB3130x1 genetic analyzer) and
a BigDye Terminator cycle sequencing ready reaction kit 3.1 (ABI, Foster City, CA)
were used to obtain sequence data. Data were analyzed with ChromasPro 1.13 software

(http://www.technelysium.com.au/ChromasPro.html).

C. RESULTS

Sequence conservation and predicted structural similarities between B.
quintana HemS and E. coli ChuS. Initial examination of B. quintana HemS focused on
identifying similarities to other HemS homologs, specifically concentrating on the E. coli
ChusS protein. BLAST analyses of ChuS from 0157:H7 against the B. quintana genome
indicate 33% amino acid identity and 50% similarity across 327 of 347 HemsS residues.
The crystal structure of ChuS has been solved and indicates a novel HO structure
consisting of 9 anti-parallel B-strands contributing to the formation of two large B sheets
(168, 169). Several amino acids required for stabilization of the heme-binding interaction
or enzymatic activity were identified. Clustal alignment of HemS with ChuS indicates
complete conservation of all amino acid residues involved in stabilization of heme
binding except for the replacement of one tyrosine (Tyr 315) with a phenylalanine in B.
quintana HemS (See Fig. 4-1A, p. 96). Most importantly, the key histidine residue (His
193) for coordinating heme and required for oxygenase activity is conserved, as is the
second coordinating residue, Arg 100 (168). The predicted three-dimensional structure
of B. quintana HemS aligned with the E. coli ChuS structure determined by
crystallography. This alignment shows positional conservation of the heme coordinating
residues within the heme-binding cleft identified by crystallization of the ChuS-heme
complex (Figure 4-1B, p. 97). Although HemS and ChusS share relatively low amino acid
identity, these data suggest that the majority of critical residues for heme binding and
oxygenation are conserved and the two proteins share a high degree of structural

homology.
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Hisg-tagged HemS expression and hemin binding in E. coli. The successful
construction of a pQE30 plasmid encoding a hisec-HemS fusion, termed pQE30HemS,
was initially confirmed by DNA sequencing. Sequence analyses indicate the presence of
a point mutation resulting in the substitution of an arginine residue at position 10 (Arg
10) with a leucine (data not shown). Despite the presence of this mutation, all
experiments were performed using this clone. This decision was justified in part by
difficulties in obtaining the clone and in part by the fact that Arg10 is not conserved in
ChusS (See Fig. 4-1A, p. 96). Protein synthesis was confirmed by SDS-PAGE and those
analyses indicate production of a unique inducible protein of ~40 KDa (See Fig. 4-2A, p.
98). This is in accordance with the predicted molecular mass of 39.4 KDa for native
HemS. Expression of recombinant HOs in E. coli can confer a blue-green pigment to
cells that others have attributed to the accumulation of biliverdin (169, 198). However,
this phenomenon was not observed during expression of the B. quintana Hisec-HemS
protein regardless of expression level. Examination of the hemin binding ability of
HemS by hemin blotting indicates that Hise-HemS binds hemin at levels well above
background (See Fig. 4-2B, p. 98). Based on these data, the Hise-HemS protein is
expressed and inducible in E. coli. Although HemS synthesis does not generate visible
indications of biliverdin accumulation, it is able to bind hemin in a strong and specific

manner independently of Arg 10.

Spectral analyses of hemin binding. For further exploration of the hemin binding
capacity of Hisg-HemS, the protein was purified and renatured for spectrophotometric
analysis of heme binding. Difference spectra were obtained by subtracting the
absorbance of hemin in buffer alone from the spectra obtained from hemin added to Hisg-
HemS in buffer. These difference spectra, similar to those obtained from other HOs,
show a Soret maximum at 411 nm which is indicative of hemin binding (See Fig. 4-3A,
p- 99). Additionally, the absorbance of bound hemin in 350 nm range is lower than that
obtained from free hemin resulting in a trough (B. Lei, personal communication).
Although B and o bands (at ~545 and 580nm, respectively) have been reported for other

bacterial HOs, they are not evident in the difference spectra obtained for the hemin-Hise-
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HemS complex. Presumably, the absence of these bands is due to the relatively low
concentration of Hiss-HemS compared to the concentrations of protein used in other
studies (140, 169). Nonlinear regression analyses of the change in absorbance at 411 nm
(AODy;1) versus hemin concentration best fit a one-binding site model (See Fig. 4-3B, p.
100). The estimated Kd is 5.9 + 1.7 uM and the increase in absorbance appears to even
out at ~25 UM suggesting a 1:1 ratio of hemin to protein. The estimated Kd reported here
is higher (lower affinity) than that reported for several HOs, but fairly close to the
estimated Kd of the IsdG hemin-degrading enzymes of Staphylococcus aureus and

Bacillus anthracis (159, 160).

B. quintana HemS does not complement a C. ulcerans CU712hmuOA strain.
Attempts to reconstitute HemS heme oxygenase activity in vitro have been unsuccessful
to date. An alternative strategy for examining the function of HemsS is the
complementation of a HO mutant strain. Unfortunately, few such strains exist. Despite
the distant relationship between B. quintana and C. ulcerans and the fact that HmuO
represents a different class of bacterial HO, the existence of CU712hmuOA provided a
potential strain for complementation assays in an attempt to define the function of HemS
in vivo (104). In order to explore the hypothesis that hemS could functionally repair the
hmuO defect, the B. quintana hemS gene was cloned into the Corynebacterium-E. coli
shuttle vector pKN2.6Z. Of note, attempts to identify or induce HemS from pKN2.6Z in
E. coli were unsuccessful but the presence of the insert was confirmed by PCR and DNA
sequencing (data not shown). CU712hmuOA strains containing pPKNHemS or pKN2.6Z
alone were tested for the ability to utilize hemin as the only source of iron. Control
strains included the mutant, CU712hmuOA, and the mutant strain complemented with its
own hmuO gene, CU712hmuOA/pCUhmuO. As expected, none of the strains grew on
iron-chelated media and all of the strains grew on media supplemented with FeSO,. Like
CU712hmuOA, CUT721hmuOA/pKNHemS was unable to grow on plates supplemented
with hemin. In contrast, the strain complemented with C. ulcerans hmuO grew well with
hemin as a sole iron source (See Fig. 4-4, p. 101). These results show that B. quintana

hemS is not sufficient to restore growth of the C. ulcerans hmuOA strain on iron-depleted
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medium supplemented with hemin. Not surprisingly, in light of the inability to induce
HemS expression in E. coli, supplementation of media with IPTG did not alter these

results.

D. DISCUSSION

Although one hemin acquisition system, the Hut locus, has been characterized in B.
quintana, neither the fate of hemin in the cytoplasm nor the mechanisms used for iron
acquisition are currently understood. We hypothesized that one member of the Hut locus,
HemS, was able to bind and degrade hemin. The data presented herein clearly indicate
that HemS has amino acid and structural similarities to the E. coli HO, ChusS, and that
HemsS is able to bind hemin. Experiments performed to date have not provided in vitro
or in vivo evidence of heme oxygenase activity. Nevertheless, these results may be
ascribed to the generation of a spurious mutation while cloning hemS and the
complementation system chosen rather than an authentic absence of enzymatic activity.

With respect to the mutation of Argl0 in HemS, the replacement of the positively
charged, basic side chain of arginine with the nonpolar side chain of leucine may have
altered proper folding of HemS. The inability to purify large quantities of soluble Hisg-
HemS may also be attributable to this mutation, as several studies report the generation of
soluble recombinant His-tagged heme oxygenases (140, 169, 198). Alternatively, the
inability to reconstitute in vitro HO activity may simply have resulted from relatively low
concentrations of Hisc-HemS compounded by potentially incomplete renaturation. The
use of a C-terminal histidine tag or a glutathione-S-transferase (GST) tag will be
considered for future cloning and purification attempts. Until these potential issues have
been resolved, the ability of HemS to function as a heme oxygenase in vitro cannot be
ascertained with any confidence.

With respect to the C. ulcerans complementation system, it was initially chosen due to
the absence of an alternative HO mutant strain. However, the fact that HmuO represents
a different class of HO presents at least one potential pitfall that could result in the
inability of one class to substitute for the other. Namely, the two classes of bacterial HOs

may utilize different reductase partners in vivo. In support of this explanation, the P.
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aeruginosa HO, PigA, which also belongs to the HmuO/HemO class of bacterial HOs
was unable to efficiently use the NADPH-cytochrome P450 reductase system for in vitro
heme degradation (140). As with the in vitro experiments, there are too many potential
problems with the complementation assays for these negative data to definitively rule out
the hypothesis that HemS possesses heme oxygenase activity.

An E. coli chuS mutant in an 0157:H7 background was recently generated, and may
provide an alternative complementation system (176). The phenotype of this strain is
currently unknown, but it may be unable to use hemin as a sole iron source if grown on
iron-depleted media. In an effort to overcome the difficulties associated with attempting
to complement the CU712hmuOA strain, collaborations are currently planned to examine
the phenotype of the chuS mutant and, if an appropriate phenotype exists, attempt to
complement it with B. quintana hemS (C. Martin, personal communication). Provided
the mutant has a testable phenotype, the utilization of an E. coli chusS strain for
complementation assays has a much higher chance of succeeding because of the
homology between ChuS and HemS.

A final point of interest, albeit speculative, regarding potential heme oxygenase
activity in B. quintana is the existence of a hypothetical gene (BQ09510) that shares 22%
identity and 44% similarity with 165 of 296 amino acids of human biliverdin reductase
A. Moreover, BQ09510 also shares 23% identity and 41% similarity across 254 amino
acids to the cyanobacterial biliverdin reductase, BvdR (155). In addition to implying HO
activity in B. quintana, a biliverdin reductase would also supply a cycling mechanism for
the powerful antioxidant bilirubin. Evidence from mammalian cells suggests that minute
amounts of bilirubin can protect lipids from massive hydrogen peroxide challenge. The
ability of low concentrations of bilirubin to be highly cytoprotective has been attributed
to the fact that oxidization of bilirubin generates biliverdin which is in turn reduced back
to bilirubin by biliverdin reductase (157). Thus, examination of the function of BQ09510
would be an interesting avenue for future studies in terms of elucidating both heme

metabolism and the closely related oxidative stress response.
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Table 4.1. Bacterial strains and plasmids used in this study.

Strain or plasmid Description Source or reference
Strain
B. quintana
JK31 low passage human isolate J. Koehler
E. coli
JM109 Host strain for cloning Promega
TOP10F' Host strain for cloning Invitrogen
C. ulcerans
CU712humOA CU712 with a 305bp internal deletion of hmuO M. Schmitt
CU712hmuOA/pCUNMuUO  CU712hmuO A harboring pCUhmoO M. Schmitt
CU712hmuOA/pKN2.6Z CU712hmuOA harboring pKN2.6Z This study
CU712hmuOA/pKNHemS  CU712hmuO A harboring pKNHemS This study
Plasmid
pKN2.6Z Corynebacterium-E. coli shuttle vector M. Schmitt
pKNHemS pKN2.6Z with B. quintana hemS This study
pQE30 Expression vector Qiagen
pQE30HemS pQE30 with B. quintana hemS This study
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Table 4.2 Primers used in this study.

Primers

SaclhemSfor TGAGCTCGCTGAAACGATTATTCGTTTGC
HindlllhemSrev GGGAAGCTTTCGATATTTTTCAGCTTTGG
SallhemSfor CATGTCGACCTATGGCACATAAAGCTGAAACG
EcoRVhemSrev GGATATCCGATATTTTTCAGCTTTGGGGC
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Figure 4-1. Similarity of B. quintana HemS to the E. coli heme oxygenase ChuS. A)
Clustal alignment of B. quintana HemS with ChuS from E. coli 0157:H7 strain EDL933.
Conserved residues involved in heme binding are boxed and shaded and the histidine
(His193 of E. coli) required for enzymatic activity is indicated by the large star. A dot
indicates weakly conserved residues, a colon indicates strongly conserved residues, and a
star indicates fully conserved residues. B) Three-dimensional model of HemS shows
structural similarity to E. coli ChuS. The predicted positions of conserved residues

required for coordinating and degrading heme are highlighted in yellow.
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Figure 4-2. Recombinant his¢-tagged HemsS is able to bind hemin. Lanes: 1,
JIM109/pQE30 (uninduced); 2, IM109/pQE30 (induced); 3, IM109/pQE30HemS
(uninduced); 4, IM109/pQE30HemS (induced). A) Coomassie blue stained SDS-PAGE
gel. B) Corresponding hemin blot showing hemin bound to HemS. Molecular mass

standards are indicated on the left in kilodaltons.
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Figure 4-3. Spectral analysis of hemin binding. A) Difference spectra of His-HemS
with increasing amounts of hemin added shows a Soret maximum at 411 nm and a trough
peak at ~350 nm. The increased absorption at 411 nm following addition of increasing
amounts of hemin is indicated by the arrow. B) Nonlinear regression of the change in
absorbance at 411 nm versus the concentration of hemin. Data shown are the mean and

standard deviation of two independent experiments.
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Supplement
Strain 200ug/ml EDDHA 1mM FeSO4 7uM Hemin
CU712hmuOA No growth +++ No growth
CU712hmuO A/pCUhmuO No growth 4+ +++
CU712hmuO A/lpKN2.6Z No growth +++ No growth
CU712hmuO A/pKNHemS No growth +++ No growth

Figure 4-4. Complementation of C. ulcerans hmuOA strains. Strains were plated to
HIB containing 200 ug/ml EDDHA alone, or supplemented with 1 mM FeSO4 or 7 uM
hemin and visually scored for growth after overnight incubation. “+++” indicates a lawn.

Results are representative of three separate experiments.
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CHAPTER FIVE

DISCUSSION

Neither free iron nor free hemin is abundant in the human host and the scarcity of
these nutrients is exacerbated by the innate iron/hemin sequestration response to infection
(186). Pathogens must overcome these limitations if they are to be successful.
Elucidation of the mechanisms and control of bacterial hemin/iron acquisition will
enhance understanding of this aspect of bacterial adaptation to its host environment, may
indicate novel regulation of virulence determinants in response to environmental cues,
and has the potential to identify novel targets for the generation of new antimicrobial
agents by rational drug design. The need for novel antibiotics is predicted to become
increasingly urgent due to the continued emergence of multidrug resistance in several
pathogens (128) Previous studies indicated that Bartonella required an extraordinary
amount of hemin for in vitro growth, possessed a novel family of hemin binding proteins
(HbpA-E), and was able to rapidly shift between the extreme differences in free hemin
availability found in the human host and the body louse (123, 152). These reports laid
the foundation for the current studies, which were undertaken with the aim of
characterizing the hemin/iron acquisition and regulation mechanisms employed by B.
quintana.

The initial exploration of potential hemin receptors focused on the Hbps. An HbpA
homolog, Pap31, from B. henselae reportedly functioned as a hemin receptor when
recombinantly expressed in E. coli and the hbp genes were shown to be transcriptionally
responsive to the alteration of external cues associated with colonization of either the
body louse or the human blood stream, including oxygen and hemin concentration (13,
199). Contrary to the prevailing hypothesis of the time, B. quintana HbpA was unable to
function as a hemin receptor in E. coli. The exact function of the Hbps is still unclear,
but their importance in mediating human infection is underscored by the fact that one of
them (HbpE) is a predominant outer membrane protein recognized by sera obtained from
infected individuals (23). Furthermore, their specific interaction with both hemin and

hemoglobin suggests this binding has a biologically relevant purpose. The potential
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relevance of the hemin/hemoglobin interaction is accentuated by the fact that the closely
related Neisserial opa genes are upregulated when cells are grown on media containing
hemoglobin as the only iron source relative to that found when transferrin is the sole iron
source (87).

Although purely speculative, the possibility of heme bound to the Hbps acting as a CO
sensor is intriguing. Carbon monoxide is a potent second messenger molecule in the
human body that increases expression of the anti-inflammatory cytokine, IL-10, in
macrophages (19). Interestingly, cytokine profiles obtained from homeless people with
chronic B. quintana bacteremia show a specific increase in IL-10 secretion that is
believed to contribute to bacterial persistence (29). Thus while CO may signal an anti-
inflammatory state in the human host it seems plausible that it may also serve as a signal
to the bacterium indicating an environment conducive to the establishment of bacteremia.
Alternatively, it has been hypothesized that the Hbps may induce a microaerobic
environment by binding O, or serve as a surface hemin storage site. Regardless of their
actual function(s), the Hbp-hemin interaction represents a fascinating aspect of
Bartonella biology that clearly warrants future study.

The transcriptional response of the hbps served as the impetus for study of hemin
and/or iron-responsive gene regulation. The identification of a Fur homolog in B.
quintana led to the investigation of this protein as the potential mediator of hemin-
responsive transcriptional control of the hbpgenes (131). B. quintana fur is in a unique
arrangement relative to the fur gene of other bacterial species in that it is 17 bp
downstream from the secA gene encoding the ATPase component of the general secretory
pathway (182). Although B. quintana fur encodes a functional repressor that recognizes
the E. coli “Fur box” consensus sequence when recombinantly expressed under control of
an exogenous promoter, no support for endogenous promoter activity or in vivo
expression was obtained in these studies. These data add to a growing body of evidence
that challenges the y-proteobacterial model of Fur as the primary iron-responsive gene
regulator by showing that its role is lessened or even absent in o-proteobacteria (148). It
is within the realm of possibility that B. quintana fur is expressed under some
undetermined condition, perhaps requiring a novel Bartonella-specific sigma factor. In

support of this possibility, forced overexpression of Fur in B. quintana resulted in
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decreased transcription of hbpC and tonB relative to control strains (14). As the gut of
the body louse is expected to have the highest concentration of free hemin, it would be
interesting to examine fur expression, perhaps using the fur promoter-gfp fusion
constructs described by Parks et al, in B. quintana during a louse infection (131).

The inability to identify a native promoter for fur led to investigation of the Fur
superfamily transcriptional regulator, Irr. Although attempts to generate an irr knockout
were not successful, Irr overexpression in B. quintana resulted in a “bloodstream-like”
profile of hbp transcription. Specifically, hbpA, D, and E transcript levels were increased
relative to that observed in controls. Additionally, purified recombinant Irr was shown to
bind to a conserved motif found in the promoter region of the hbps, termed the H-box
(14). These data, combined with the absence of a role for Fur, suggest that Irr has
assumed the role of primary hemin-responsive transcriptional regulator in Bartonella. 1t
would be interesting to examine the effects of Irr overexpression on the B. quintana
genome to see if it also regulates potential virulence determinants.

Upon successfully identifying a major transcriptional regulator of the hbp genes,
efforts were refocused on identification of the principal hemin uptake system of B.
quintana. By genomic analyses, the hut locus was chosen as the most likely candidate.
The ability of HutA to function as a hemin receptor was confirmed by complementation
assays using an E. coli strain unable to either synthesize or import porphyrin.
Complementation assays were also used to establish the TonB-dependence of HutA-
mediated hemin transport. Both the structure of HutA and the genetic organization of the
hut locus are remarkably similar to hemin acquisition systems described in other Gram-
negative bacteria (165). The extensive conservation found in bacterial hemin uptake
systems makes them attractive candidates for the generation of new antibiotics. At least
one study has examined the possibility of exploiting bacterial hemin/hemoglobin uptake
systems for the delivery of non-iron metalloporphyrins. Gallium protoporphyrin IX was
toxic to a range of bacterial pathogens, but relatively well tolerated by human fibroblasts
and a mouse model (167). This report provides preliminary evidence confirming the
viability of exploiting hemin acquisition systems as an antimicrobial approach.

Based on its function as a hemin transport system, the hut locus was expected to be

transcriptionally responsive to alterations in available hemin and this was confirmed by
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gRT-PCR. Surprisingly, the relative difference in transcription levels was modest despite
the fact that samples were obtained from bacteria grown on media supplemented with
enormously different hemin concentrations. These relatively small changes in Aut locus
transcription could hypothetically result from the existence of a hemin-storage reservoir
or another buffering system.

B. quintana strains overexpressing Irr, Fur, and RirA, were used to investigate the
transcriptional regulation of the hut locus. Irr was identified as the primary mediator of
transcriptional changes in the hut locus, even though Fur overexpression did result in
decreased transcription of fonB when strains were grown in the presence of excess hemin.
Unlike the hbp genes, some of which were induced by overexpression of Irr, the hut locus
genes were repressed by Irr overexpression at all hemin concentrations tested. These
observations suggest that Irr is able to function as both an inducer and a repressor in B.
quintana. A similar situation has been reported in Bradyrhizobium japonicum, where the
effect of Irr is a function of the location of the binding motif, termed an iron control
element (ICE), relative to the start of the gene (149). In accordance with these
observations, consensus sequences similar to the H-box were identified in the hutA/tonB
promoter region and in the hemS promoter region. These sites overlap the predicted -10/-
35 promoter site of hutA and the predicted -35 promoter site of hemS. In contrast, the H-
box identified in the promoter region of the #bp family members is at least 50 bp
upstream of the start of the gene (14). Thus, these data appear to fit the B. japonicum
model where Irr functions as a repressor when bound near the transcriptional start site of
a gene and an inducer when bound farther upstream. As the consensus sequence
encompassing the H-box is fairly large, an interesting area of future research would be to
refine the motif to essential nucleotides by DNase footprinting and/or site-directed
mutagenesis using a reporter gene fused to a promoter that contains the H-box.

While the majority of the Hut locus proteins have obvious roles, HemS is the subject
of some controversy. Numerous functions have been attributed to HemS homologs in
other bacterial species including DNA binding, heme trafficking and heme sequestration
(90, 91, 191). The most interesting function for these proteins is a heme oxygenase
activity attributed to the E. coli homolog, ChuS (169). The possibility that B. quintana

HemS functions as heme oxygenase is interesting for several reasons. First, no heme
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oxygenase with similarity to human HO-1, and therefore the major class of bacterial HO,
is evident in the B. quintana genome. Second, although systems with homology to ferric
iron uptake (yfeA-D) and siderophore transport (fatB-D) are present in the genome, iron
supplied with protoporphyrin IX is not adequate to support in vitro growth of Bartonella
(152), nor are genes encoding a siderophore biosynthesis system readily apparent (Battisti
and Minnick, unpublished data). Third, even if Bartonella is able to acquire free iron, its
availability in human erythrocytes is expected to be negligible. Fourth, B. quintana has a
marked absence of genes encoding iron-storage molecules (13). Collectively these
observations suggest an undefined mechanism in the acquisition of iron by B. quintana.
Clearly, the presence of a HO would provide an iron source as long as heme was
available. Finally, ChuS, and by default HemS, has no structural similarity to any known
HO but has homologs in a number of bacterial pathogens. Given the scarcity of iron in
the human host, inhibition of a unique HO presents an ideal target for therapeutic
intervention.

Experiments to date have shown that HemS binds hemin with a 1:1 stoichiometry.
The absence of enzymatic activity in in vivo experiments may result from the strain used
for complementation analyses and in in vitro experiments may result from either the
mutation in the Hisg-HemS construct or the relatively low concentration of protein used
in the experiments. Alternatively, Suits et al. reported that fresh ChuS was required to
prevent aggregation (168). However, generating sufficient amounts of HemS for in vitro
examination of enzymatic activity without stockpiling several preparations would be
problematic with the current construct. An alternative and possibly more sensitive in
vitro approach consists of measuring the release of * Fe from [>’Fe] protoporphyrin IXc
(136). However, this method may be a last resort due to the expense associated with
obtaining radiolabeled hemin. The identification of a chuS mutant in E. coli 0157:H7 is a
promising avenue for examining the ability of HemS to function as a HO in vivo and the
generation of a suitable construct for initiation of these studies is currently underway.

In summary, the studies described herein were undertaken with the aim of identifying
the mechanism and regulation of hemin acquisition in B. quintana. Data obtained from
these studies have paved the way for further characterization of the Hbp family of

proteins, which do not appear to function as hemin receptors but may serve an accessory
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role in hemin acquisition. These studies have also contributed to the generation of a new
model of iron and hemin-responsive transcriptional regulation whereby the
transcriptional control provided by the Fur protein in y-proteobacteria is provided by the
related Irr protein in o-proteobacteria. The primary hemin acquisition system of B.
quintana was identified and shown to be under transcriptional control of Irr. Initial
examination of the function of HemS has been undertaken and several difficulties that
need to be addressed in order to further investigate the function of this enzyme have been
identified. Numerous questions regarding hemin acquisition and utilization in Bartonella
remain. Arguably, the most interesting of these include the function of the Hbps and the
fate of hemin upon delivery to the cytosol. The answers to these questions, combined
with the results presented here, will enhance understanding of the ability of these unique

pathogens to cause disease in the human host.
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