Borrelia burgdorferi surface-localized proteins expressed during persistent murine infection

and the importance of BBA66 during infection of C3H/HeJ mice

by
Jessica Lynn Hughes

Bachelor of Science, University of Washington, 2001

Submitted to the Graduate Faculty of
the School of Medicine in partial fulfillment
of the requirements for the degree of

Doctor of Philosophy

University of Pittsburgh

2008



UNIVERSITY OF PITTSBURGH

SCHOOL OF MEDICINE

This dissertation was presented

by

Jessica Lynn Hughes

It was defended on
April 3, 2008
and approved by
Saleem A. Khan, Ph.D., Microbiology and Molecular Genetics
Jeffrey G. Lawrence, Ph.D., Biological Sciences
Bruce A. McClane, Ph.D., Microbiology and Molecular Genetics
Ted M. Ross, Ph.D., Microbiology and Molecular Genetics

Dissertation Advisor: James A. Carroll, Ph.D., Microbiology and Molecular Genetics

il



Borrelia burgdorferi surface-localized proteins expressed during persistent murine
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Select members of the group Borrelia burgdorferi sensu lato are the causative agents of Lyme
disease (LD), a multisystem, potentially chronic disorder with debilitating clinical manifestations
including Lyme arthritis, carditis, and neuroborreliosis. Current knowledge regarding the
expression of virulence factors encoded by B. burgdorferi and the breadth of their distribution
amongst Borrelia species within or beyond the sensu lato group is limited. Some genes
historically categorized into paralogous gene family (pgf) 54 have been suggested to be
important during transmission to and/or infection of mammalian hosts. By studying the factors
affecting the expression of this gene family and its encoded proteins, their distribution, and the
disease profile of a bba66 deletion isolate, we aimed to determine the importance of pgf 54 genes
in Lyme disease and their conservation amongst diverse Borrelia species. The culmination of
the studies discussed in this thesis describe the association of select genes historically
categorized into pgf 54 with infectious phenotypes, with the borrelial sigma factor cascade, and
the localization of their encoded proteins to the outer surface of the bacterial cell. Together, the
expression profiles and localization of these genes/proteins demonstrates that they are regulated
by the 6™-6° cascade, similarly to the known virulence factor, OspC, and that they are found on
the outer surface of the cell where they would have the potential to interact with or sense host
factors. Moreover, putative orthologs of these genes were detected by Southern blotting and

PCR in diverse Borrelia species associated with both Lyme disease and relapsing fever, some of

il



which expressed pH-responsive proteins that were cross-reactive with antibodies specific for
orthologs expressed by B. burgdorferi isolate B31. Finally, an insertion-deletion of one of these
genes, bba66, was examined in vivo and was found to be infectious in C3H/HeJ mice. Though
bba66 was not found to be absolutely required for murine infection in the study presented here,
we and other groups hypothesize that bba66 may instead be important during dissemination or
adherence to murine cardiac tissue. Thus, future studies are aimed to determine the function and

putative importance of BBA66 beyond the establishment of murine infection.
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1.0 INTRODUCTION

1.1  DISCOVERY, ISOLATION AND DESCRIPTION OF B. BURGDORFERI

The earliest description of erythema migrans (EM), the bull’s eye-shaped rash associated with
the acute phase of Lyme disease, was reported in 1908 during a lecture given by a Swedish
dermatologist, Arvid Afzelius. After further observations, Afzelius hypothesized that EM
developed in patients after the bite of a tick (2). EM was first reported in the United States in
1970 (395) and was followed in 1977 and 1978 with reports that identified a cluster of children
and adults near Lyme, Connecticut, that suffered from arthritic manifestations, some of whom
suffered from a preceding EM skin lesion; importantly, some patients who developed EM could
also recall being bitten by a tick (416, 420-422). This “new clinical entity” was dubbed Lyme
arthritis (420-422). Given the correlation between ticks, EM, and Lyme arthritis, Steere and
colleagues suggested that the infectious agent of Lyme arthritis was transmitted through the bite
of ticks, specifically ticks of the Ixodes complex which were prevalent in and around Lyme,
Connecticut (420, 422). In line with this hypothesis, Dr. Willy Burgdorfer observed spirochetal
organisms of approximately 10 to 30 nm in length and 0.18 to 0.25 nm in diameter in the midgut
and select other tissues from |. dammini ticks collected from Shelter Island, New York (64). The
spirochetes were noted to stain well with Giemsa and could be visualized under darkfield and by

indirect immunofluorescence. Drawing from epidemiological data, Burgdorfer suggested that



the organism observed in Ixodes ticks may be the causative agent of Lyme arthritis. In a
collaborative study, Steere, Burgdorfer, and others conclusively identified the spirochete isolated
by Burgdorfer as the causative agent of Lyme disease (419). In their report, serum from Lyme
arthritis patients was immunoreactive with the spirochete isolated by Burgdorfer; moreover,
spirochetes isolated from patient EM, cerebrospinal fluid, or blood were found to have a similar
morphology to the isolate obtained by Burgdorfer. Through genetic and phenotypic analyses, the
Lyme disease spirochete was shown to be more closely related to relapsing fever Borrelia
species and less so to the treponemal or leptospiral spirochete species (203, 209, 384). Thus, in
1984, the spirochete was named Borrelia burgdorferi in honor if its discoverer, Dr. Willi

Burgdorfer (210).

In the twenty-seven years following the identification of B. burgdorferi, 14 Borrelia
species have been categorized into the group collectively referred to as B. burgdorferi sensu lato
(i.e., in the broad sense; sl) (22, 144, 216, 250, 276, 337, 338, 364, 461). Though it is unknown
if the majority of B. burgdorferi sl species are able to infect humans, three genospecies,
including B. burgdorferi sensu stricto (i.e., in the strict sense, SS), B. garinii, and group VS461
(now referred to as B. afzelii (76)), have been shown to be definitively associated with Lyme
disease in human infections (16, 17). B. valaisiana has also been associated with human
infection, albeit infrequently (374, 375, 382). Several distinctions can be made between the
species that infect humans including their geographic ranges and the disease manifestations with
which they are most commonly associated. The geographical range each Borrelia species is
associated with is based primarily upon the range of their cognate tick vectors; B. burgdorferi ss
in the United States is found in the mid-West and Northeast in association with I. scapularis and

in the Northern Californian coastal region with I. pacificus. B. afzelii and B. garinii meanwhile,



as well as B. burgdorferi ss, are found throughout Europe in association with I. ricinus and in
Asia with |. persulcatus (4, 5, 63). Within the Midwestern and Northeastern United States, 10 %
- 20 % of nymphs and 20 % - 30 % of adult ticks are colonized with B. burgdorferi while only 1
% - 3 % of I. pacificus ticks are colonized. In addition to the differences between Borrelia
species and the specificity of the tick vector each is associated with, there are also differences in
the predominant disease manifestations associated with each species. While the acute stage of
disease is similar between species, manifestations during the later stages of Lyme disease are
often, though not exclusively, associated with a single species: Lyme arthritis and cardiac
complications with B. burgdorferi ss, neuroborreliosis with B. garinii, and acrodermatitis
chronica atrophicans (ACA) with B. afzelii (18, 462). The course of Lyme disease and its

associated clinical manifestations are discussed below in detail (Section 1.2).

In the United States, 64,682 new cases of Lyme disease were reported between 2003 and
2005 to the Centers for Disease Control (CDC); of these, 59,770 (93%) cases originated in the 10
reference states endemic for Lyme disease, which includes Connecticut, Delaware, Maryland,
Massachusetts, Minnesota, New Jersey, New York, Pennsylvania, Rhode Island, and Wisconsin
(70). Importantly, estimates predict that the reported incidence of LD may be under-reported by
as much as 6- to 12-fold in these endemic areas (84, 94, 160, 288). Given the growing incidence
of Lyme disease in the United States and abroad, B. burgdorferi has been recognized as an
emerging pathogen (273, 324, 325, 410, 417, 457). Though people of any age and sex are
susceptible to the bite of tick, LD is reported more frequently in boys between the ages of 5 and
19 and in persons of either sex beyond the age of 30 (70, 84-86, 316). The likelihood of

developing Lyme disease also correlates with outdoor activities and travel, especially in wooded



(63, 105, 164-166, 243, 279, 290), high-shrub (155) and grassland (247) areas where tick

populations tend to be greatest.

1.2 CLINICAL MANIFESTATIONS

Lyme disease is a multi-stage and multi-system disorder affecting people of all ages, races, and
genders. Of the three species belonging to the B. burgdorferi sl group known to cause Lyme
disease and to infect humans (see Section 1.1), only B. burgdorferi ss has been linked to ticks
and disease in North America (263, 277) and it is the main species discussed and utilized in this
body of work. B. burgdorferi is transmitted by the bite of a B. burgdorferi-colonized Ixodes
species tick and is the most common reportable vector-borne disease in North America (70, 84-
86). The tick lifecycle and mode of B. burgdorferi transmission is discussed in greater detail in
Section 1.3. Antibiotic treatment can successfully clear borrelial infections, especially when
treatment is administered early. Of individuals who remain untreated, however, clinical
manifestations affecting the joints, heart, and/or nervous system may develop. Whether B.
burgdorferi is transmitted transplacentally in pregnant women is a controversial topic, but it is
considered to be a rare phenomenon. Furthermore, the damage caused to the fetus due to
borrelial infection is believed to be minimal but remains to be fully characterized (407, 434, 471,

478).



1.2.1 Early/localized stage

The early/localized stage of LD generally occurs during the first days or weeks of infection. The
hallmark of early of Lyme disease is the presence of erythema migrans (EM) at the site of the
tick bite (37, 292, 300, 418). The rash may be rapidly expanding and have zones of clearing
which give it a bulls-eye appearance. These zones of clearance are more often associated with B.
burgdorferi ss infection and less so with B. afzelii or B. garinii; EM associated with these later
species is often slower to spread and demonstrates less intense inflammation (433). The
estimated number of patients that present with EM range from 60 % to 80 % (112, 119, 423).
However, those who do not develop EM may have no other outward signs of infection at this
early stage and may not seek treatment unless they recall having been bit by a tick in a region
endemic for Lyme disease. While EM alone is often considered suggestive of borrelial infection
during this early stage of infection, diagnosis during this early stage can be difficult in the
absence of EM. Serology is weak within the first weeks of infection and seroconversion toward

borrelial antigens may be difficult to detect (Section 1.2.4).

1.2.2 Early disseminated stage

After the appearance of the initial EM, secondary lesions may appear days to weeks later at distal
sites. These lesions are an indicator of borrelial dissemination (473) and are more commonly
described among patients in the United States (418). Patients may experience additional
symptoms such as fever and chills, malaise, fatigue, headache, myalgia, and general body aching
(414, 418). Occurring weeks to months later, some untreated patients in the United States may

develop acute neurological complications, also referred to as neuroborreliosis (317, 358), and/or



Lyme carditis (415). Neurological manifestations may include Bells palsy or meningitis-like
symptoms. Bells palsy involves paralysis of the seventh cranial nerve causing flaccid facial
paralysis that is typically unilateral; in one study, 87.5% of untreated patients (14/16) presenting
with Bells palsy went on to develop Lyme arthritis (212). Symptoms resembling meningitis
include severe headaches, neck stiffness, and confusion (212). Lyme carditis is caused by
inflammation of the cardiac tissues and can lead to dizziness or fainting, shortness of breath, and
heart palpitations (476); some patients may also present with heart block (221, 281, 282, 332,
362, 452). There are numerous causes, including viral and bacterial agents as well as
autoimmunity arising from molecular mimicry, that may cause carditis (31, 109, 110, 124, 172,
177, 283); thus, without a previous diagnosis of Lyme disease, Lyme carditis may be
misdiagnosed and the appropriate treatment regimen delayed. Furthermore, patients may have
long-lasting damage or continuing heart manifestations even after the clearance of infection with

antibiotic treatment (281, 282, 299, 452).

1.2.3 Late disseminated phase

Manifestations of the late disseminated phase may occur months to years after the initial
infection. During this phase, arthritic, cardiac, or neurological abnormalities may persist and/or
worsen and skin involvement may develop. Interestingly, human-pathogenic species of the B.
burgdorferi sl complex appear to be more strongly associated with specific Lyme disease
manifestations: B. burgdorferi ss with Lyme arthritis, B. garinii with neurological complications,
and B. afzelii with skin abnormalities (17, 76, 451, 462); it is important to note, however, that
there is considerable overlap among all of these species and the clinical symptoms they may
cause (462). Late Lyme arthritis is defined as recurring joint inflammation and pain that
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involves sporadic joint swelling that may last for weeks or months before spontaneously
resolving (476). The condition usually manifests unilaterally in larger joints, especially in the
knees. In the United States, recent reports estimate that somewhere between 10 % and 33 % of
untreated patients may develop Lyme arthritis (70, 86, 476). Meanwhile, neurological
complications from late Lyme disease may range from encephalomyelitis, which can cause fever,
headache, and confusion, to Lyme disease-associated encephalopathy, a degenerative brain
disorder which can cause an altered mental state (179, 180, 214, 265). Finally, acrodermatitis
chronica atrophicans (ACA) is characterized by a papery-thin skin lesion and swelling that may
present uni- or bi-laterally; ACA is typically observed on the feet and hands and sensory loss in
the affected extremity may also occur (222, 236). Though neurological and skin manifestations
of late Lyme disease have been reported in the United States, they are relatively rare (70, 86,
298) and occur more often in Europe. Given the geographical distribution of these species
(Section 1.1), Lyme arthritis is more often observed in the United States while neurological and
skin manifestations are more often reported in Europe. Though serology remains the best
method for diagnosis during this phase, a-borrelial antibodies can be long lived and may reflect
a past infection that has been cleared (213); thus, positive serology is not conclusive for an active

infection.

1.2.4 Post-Lyme disease syndrome

Though controversial, some believe a fourth phase of disease, dubbed post-Lyme syndrome, may
occur in a small but distinct set of patients. Unlike patients in the chronic stages of Lyme
disease, individuals with post-Lyme syndrome are non-responsive to antibiotic treatment (468)
and experience clinical manifestations including non-localized myalgia and arthralgia, as well as
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tiredness. This lack of responsiveness to antibiotic would seemingly suggest that spirochetes are
no longer present in these patients and that the chronic symptoms might be caused by
autoimmunity caused by molecular mimicry (Section 1.2.7); however, this remains a
controversial topic within the field, with some suggesting that Borrelia might well still be
present in post-Lyme syndrome patients (328). It should be noted, though, that the very
existence of post-Lyme syndrome is hotly contested with some researchers believing that the
initial diagnosis of Lyme disease in those patients later identified to suffer from post-Lyme

syndrome is questionable at best (425).

1.2.5 Diagnosis of Lyme disease

The guidelines recommended by the CDC and others for the diagnosis of Lyme disease involves
a two-tier approach comprised of an enzyme-linked immunosorbant assay (EIA) followed by
Western blotting (71, 115, 125). The first tier uses a polyvalent EIA and tests serial dilutions of
patient sera. If the patient sera is found to be positive by EIA, Western blotting is performed to
assess for the presence of specific IgM and IgG a-B. burgdorferi antibodies. At least two out of
three known bands for IgM and/or five out of ten known bands for IgG must be detected for a
test to be considered positive. Because a-B. burgdorferi antibodies may be detectable in patient
serum months after an active infection has resolved (3, 15, 156, 181, 182), positive EIA and/or
Western blotting are only indicative that a patient has been infected with the spirochete and not
that they are actively infected.

Alternative techniques for the diagnosis of Lyme disease have been used with varying
levels of success. Culturing spirochetes from EM biopsies (264, 307), patient blood (38, 474,

477, 479), and occasionally from whole blood (477), plasma (474, 475, 477) or cerebral spinal
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fluid (CSF) (215, 293) have demonstrated marginal success. PCR from patient EM biopsies,
plasma, or synovial fluid, on the other hand, is relatively sensitive and may indicate the presence
of an active infection (108, 161, 175, 259, 304, 394, 456). Moreover, in a study by Nowakowski
and colleagues (307), major laboratory diagnostic techniques were compared and quantitative
PCR (qPCR) of skin biopsies was found to be the most sensitive diagnostic method, followed by
two-tier immunological analysis of disseminated (early or late) phase patient samples, skin
culture, and blood culture (307). Given the invasive nature of skin biopsies and the expected 10
to 14 days for the production of o-B. burgdorferi specific antibodies, antibiotic treatment is
routinely administered immediately and without further testing if a patient presents with EM
and/or has a history suggesting exposure to Borrelia-colonized ticks; however, EM is not
considered a definitive diagnostic marker of early Lyme disease (307, 476). To definitively
diagnose Lyme disease the gold standard is the two-tier test comprised of EIA and Western
blotting of patient sera (307, 476). Intrathecal antibodies, however, are the best diagnostic
marker for neurological manifestations (293) as PCR (87, 219, 251) and culture (215, 373) of

CSF may demonstrate varied levels of sensitivity.

1.2.6 Treatment of Lyme disease

Treatment recommendations were recently reviewed and updated by panel of experts belonging
to the Infectious Diseases Society of America (476). During the early stage of LD, it is
suggested that oral antibiotics be prescribed from 10 to 21 days. In order of recommended use,
effective antibiotics include doxycycline (halts microbial protein synthesis), amoxicillin (blocks
bacterial cell wall synthesis by inhibiting peptidoglycan cross-linking; recommended for children

and pregnant women), as well as cefuroxime axetil (blocks cell wall synthesis; recommended for
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patients allergic to doxycycline and amoxicillin) and erythromycin (inhibits protein synthesis;
recommended only if patients are unable to take the aforementioned antibiotics).

In the absence of neurological or cardiac manifestations, treatment recommendations
during early disseminated phase remain the same as for the early/acute phase. In the presence of
neurological or cardiac involvement, however, the treatment regimen often requires a longer
course of antibiotics and may necessitate intravenous delivery. The following are recommended:
adults and children with acute neurological manifestations should receive daily intravenous
injections of ceftriaxone (inhibits bacterial cell was synthesis) or oral doxycycline if f-lactam
antibiotics are not tolerated; doxycycline is not recommended for patients who are pregnant.

Similar to the early disseminated phase, late disseminated phase antibiotic treatment
regimens are often longer and may require intravenous delivery during this stage. Patients
presenting with Lyme arthritis alone can be successfully treated with oral antibiotics such as
doxycycline, amoxicillin, or cefuroxime axetil; the later two are also recommended for children
(476). If neurological complications alone or in addition to Lyme arthritis are present,
intravenous ceftriaxone is recommended. Though not a major concern in the United States,
acrodermatitis chronica atrophicans (ACA) can be successfully treated using the same regimen
as suggested for EM (see above) (476). Antibiotic therapy is not suggested for patients with
post-Lyme disease syndromes if the appropriate treatment recommendations have been followed

and there is no evidence of persistent infection (476).

1.2.7 The Lyme vaccine

In 1998, GlaxoSmithKline (GSK) released the Lyme vaccine, LYMErixgs. Based on a

recombinant outer surface protein (Osp) A peptide, the vaccine demonstrated the greatest
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efficacy after three injections over a one year period (76 % efficacy) relative to two injections
given within one month of each another (49 % efficacy) (424). In the initial clinical study, a
limited number of participants developed arthritis; however, both vaccinated and placebo groups
had a similar incidence of arthritis and thus this manifestation was not linked to the vaccine
(424). A second, smaller study confirmed the dosing regimen and safety of the vaccine (385).
Unfortunately, by the time the second article was published, the vaccine had been removed from
the market by GSK amid poor sales and a public outcry that claimed the vaccine could cause
arthritis in some of its recipients (1, 41, 171, 287, 303, 344, 352, 371, 449). These protests
stemmed from reports that suggested OspA could trigger autoimmunity and arthritis via
molecular mimicry to human proteins such as leukocyte function-associated antigen-1 (hLFA-1)
(170, 187, 449), but the results are considered by many to be inconclusive (1, 287, 303, 344) or
to require additional clinical evidence (224). Protests even continued after the Food and Drug
Administration’s Vaccine Adverse Event Reporting System published a report in which no
significant adverse effects were found to be conclusively linked to LYMErixg (127). There are

currently no commercially available vaccines against Lyme disease.

1.3 THE TICK-MAMMAL TRANSMISSION CYCLE

The transmission cycle of all Borrelia species involves either a tick or louse vector and typically
a mammalian or avian host. The geographic range of borrelial tick vectors are well-defined and
are dependent upon both the environment and the hosts that are available to feed upon.
Moreover, Borrelia species are associated with a single genus or species of tick. Fittingly, Lyme

disease is prevalent in temperate climates where hard-bodied tick species responsible for the
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transmission of Lyme-associated Borrelia species reside. Tick-borne relapsing fever (TBRF),
meanwhile, is more common in warmer regions where soft-bodied ticks are found. Louse-borne
relapsing fever (LBRF), however, is the exception; lice are responsible for the transmission of
LBRF (caused by B. recurrentis) and are prevalent worldwide where ever humans are present
and the living conditions of their hosts are conducive to their survival. Details regarding the
relationship between lice and humans and soft-bodied ticks that transmit TBRF are provided in
Section 1.4.2. The following sections will focus on the lifecycle of hard-bodied, Ixodes species
ticks and their role in the transmission of Lyme-associated Borrelia species to humans and other

mammals.

1.3.1 Ixodes species ticks and their lifecycle

The primary vectors of B. burgdorferi sl are ticks belonging to the Ixodes complex. The
acquisition of B. burgdorferi by suitable mammalian hosts is closely associated with the
geographical range of Ixodes ticks which are generally found in temperate climates of the
Northern hemisphere (62, 69, 383), especially in wooded and grassy areas. Regions of the
United States known to harbor Ixodes species ticks include the Northeastern states, the Great
Lakes region, and the Northern California coast. Beyond the United States, ticks of this genus
are found throughout the United Kingdom and much of Northern Eurasia and Japan; many of
these regions are also endemic for Lyme disease. Within the United States, Ixodes ticks will
commonly feed on small mammals such as the white footed-mouse, Peromyscus leucopus (254),
during the larval and nymphal stages and larger mammals, such as deer, during the nymphal and

adult stages. In nature, mice and deer do not demonstrate clinical signs of disease (114, 440).
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In general, Ixodes ticks have a two year lifecycle during which they will typically feed
three times, once during each of their life stages: larval, nymph, and adult (246, 316).
Uninfected larvae hatch from eggs in the spring that measure less than a millimeter wide and are
difficult to see with the naked eye. Their first blood meal is typically acquired during the
summer months from small mammals such as Peromyscus leucopus, the major reservoir of B.
burgdorferi; in the United States other major reservoirs include chipmunks, and shrews (51).
Birds, squirrels, and deer have also been suggested as reservoirs, but do not appear to have the
same reservoir potential as those species listed above (51). Because B. burgdorferi is not
transmitted transovarially in ticks (198, 370), the first blood meal is the earliest opportunity for
ticks to become colonized with the spirochete. Following the initial blood meal, larvae enter into
the first instar stage and molt into nymphs. Ticks at this stage are morphologically distinct from
larvae both in size (typically measuring 1 mm wide and ~2 mm long) and with the addition of a
fourth set of legs. Nymphs remain dormant throughout the fall and winter until they begin to
quest for their next blood meal in the spring or summer. Small mammals may still serve as the
source for this meal, but larger mammals are also a common source. Due to the increased
likelihood that they will feed on larger hosts as well as their minute size, nymphs are most
commonly associated with transmission of B. burgdorferi to humans (246, 278). The second
blood meal is followed by the second molt and it is at this stage that the ticks become full adults
capable of reproducing. Adult ticks feed during the fall and prefer blood meals from larger
mammals such as deer, giving Ixodes scapularis its common name, the deer tick. It is during this
final meal that males (approx. 1.5 mm wide and 3.0 mm long) will seek out and mate with
females (approx. 2 mm wide and 4 mm long). A final period of dormancy ensues over the winter

months until spring when the eggs are laid, the adults die, and the cycle repeats. In correlation
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with the Ixodes lifecycle, the incidence of Lyme disease is greatest during the summer and fall
months when ticks actively seek blood meals and human outdoor activities and their exposure to

ticks are high.

1.3.2 Interactions with mammalian hosts and transmission of B. burgdorferi

Ixodes species ticks have a chitinous dorsal plate and are often described as ‘hard-bodied’.
Because of their rigid encasement, these ticks required five to seven days to feed to repletion as
they concentrate nutrients from the blood meal and regurgitate unused material. After a tick has
found a suitable host, it attaches by inserting its hypostome into the host dermis. The hypostome
is covered in barb-like projections, called denticles, which make it difficult to remove the tick
once it has punctured the skin. Removal is made more difficult by a cementing agent secreted by
the tick that anchors the palp — structures flanking the hypostome — to the skin surface. Once the
tick has successfully attached to its host, it begins to feed and to regurgitate its saliva into the bite
site; tick saliva has numerous anti-inflammatory and immune-suppressing functions which are
believed to aid in protecting the tick from detection by the host and from the potentially harmful
effects of the host’s immune system (48, 198, 226-228, 252, 280, 294, 363, 380, 402, 470).
Importantly, these attributes are also believed to aid in the initial survival of B. burgdorferi once
it is transferred into the mammalian host; transmission becomes efficient after approximately 48
hours of attachment and feeding of nymphal ticks (113, 329, 470).

Within the unfed tick, B. burgdorferi resides within the midgut where it undergoes
minimal replication. Once the tick begins to feed and a blood meal enters the midgut, however,
the spirochete senses changing environmental cues such as increased temperature and decreased
pH. In response to these cues, B. burgdorferi begins to rapidly divide and multiply and to
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change the expression of genes and proteins, thereby altering the composition of its surface in
preparation for transmission. Two outer surface proteins (Osps), OspA and OspC, represent the
paradigm of B. burgdorferi protein expression during the tick to mammal transmission cycle.
OspA, which anchors B. burgdorferi to the tick midgut via TROSPA, tick receptor for OspA, is
expressed and readily detectable on the surface of spirochetes during colonization of the unfed
tick; conversely, OspC expression is difficult to detect in this environment (134, 295, 312, 389,
390). As the tick begins to feed, the surface protein profile of B. burgdorferi changes with OspA
expression decreasing and OspC expression becoming detectable (312, 330, 389, 390). In
correlation with the changing borrelial surface composition, spirochetes begin to migrate via the
hemolymph to the salivary glands where OspA™/OspC" spirochetes can be detected (312, 330).
Once in the salivary glands, B. burgdorferi is transmitted via the tick’s saliva into the host dermis
from which point the spirochete disseminates to distal tissues. While it has been determined that
OspC is required for B. burgdorferi transmission from the tick to mammalian host (390) and for
the bacterium’s survival during the early stages of mammalian infection (443, 445), efforts to

determine the function of OspC are ongoing (431).

1.4 RELAPSING FEVER BORRELIA

Predating the discovery of B. burgdorferi sl, known Borrelia species were recognized as
the causative agents of both louse-borne (LBRF) and tick-borne relapsing fever (TBRF). B.
recurrentis was the first to be described and was identified as the causative agent of LBRF in
“Russia, the Balkan Peninsula, Turkey, Persia and India, and known by sporadic cases over the

entire world” (465). Throughout the first half of the 1900s a worldwide LBRF epidemic
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occurred that affected approximately 50 million people and was reported to have a 10% to 40%
mortality rate (59). Including B. recurrentis, at least 16 relapsing fever Borrelia species have
been identified to date. The remaining relapsing fever Borrelia species cause TBRF and are
primarily transmitted by soft-bodied ticks of the genus Ornithodoros. Notable exceptions are B.
anserina, which causes avian spirochetemia and is transmitted by Argas persicus, and B.
lonestarii, which is transmitted by Amblyomma americanum. The predominant species
transmitted within the United States include B. hermsii, B. turicatae, and less frequently B.
parkeri (412). Similar to Lyme disease-associated Borrelia species, TBRF species may be
transmitted via tick saliva and additionally through coxal secretions (413). Many TBRF Borrelia
can also be passed transovarially in both soft-bodied Ornithodoros species ticks (65, 325) and
occasionally transplacentally in the human host (143). B. recurrentis, on the other hand,
multiplies in the hemolymph but does not move into the louse salivary glands. Thus, B.
recurrentis is transmitted after an infected louse has been crushed by its human host and the
louse hemolymph or feces containing spirochetes is rubbed into cracks or wounds in the skin

(194, 348, 413).

1.4.1 Disease course and treatment of relapsing fever

Both LBRF and TBRF are described as episodic febrile illnesses lasting 2 to 3 days and
interspersed with 7 to 10 days of well-being before the recurrence of fever. Patients may
experience normal febrile symptoms, including joint and muscle aches, headaches, and chills.
What distinguishes relapsing fever from fevers caused by other infectious agents is the ‘crisis’
period which occurs near the end of the first febrile episode and is strongly associated with
patient mortality. During the crisis period, patients may experience rigors, sweats, and severe
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dehydration followed by hypotension, excessive sweating, and a drop in temperature from the
peak of the febrile episode. If untreated, 10 % to 40 % of infected individuals may die; with
antibiotic treatment, the mortality rate becomes <1 % to 4 % (411, 448, 454). Following crisis,
patients may experience one or two relapses, but symptoms are much less severe during these

subsequent episodes.

Diagnosis of TBRF and LBRF is typically made by microscopic observation of
spirochetes in thick blood smears. During a febrile episode, spirochetes reach an average of 10°
cells/ml of blood (59, 432) can multiply as high as 10° — 10® cells/ml (54). These corresponding
peaks in fever and spirochete number are associated with distinct serological reactivity to the
variable major proteins (VMPs) expressed by relapsing fever Borrelia (24, 455). In a classic
illustration of antigenic variation, VMPs vary by the recombination of one of many vmp
sequences, each encoding a protein sequence of a specific serotype, into a single expression
cassette. Thus, as one serotype is cleared by the host’s immune system, a second clone

expressing a distinct VMP will expand and cause the succeeding relapse.

Both TBRF and LBRF are commonly treated with the antibiotics doxycycline and
tetracycline, but erythromycin may also be used in the treatment of pregnant and/or nursing
women (19, 151, 396). In untreated individuals, LBRF has an increased mortality rate of 10 — 70
% relative to TBRF, which has a 4 % - 10 % mortality rate (19, 353). The chances of
spontaneous abortion is also greatly increased in pregnant women with LBRF (59). A high

incidence of neurological manifestations is associated with TBRF (162, 448).
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1.4.2 Epidemiology of relapsing fever

In the past, relapsing fever was recognized as a global disease; today, however, it occurs
primarily in Sub-Saharan Africa and the Middle East (101). In a longitudinal study, subjects
from 30 West African villages were followed for 14 years and the incidence of TBRF was
reported to occur on average in 11 out of 100 people, a rate higher than any other bacterial
infection in the region (454); other reports in Africa have reported a similarly high incidence of
the disease (117, 223). In Israel, reports spanning from 1971 to 2003 revealed that on average <1
in 100,000 of its civilians and 6.4 in 100,000 of its military personnel developed TBRF (406).
Importantly, some believe that the incidence of TBRF is under-reported in these endemic areas,
similar to what has been suggested for LD (284). In the United States, approximately 25 cases of
TBRF are reported each year (68), the majority of which occur in states West of the Mississippi
River; these states include those required to report the incidence of relapsing fever, namely
Arizona, California, Colorado, Idaho, Nevada, New Mexico, Oregon, Texas, Utah, Washington,
and Wyoming (http://www.cdc.gov/ncidod/dvbid/RelapsingFever/RF Epidemiology.htm, last
updated November 12, 2004). In total, 450 cases were reported in the United States between
1977 and 2000 (118) and the mortality rate, which varies with geographic locale, was within the

expected 0 — 8% range (19, 162, 411).

LBRF has been reported in Europe, Russia, and Africa and caused millions of deaths in
these regions throughout the early half of the twentieth century (59). While no recent epidemics
have been reported, outbreaks have been reported in Ethiopia (7, 46, 47, 58, 291, 347, 437) and
Sudan (376); LBRF has also been tied to the homeless in France (55). The inhabitants of these

areas are often found to practice poor hygiene, to change their clothing infrequently, and to wear
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multiple layers of clothing. These habits provide an ideal environment for the human body
louse, Pediculus humanus corporis, which lives in and lays its eggs in the clothing fibers of its
host between taking multiple daily blood meals. Given these factors, LBRF is primarily

associated with individuals of a lower socioeconomic status (104).

1.4.3 Biology and genetics of relapsing fever Borrelia

Similar to the Lyme disease spirochetes, relapsing fever Borrelia species are fastidious and
cultivatable in vitro in normal BSK-H media containing 6% [final] rabbit serum (102, 103, 349,
432). Some species, however, show improved growth when rabbit serum is supplemented to 10
% or 12 % [final] (196, 340, 391). Relapsing fever species are morphologically
indistinguishable from Lyme disease species by darkfield microscopy or staining, both groups
being similar in dimension and the range in the number of coils each species typically harbors.
Using electron microscopy, however, relapsing fever species have been shown to contain an
average of 15 to 30 flagellar bundles (195) as compared to the 7 to 10 normally found in Lyme
disease Borrelia (64, 195).

The genome structure of relapsing fever spirochetes is thought to be highly similar to
Lyme-associated species, containing a linear chromosome of approximately 1 Mb and multiple
linear and circular plasmids. Relapsing fever Borrelia circular plasmids range in size from
approximately 8 to 40 kb and linear plasmids from 10 to 180 kb (19, 132, 203, 333, 428). The
sizes of these molecules are relatively similar to the circular and liner plasmids found in Lyme-

associated Borrelia species which range from 9 to 32 kb and 5 to 60 kb, respectively (82, 140).
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While the relapsing fever and Lyme-associated Borrelia species are highly similar in GC
content (103, 146), the two groups represent distinct branches of the Borrelia genus. Sequencing
of the rrs gene encoding 16s rRNA from genomic DNA has demonstrated between 98.6 % and
89.4 % similarity between all Borrelia species at this locus; Lyme disease species alone were
shown to share approximately 96 % identity and relapsing fever species an average of 94 %
identity (146, 349). In other reports, the gene encoding the major flagellar structural unit, flaB,
was utilized to show Lyme-associated Borrelia share between 100 % and 92.8 % identity while
relapsing fever Borrelia share between 100 % and 88 % identity; relative to one another, the two
groups shared no more than 85.6 % sequence identity at the flaB locus (145). Sequence analysis
using the gene encoding a histone-like protein, hbb, demonstrated that no less than 93.0 %
identity was shared among Lyme-associated Borrelia, but no more than 87.2 % identity was
shared between these species and relapsing fever Borrelia; 96.6 % sequence identity was shared
between the two relapsing fever Borrelia species analyzed in the study (450). From these
reports, phylogenetic analyses have demonstrated that the relapsing fever Borrelia comprise a

clade distinct from the Lyme disease Borrelia.

1.5 B. BURGDORFERI

1.5.1 Microbiological characteristics

Borrelia is fastidious, microaerophilic spirochete with a Gram negative-like membrane structure
that includes an inner and outer membrane divided by the periplasmic space. Borrelia is difficult

to visualize by light microscopy, averaging 0.2 um in width and 20 — 25 pm in length; darkfield
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microscopy is instead routinely used. Borrelia harbors between 7 and 30 flagellar bundles that
radiate from either end of the bacteria and are contained within the periplasmic space (64, 195).
Thus, the flagella are not exposed to the host milieu. The sub-membranous localization of the
flagella lends Borrelia both its corkscrew structure and its planar wave motility.

In vitro culture of Borrelia species has proved a challenge that is still being tackled today.
The liquid medium first formulated by Dr. Richard Kelly in 1971 for the cultivation of Borrelia
(220) was modified in 1982 by Stoenner (26) and in 1983 by Barbour (20) who coined the name
of the medium commonly used today, BSK (Barbour-Stoenner-Kelly). BSK is a complex
medium containing, among numerous other components, 20 mg/ml bovine serum albumin
fraction V, 6 % rabbit serum, and N-acetylglucosamine which is required for the growth and
survival of Borrelia in culture (444). Though Borrelia can be successfully expanded in BSK
medium, there are numerous differences observed between in vivo versus in vitro grown Borrelia
including gene expression, protein synthesis, infectivity, and plasmid content. Changes in the
expression of certain genes in cultured spirochetes has been shown to be reduced relative to
spirochete gene expression in mice (153) (& Hughes et al. 2008, Infect Immun, in press) and to
differ between cultured versus tick-borne Borrelia (350). Normal protein synthesis of OspA is
increased during tick colonization, reduced during tick feeding, and undetectable in mammals
during natural transmission and infection (106, 134, 192, 330, 389, 390). During cultivation in
BSK, however, OspA is constitutively expressed (28, 237, 295, 311, 365, 494). The expression
of still other genes and proteins is lot-dependent in the commercially available BSK-H medium
from Sigma (89, 121); this alteration in gene expression has been demonstrated to adversely
affect the infectivity potential of low-passage patient isolates in certain BSK-H lots (460).

Finally, serial passage of Borrelia in BSK in vitro has been shown to decrease isolate infectivity
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either by the loss of plasmids required for infection (167, 240, 241, 249, 343, 388) and/or by the
decrease in expression of specific genes required for infection (79, 388). Genetic instability of B.
burgdorferi appears to be limited to in vitro cultivation as the spirochete has been demonstrated
to be genetically stable over one year or more of persistent murine infection (153, 327).

In part due to its fastidious nature and in part due to the difficulty of maintaining
infectious isolates in culture, genetic manipulation of B. burgdorferi has been demonstrated to be
far more difficult and time consuming than that of other Gram-negative bacteria such as E. coli
and S. typhimurium. Advances within the past decade, however, have allowed for the
transformation of B. burgdorferi with stable reporter constructs (40, 80, 381), for mutagenesis of
borrelial genes via homologous recombination with suicide plasmids (42, 122, 368, 369), and
complementation of mutants using B. burgdorferi-derived vectors (137, 183, 249, 322, 342, 360,
404, 430). Restriction modification systems harbored on Ip56 and Ip25 decrease electroporation
efficiency and offer an additional level of difficulty when transforming B. burgdorferi with DNA
(208, 217). Furthermore, Ip25 is required for murine infection (240, 241, 343) and thus must be
maintained or complemented with the minimal region required for infection (342). Minimal
complementation of Ip25, however, may not fully recover the parental phenotypes (discussed in
Section 4.3.1).

A second linear plasmid, Ip28-1, has also been demonstrated to be required for murine
infection (167, 240, 241, 343). Ip28-1 harbors the gene encoding VISE which is involved in
antigenic variation (Sections 1.4.1 and 1.5.3), a process which plays a major role in the survival
and virulence of Lyme disease- and relapsing fever-associated Borrelia species during persistent
infection. Studies utilizing B. burgdorferi isolates that had lost 1p28-1 but were complemented

with the VISE gene demonstrated that either an intact vls variation locus and/or additional factors
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present on Ip28-1 were required to restore full infectivity in mice (249). Some of these
additional factors may include genes required for the establishment of arthritis; this was
demonstrated by Xu et al in a comparison between B. burgdorferi isolates that did or did not
harbor 1p28-1 which showed that SCID mice infected with isolates containing 1p28-1 developed
severe arthritis while those infected with isolates that had lost 1p28-1 did not develop arthritis

(481).

1.5.2 Sequencing of the B31 MI genome

Though B. burgdorferi was isolated in 1982 (64) and cultivated in 1983 (20, 64), the B.
burgdorferi genome was not fully sequenced until 1997. This was due in part to the difficulty of
sequencing the spirochete’s fragmented genome which is comprised of a linear chromosome of
less than 1 Mb and multiple linear and circular plasmids. Utilizing the whole-genome random
sequencing technique first reported in 1995 (139), Fraser and colleagues were able to publish the
nearly complete sequence of B. burgdorferi isolate B31 MI in 1997 (140). Casjens et al
completed the sequencing project by 2000 (82) and determined that B. burgdorferi harbored 12
linear and 9 circular plasmids ranging in size from approximately 5 kb to 56 kb and 9 kb to 32
kb, respectively. Annotation by The Institute for Genomic Research (TIGR) assigned a role to
60% of chromosomal genes, but to only 15 % of plasmid-encoded genes. Interestingly, over 161
paralogous gene families were initially identified that were comprised of substantially more
plasmid genes than chromosomal genes (82). The following nomenclature was derived for B.
burgdorferi gene and protein designations: BBX##. BB is an abbreviation for B. burgdorferi,
the X refers to the letter designation of plasmid that the corresponding gene is harbored on, and
the gene number, ##, indicates the position of the open reading frame on that plasmid (140).
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Among all of the genes that were assigned a role, relatively few were found to be
involved in biosynthetic pathways and metabolism (140). This was not unexpected given the
fastidious nature of the bacterium and its requirement for either a tick or mammalian host.
Similar findings have been reported in other fastidious and parasitic bacteria including
Treponema pallidum (142) and Mycoplasma genitalium (141).  Unlike many other Gram-
negative bacteria, B. burgdorferi lacks both the structural components and the mechanical
components required to synthesize lipopolysaccharide (LPS). LPS can serve as a mechanical
barrier to host defenses such as opsonization and phagocytosis (133, 261), it can contribute to
antigenic variation (356), and can aid in resistance to complement (351). Also of interest, nearly
8 % of the B. burgdorferi genome is predicted to encode lipoproteins (401), lipid-modified
proteins that are often membrane-associated. Though the spirochete T. denticola encodes
predicted lipoproteins with a frequency of 6.0% (401), it is B. burgdorferi that encodes more
lipoproteins than an other bacterial genome. A growing number of borrelial lipoproteins have
been characterized and are present on the borrelial outer surface (23, 25, 53, 121, 136, 178, 242,
305, 326, 360, 472, 491). Borrelial lipoproteins serve both structural and protective functions
and play a role in host colonization. The functions and importance of some of these lipoproteins

are reviewed in Section 1.5.3.

1.5.3 B. burgdorferi lipoproteins

Bacterial lipoproteins have a wide array of functions including structural stability of the
bacterial membrane (81, 334); protein transport (92, 453); antibacterial drug resistance (44, 489);
adherence to extracellular matrix factors (56, 163, 340); escape from the host immune system
(186, 231, 233, 427); interacting with the host environment (436); and assisting in pathogenesis
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(39, 185, 301, 339, 357, 372, 386, 403, 442, 466, 490). Lipoproteins are lipid-modified proteins
that are often membrane-associated, anchoring to the inner or outer leaflet of a lipid bilayer via
their lipid moiety. In B. burgdorferi, lipoproteins typically contain an N-terminal L-X-X-C motif
that is post-translationally cleaved at the cysteine residue which is then modified into a
tripalmitoyl-S-glyceryl-cysteine (Pam3Cys) moiety (34, 49). According to a publication by
Schulze and Zuckert (387), borrelial lipoproteins are transported to the outer surface of the
spirochete by default. Fittingly, the functions of borrelial lipoproteins have been associated with
the interaction between the bacterial lipoprotein and host factors; these functions include immune
evasion by binding to host immune factors or antigenic variation (24, 186, 230, 234, 235, 289,
427, 432, 491-493), to adhesion of B. burgdorferi to host extracellular matrix or host cell
surfaces (90, 91, 163, 173, 174, 326, 340, 341), to host-specific adaptation and survival (10, 12,
312, 390, 443, 445, 458, 488). Also of importance, numerous borrelial lipoproteins are up-
regulated during tick colonization (389), mammalian infection (11, 153, 258, 493), and/or under
in vitro culture conditions mimicking these environments (77, 78, 89, 204, 205, 314, 361, 446)
suggesting that the function of many lipoproteins are host-specific.

One of the most well-characterized lipoproteins is variable major protein (Vmp) -like
sequence (Vls) E (491) which is orthalogous to the Vmps first identified in B. hermsii (24, 289,
432). VISE utilizes alternative splicing of fifteen silent cassettes into a single expression site,
allowing B. burgdorferi to alter its surface antigen profile (491-493) to escape immune detection
(256, 493). The lipoproteins BbCRASP-2 through BbCRASP-5, and OspE also aid in immune
evasion (6, 186, 197, 233, 234). These proteins bind to factor H (fH) and/or fH-like protein
(FHL) -1, regulators of the alternative complement cascade which is a component of the host

innate immune response. fH and FHL-1 increase the enzymatic degradation of factors necessary
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to complete complement-mediated lysis of target, non-self cells via the membrane attack
complex (129, 207); therefore, it is possible that B. burgdorferi may prevent its own lysis or
opsonization by binding fH and FHL-1 to its surface and inhibiting progression of the alternative
complement cascade. A similar mechanism has been described for group A streptococci which
binds to fH via protein M, reducing the deposition of a key mediator of the alternative pathway
on the surface of the bacterium (193).

B. burgdorferi also expresses lipoproteins capable of binding to the mammalian host
extracellular matrix and select tissues via host molecules such as 3-chain integrins, decorin,
glycosaminoglycans, and fibronectin; these include P66, DbpAB, Bgp, and BBK32 (90, 91, 163,
173, 174, 326, 340, 341). It is presumed that these proteins aid in the dissemination of and/or the
extracellular lifecycle of B. burgdorferi with in the mammalian host. Lipoproteins have also
been identified which play vital roles in the adaptation and survival of B. burgdorferi in the
distinct environments of its arthropod vector and mammalian hosts (10, 12, 312, 390, 443, 445,
458, 488). The best characterized example is a pair of reciprocally expressed outer-surface
membrane proteins, OspA and OspC. As discussed in Section 1.3.2, OspA is expressed during
tick colonization (312, 390) and is required for persistence through molting (488). OspC, on the
other hand, is expressed in (390) and required for the early stages of acute infection (443, 445) in
mammalian hosts. Still other lipoproteins are believed to be involved in dissemination to
specific host tissues (10, 12, 458). However, few published examples exist that link borrelial
proteins to dissemination of the spirochete to mammalian tissues known to exhibit manifestations

of Lyme disease (98, 131, 321, 482).
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1.6 PARALOGOUS GENE FAMILY 54

1.6.1 Overview of TIGR’s paralogous gene families

From the original annotation of the B. burgdorferi genome, TIGR identified 161 unique
paralogous gene families (pgfs) (82, 140). Many of these families are comprised entirely of
genes that are harbored on plasmids and have no known function (82, 140). With completion of
the B31 sequence, it became possible to identify genes by microarray and proteins by mass
spectrometry that were differentially expressed during the tick-mammal infection cycle. What
was observed was that many of the differentially regulated borrelial genes belonged to pgfs and
were encoded on plasmids (52, 361, 446). Among these plasmid-encoded genes, members of pgf
54 were consistently found to be the most dynamically regulated in response to changing
environmental cues. Intriguingly, family 54 genes were split into two groups based on their
regulation to environmental cues, the first comprised of bba64, bba65, bba66, bba71, and bba73
and the second comprised of the remaining seven genes (bba68, bba69, bba70, bbi36, bbi38,
bbi39, and bbj4l). While the first group was typically upregulated under conditions that
mimicked the mammalian host, the second group was either unaffected or downregulated under
mammalian-like conditions (52, 361, 446). The criteria set by TIGR for categorizing genes into
pgfs is unknown and inspection of the pgf 54 gene sequences showed that while some shared as
much as 99 % identity, others shared as little as 27 % identity (89)(Hughes et al. 2008, Infect
Immun, in press).

Recently, TIGR redefined many of its pgfs and eliminated others, including pgf 54
(http://cmr.jevi.org/tigr-scripts/ CMR/GenomePage.cgi?database=gbb). After this reorganization,
bba64, bba65, bba66, and bba73 were not grouped into any pgf while bba7l and the seven
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Table 1.6.1 Sequence distances from Clustal V analysis

Panels are arranged as follows: p. 28, upper left, p.29 upper right, p. 30 lower left, p. 31 lower right. Table

contributed by J. Carroll.
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remaining genes historically grouped into pgf 54 were classified as a new pgf, gbb
fam b burgdorferi b31.pep 35; little difference in the overall range of sequence identities
shared between the genes of pep 35 (33.1 % to 99.5 %) from the original pgf 54 family (97 % to
27 %) (Table 1.6.1). Despite this rearrangement of borrelial pgfs, the regulation and expression
of bba64, bba65, bba66, bba7l, and bba73 suggests that they are related in their ability to
respond to environmental cues, in their regulation during mammalian infection, and in their close
genetic arrangement to one another on Ip54 (plasmid A). These observations and those
discussed in subsequent sections make a compelling argument that these genes may have similar
or complementary functions that aid in the survival or pathogenicity of B. burgdorferi during

mammalian infection.

1.6.2 Characteristics of bba64, bba65, bba66, bba71, and bba73 and their encoded proteins

Analyses of the bba64, bba65, bba66, bba71, and bba73 sequences have demonstrated that these
genes and their known homologs in B. afzelii and B. garinii are unique to the Borrelia genus.
Moreover, these genes follow suit with the B. burgdorferi genome and have a low % GC content
that ranges from 26.81 % to 33.66 % (Table 1.6.2). The proteins encoded by bba64, bba65,
bba66, and bba73 all have a basic pl and each is predicted to be lipidated. Only BBA71 has an
acidic pl and is not predicted to be lipidated. Interestingly, BBA71 has an apparent molecular
weight by SDS-PAGE and Western blotting analysis of 27.5 kiloDaltons which differs from its
predicted molecular weight of 16.4 kiloDaltons. The reason for the aberrant migration of
BBA71 by SDS-PAGE is unknown; however, it may be possible that BBA71 migration is
affected either by its predicted strong negative charge at neutral pH (-8.563) or by possible post-
translational modification. At least two other borrelial proteins are known to be post-
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Table 1.6.2 bba64, bba65, bba66, bba71, and bba73 gene and protein characteristics

Gene & Protein Characteristics

Predicted MW
Locus Base pairs  %GC (kDa)' pl' Lipidation®
bba64 924 31.60 34.9 9.176 Yes
bba65 849 29.56 32,5 8.241 Yes
bba66 1,236 33.66 45.8 9.186 Yes
bba71 414 26.81 16.4 4.849 No
bba73 891 28.40 34.6 8.907 Yes

"kiloDalton (kDa) & pl based on full amino acid sequence without post-translational processing.

? As predicted by the SpLip algorithm (401).

translationally modified by glycosylation, OspA and OspB (378, 379), and both have apparent
molecular weight values by SDS-PAGE analysis (approximately 31 kDa and 34 kDa,
respectively, Figures 3.1.3, 3.1.4, and 3.1.5, silver-stained gels) that are greater than their
predicted molecular weights (29.6 kDa and 31.7 kDa, respectively). Whether BBA71 is

glycosylated remains to be tested experimentally.

1.6.3 Expression in vivo and antigenicity of bba64, bba65, bba66, bba71, and bba73

Several genes clustering to the right end of Ip54 belonging to the family formerly known
as pgf 54 (comprised of bba64, bba65, bba66, bba68 (cspA), bba69, bba70, bba71, bba73) were
consistently shown in multiple studies and DNA microarray analyses to be the most highly

regulated group of genes in response to environmental cues mimicking the mammalian host
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environment (77, 78, 89, 204, 205, 314, 361, 446). Importantly, many of these same genes
localizing to 1p54 are also up-regulated in vivo (153, 258) and are stable throughout murine
infection (153). Recently, quantitative real time-PCR (qRT-PCR) demonstrated that bba64,
bba65, and bba66 are transcriptionally regulated in B. burgdorferi B31 in ear tissue during
persistent infection in mice (153), and microarray analysis of B. burgdorferi 297 indicated that
bba64, bba65, bba66, bba71, and bba73 are highly expressed when grown in dialysis membrane
chamber (DMC) implants (74). Furthermore, qRT-PCR has also revealed similar expression
profiles for bba65, bba66, bba71 and bba73 when B. burgdorferi was grown under the combined
in vitro mammalian-like culture conditions of pH 7.0 and 35 °C versus tick-like conditions of pH
8.0 and 23 °C (25).

In addition to evidence of gene expression in vivo, antibodies specific for BBA64 (P35),
BBAG65, and BBA66 are also detectable over the course of persistent infection in mice (153);
moreover, these proteins are immunogenic in humans during early- and late-disseminated
disease, in rabbits, and/or in mice (78, 89, 153, 154, 308, 309, 458). Proteins BBA64 (P35),
BBA66, and BBA69 have also been shown to localize to the borrelial outer surface (53). Taken
together, these data suggest that a subset of these former gene family members encode proteins
that are exposed to direct interaction with the mammalian host environment and may, therefore,
play an important role during mammalian infection and/or pathogenesis. This is supported by
evidence that BBA68 (BbCRASP-1 encoded by cspA) binds host factor H (233, 285) and that a
fragment of BBA66 isolated from a phage display library was capable of interacting with mouse

heart tissue (12).
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1.6.4 Expression & regulation of bba64, bba65, bba66, bba71, and bba73 genes/proteins

Advances in culturing methods for B. burgdorferi have allowed for the identification and
characterization of environmental signals and molecular mechanisms involved in B. burgdorferi
gene regulation. Environmental signals or cues are indicators utilized by an organism such as B.
burgdorferi to sense its location so that it can appropriately control gene and protein expression
to survive in the given environment. For bacteria like B. burgdorferi this is particularly
important given the multitude of distinct environments and mammalian species it is able to
survive in and/or cause disease in. The environmental signals described for B. burgdorferi
include culture density, the addition of mammalian blood, reducing dissolved oxygen and CO,
levels, pH, and temperature (77, 78, 204, 205, 345, 399, 429, 446, 484). The later two conditions
are used frequently in culture systems to simulate tick- (pH 8.0/23 °C) and mammalian-like (pH
7.0/35 °C) growth conditions; the downstream sigma subunit of the borrelial sigma factor
regulatory cascade has been shown to alter its expression in response to pH and temperature,
demonstrating an increase under mammalian- relative to tick-like conditions (73, 120, 484). This
regulatory cascade controls numerous lipoproteins, some of which have been associated with
survival and/or virulence within the tick-mammalian transmission cycle (72, 74, 138, 149, 183,
200, 486). Moreover, the expression of bba64, bba65, bba66, bba71, and bba73 has been linked
to these sigma factors both in vitro using DNA microarray and in artificial infection models (74,

89, 138).

1.6.4.1 Environmental signals
Schwan was the first to report upon temperature as a signal that could affect the synthesis

of B. burgdorferi proteins (390). In his report, Schwan demonstrated that synthesis of OspC was
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induced at 35 °C relative to 23 °C, temperatures akin to the mammalian host and tick
environments, respectively. This was confirmed in a later report and demonstrated for the outer
surface proteins OspE, and OspE by Stevenson, Schwan, and colleagues (426, 429). The affect
of temperature upon B. burgdorferi gene and protein regulation has since been investigated by
numerous groups who found that a large proportion of the B. burgdorferi genome is
differentially regulated in response to changing in vitro culture temperatures and that changes
were observed at the levels of both gene transcription and protein synthesis. In a microarray
study by Ojaimi and colleagues (314), bba64, bba65, bba66, bba71, and bba73 were shown to be
up-regulated 2.10- to 6.26-fold at 35 °C relative to 23 °C. Recently, our laboratory utilized the
more dynamic and quantitative method of quantitative real-time (QRT) PCR to corroborate that
bba65, bba66, bba7l, and bba73 were up-regulated when cultured at a mammalian-like
temperature relative to a tick-like temperature (89); notably, while our study was in agreement
with the microarray analysis, indicating that the transcript levels of these genes were increased,
the transcript levels measure in our analyses were significantly greater, 4.11 to 28.6-fold, relative
to those levels measured by the microarray analysis (361).

Another important environmental cue, pH, was identified in a study by Carroll et al (78)
that demonstrated alterations in culture pH led to changes in both target gene transcript levels
and in the synthesis of proteins known to be involved in the B. burgdorferi infectious cycle (77).
Notably, bba64 and bba66, and the virulence factor oSpC were shown to be up-regulated at pH
6.0 and pH 7.0 (mammalian-like) relative to pH 8.0 (tick-like). In another study, the fold
induction of bba65, bba66, bba7l, and bba73 in vitro was measured using qRT-PCR and
demonstrated an increase in gene transcripts between 6.45- and 22.3-fold at pH 7.0 relative to pH

8.0 (89). In combination, pH and temperature have an even greater affect on B. burgdorferi gene
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transcription (89, 361). A DNA microarray study employed by Revel et al that analyzed the
global effects of changing pH upon the transcriptome of B. burgdorferi showed bba64, bba65,
bba66, bba71, and bba73 transcripts to be increased under mammalian-like culture conditions
(35 °C/pH 7.0) relative to tick-like culture conditions (23 °C/pH 8.0) (361); in this study, the
transcription of these genes was increased 3.48- to 75.2-fold. These values were in close
agreement with a second study that utilized qRT-PCR in which the comparison of similar
combined culture conditions of pH and temperature demonstrated the transcripts of each of these
genes, with the exception of bba64, to increase between 9.99- and 61.4-fold (89).

Additional environmental cues affecting B. burgdorferi gene transcription or protein
synthesis include dissolved CO;, or O, levels, the addition of mammalian blood, and culture
density (204, 205, 399, 446). Reports investigating the affect of dissolved O, (399) and culture
density (205) on transcript and/or protein expression examined a relatively small set of target
genes; however, P35 (BBA64) transcript and protein levels were shown to be increased upon
entry into and the early hours of stationary phase of B. burgdorferi in vitro. In a study examining
gene expression under anaerobic conditions with increased dissolved CO, levels relative to
microaerophilic conditions, the authors detected an increase in expression of ¢° which has been
shown by microarray to affect bba64, bba65, bba66, bba71, and bba73 transcription (204). In
combination with temperature, the addition of blood to in vitro B. burgdorferi cultures
significantly increased the expression of bba64, bba65, bba66, bba7l, and bba73 relative to

cultures that lacked blood (446).
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1.6.4.2 ¢"/o® regulatory cascade

Sigma factors are DNA sequence-specific binding proteins that are required for and give
specificity to the binding of transcription machinery to promoter sequences; once bound,
transcription is initiated. These regulatory proteins typically bind to sequences that are specific
for individual sigma factors and lie approximately -10 and -35 nucleotides upstream of the start
codon. The promoter specificities differ for o’’-like sigma factors, which bind to -35/-10
promoter sequences, versus ¢, which binds to -24/-12 promoter sequences (218). The general
sigma factor, o'’, has been identified in many bacterial species, such as E. coli and S.
typhimurium, and has been shown to be constitutively expressed and involved primarily in
general transcription of housekeeping genes (320). Other sigma factors are upregulated in
response to specific stimuli and are responsible for the increased transcription of specific genes
that may be involved in bacterial adaptation to the conditions detected; these sigma factors
include RpoN (c", o), and RpoS (c°, %), both of which are involved in transcriptional
regulation of genes involved in surviving various environmental stresses. Initial observations in
other bacteria showed o™ to be involved in the response to nitrogen (238, 359) while 6° was
shown to be involved in the stationary phase response (189, 190, 315). Additionally, these sigma
factors have been shown to respond to heat (467), osmotic stress (189, 248, 297, 435, 467), and
acid stress (32, 33, 188, 253, 323, 409). Importantly, both o" and c® have been demonstrated to
be important for virulence in multiple bacterial species, including S. typhimurium (128, 184), Y.
enterocolitica (206), V. vulnificus (323), V. cholerae (225), E. coli (150), and L. pneumophila
(14).

B. burgdorferi encodes a unique sigma factor cascade comprised of o™ and o, shown

schematically in Figure 1.6.1. The cascade is activated when environmental signals are sensed
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via a two component regulatory system involving a sensor kinase and the response regulator,
Rrp2; it has been suggested that the sensor kinase Hk2 may be responsible for phosphorylation
of Rrp2 (485), but it does not appear to be the only kinase capable of this role (66). Once
phosphorylated, Rrp2 interacts with the 6™ and promotes binding to 6"-dependent promoters and

subsequent recruitment of RNA polymerase to initiate gene transcription. o controls the

S

. . . . N . .
expression of numerous borrelial genes, including 6°. Both o™ and o® are required for murine

infection (138) and o® has been shown to directly control the expression of 0ospC (120, 487), a B.
burgdorferi virulence factor required for murine infection (169, 322, 443, 445). &> has also been
implicated in the regulation of other genes involved in borrelial infection and/or pathogenicity
(73, 138, 200, 487). Furthermore, microarray analysis of B. burgdorferi strain B31 ntrA and
rpoS mutants established that the transcription of numerous genes is influenced by the sigma
factor cascade, including bba64, bba65, bba66, and bba71l; relative to wildtype, these genes
demonstrated 1.5- to 3.8-fold decreases in transcript expression while 0SpC showed a decrease in
transcripts between 2.3- and 2.5-fold (138). bba64, bba65, bba66, bba71, and bba73 transcripts
were also shown by microarray to be significantly decreased in an rpoS mutant grown in DMCs
implanted in either rats or rabbits when compared to its wildtype parent, isolate 297 (74).

Finally, an in depth analysis of bba66 suggests that the expression of this gene may be
controlled indirectly by o° in conjunction with an as yet unidentified regulatory protein that
binds to a 29-base pair inverted repeat upstream of the -10/-35 region of the mapped promoter
(89). Additional studies performed in our laboratory using competitive gel-shift assays have
demonstrated that bba65, bba71, and bba73 promoter sequences can compete for binding of the
same protein that binds to the bba66 promoter, suggesting that these genes may also be indirectly

regulated by ¢° (unpublished data, Dawn R. Clifton and James A. Carroll). Since our 2006
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publication, a similar mechanism of regulation in the form of a transcription repressor has been
proposed for bba64 (149). An added level of transcriptional control further supports the

hypothesis that bba64, bba65, bba66, bba7l, and bba73 are important for borrelial infection

and/or pathogenicity.
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Figure 1.6.1 Schematic representation of the borrelial sigma factor regulatory cascade.

The sigma factors o™ and ¢° are uniquely regulated by B. burgdorferi in a cascade of gene activation that
involves a two-component regulatory system (orange boxes) and two sigma factors (yellow ovals). Undefined
environmental signals that may include pH and temperature are detected by a membrane-associated sensor kinase
(SK) which undergoes autophosphorylation and subsequently activates a response regulator (RR), Rrp2, by transfer
of a phosphate group. RR-P then oligomerizes (not shown for simplicity) and activates " to upregulate the
expression of c"-dependent genes, including rpoS which encodes o°. &° directly upregulates the expression of
genes encoding the decorin binding protein A (dbpA) and the known virulence factor Outer surface protein C,
(0spC) (200). Studies have also shown that 6° is involved in the expression of bba64, bba65, bba66, bba71, and
bba73 (green box), though the regulation of these genes may also require the assistance of an activator (89) or

repressor (149), represented by the encircled ?°.
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1.6.5 Putative roles in infection and/or pathogenicity

The expression of bba64, bba65, bba66, bba71, and bba73 during persistent murine infection
and the immunogenicity of their encoded proteins during infection are highly suggestive that
these genes play an important role during murine infection and/or pathogenicity. Moreover, each
of these genes is expressed in response to various environmental signals mimicking the
mammalian host and is associated with the borrelial 6™/® regulatory cascade. The sigma factors
that comprise this cascade have been shown in numerous Gram-negative bacteria to control the
expression of genes required for survival and/or virulence and in B. burgdorferi has been
demonstrated to directly control the expression of at least one virulence factor, ospC. The
analyses performed by two separate groups have shown that the BBA66 protein is potentially
important in binding to murine cardiac tissue (12, 458). These data have compelled us to further
examine and characterize i) the expression, regulation, and localization of these genes and their
encoded proteins to further our understanding of how they are controlled during infection and
whether they are localized on the bacterial cell in a position where they may interact with
mammalian host tissues or the host environment; ii) whether these genes are conserved by many
or a few borrelial species which could suggest they play a role that is important in species
beyond those that cause Lyme disease; iii) the importance of bba66 during murine infection

and/or pathogenesis.
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1.7 STATEMENT OF HYPOTHESES ADDRESSED IN THIS THESIS

While microarray studies have allowed general assumptions on the potential importance of the
genes historically categorized in pgf 54 during mammalian infection, few studies have described
these genes in detail. The hypotheses stated in this thesis and the techniques utilized to answer
these questions aimed to address the correlations noted in other studies regarding bba64, bba65,
bba66, bba7l, and bba73 in greater detail. This includes their association with the /G
regulatory cascade, their association with infectious phenotypes, and the localization of their
encoded proteins on the borrelial cell. Furthermore, we undertook to assess the conservation of
putative gene orthologs and cross-reaction of antibodies to these proteins from diverse Borrelia
species associated with Lyme disease or relapsing fever. Finally, a bba66 mutant was created

and analyzed to determine whether it remained infectious and pathogenic in a murine model of

Lyme disease.

1.7.1 Hypothesis #1 — BBA65, BBA71, and BBA73 are associated with the borrelial sigma
factor regulatory cascade and pathogenic isolates while BBA65 and BBA73, but not

BBAT71, are localized to the outer surface of B31

Expression of virulence factors and proteins involved in B. burgdorferi infectivity and/or
pathogenicity have been shown to be regulated in association with the borrelial 6™/c° sigma
factor regulatory cascade (72, 73, 138, 183, 200). Gene array analyses have demonstrated that
the expression of bba65, bba7l, and bba73 is influenced by the o"/o® cascade (74, 138).
However, more sensitive techniques have not been used to confirm these findings nor has the

influence of the regulatory cascade upon the synthesis of these proteins been assessed. Using
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qRT-PCR and immunoblotting, we hypothesized that transcript levels of bba65, bba71, and
bba73 would be significantly increased in wild-type and a complemented sigma factor mutant
relative to o™ and ¢ mutants and that these findings will be reflected at the protein level.
Because the o'/c® cascade has been linked with borrelial virulence (73, 138), we further
hypothesized that BBA65, BBA71, and BBA73 would be expressed by infectious, but not non-
infectious, B. burgdorferi ss isolates.

Lipoproteins, as discussed above, are lipid-modified proteins that associate with cellular
membranes via their covalently attached lipid moieties. Lipoproteins encoded by B. burgdorferi
typically contain the N-terminal signal sequence L-X-X-C that is post-translationally processed
and covalently-modified by the addition of a lipid at the cysteine residue (Section 1.5.3). In a
study by Schulze and colleagues (387), B. burgdorferi lipoproteins were shown to be localized to
the outer surface by default. OspA, amongst other known lipoproteins, has been proven to be
localized to the borrelial outer-surface (93), a characteristic that is dependent upon the presence
of its N-terminal signal sequence (116). Additionally, BBA66 was shown to be extracted from
whole cells with Triton X-114 and to be expressed on the outer-surface by Brooks, et al (53).
Given that BBA65 and BBA73 contain the N-terminal L-X-X-C motif, we hypothesized these
proteins were also extractable with Triton X-114; we did not predict BBA71 to share these
characteristics given that it does not contain the L-X-X-C motif and is not predicted by available
programs to be an integral membrane protein. For similar reasons, we also hypothesized that
BBA65 and BBA73 would be degraded by protease treatment of intact borrelial cells while
BBA71 would not.

We expected that the outcome of these studies would further the body of knowledge

linking BBA65, BBA71, and BBA73 to mammalian infection and/or pathogenicity. Current data
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shows that BBA65, BBA71, and BBA73 are expressed early during murine infection (258) and
antibodies to BBA66 arise during the early disseminated phase of human infection (89, 308).
Therefore, if our hypotheses hold true, our findings along with current knowledge of these
proteins would suggest that they may serve as virulence determinants and diagnostic markers

during the early stages of Lyme disease.

1.7.2 Hypothesis #2 — bba64, bba65, bba66, bba71, and bba73 are conserved among species
belonging to the B. burgdorferi sl group and antibodies specific for these proteins will cross-

react with protein orthologs expressed by B. burgdorferi sl group species

As discussed in Section 1.4.3, phylogenetic analyses of Borrelia species based on the flagellin
(145) and hhb (450) genes show close relatedness amongst B. burgdorferi ss, B. garinii, B.
afzelii, B. andersonii, and B. japonica while B. parkerii, B. hermsii, and B. turicatae are more
distantly related. Furthermore, bba64, bba65, bba66, bba7l, and bba73 orthologs have been
identified in the B. afzelii isolate PKo and B. garinii isolate PBi genomes; analysis of BBA66
aligned with orthologs from PKo and PBi shows high identity between the C-terminal regions of
these proteins. Moreover, orthologs to the bba66 gene in B. burgdorferi ss isolate ZS7,
ZS7.A66, have been identified by Southern blot in B. afzelii isolate MMS and B. garinii isolate
ZQ1 (458). Given the relatedness of these species based on phylogenetic analyses, we
hypothesized that bba66 and other similarly regulated genes localized to the far end of Ip54,
namely bba64, bba65, bba71, and bba73, would be conserved in B. burgdorferi sl species as
assessed by Southern blotting and PCR. Furthermore, we hypothesized that antibodies specific
for the B. burgdorferi ss pH-responsive proteins BBA65, BBA66, BBA71, and BBA73 would be
cross-reactive with pH-responsive proteins expressed by B. burgdorferi sl species when assessed
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by immunoblotting. Conservation of these genes and their encoded proteins throughout the sl
group would suggest that these genes/proteins are potentially important beyond B. burgdorferi

ss, B. afzelii, and B. garinii.

1.7.3 Hypothesis #3 — Mutagenesis of bba66 will result in reduced infectivity of B.

burgdorferi strain A3 in C3H/H3J mice

BBAG66 has been demonstrated in numerous reports to be expressed during mammalian infection.
Microarray analysis of B. burgdorferi isolated from ear tissue of C3H/HeN mice that had been
infected by transplant of infected murine tissue showed an increase in bba66 expression within
the first 11 days of infection and a decrease in expression after 3 weeks of infection (258).
Moreover, in a study of persistent murine infection, bba66 transcripts were detected throughout
infection up to 17 months post infection (153). It has also been shown that anti-BBA66
antibodies are produced during infection of humans, mice, and rabbits (153, 308). Thus, BBA66
is expressed throughout infection, despite the fact that it is targeted by antibody. In two studies,
BBAG66 has been implicated in dissemination of spirochetes to the heart (12, 458), but no studies
have examined whether this protein is required for infection. Utilizing a murine model of B.
burgdorferi infection, we hypothesized that a bba66 knockout mutant constructed in an
infectious background would remain infectious given that the only one borrelial lipoprotein,
OspC, has been mutated and shown to be required for murine infection (445). Moreover,
evidence suggests that BBA66 may be involved in binding to and/or dissemination to heart tissue
which, given that B. burgdorferi is able to disseminate to and survive in other tissues, it is
unlikely that reducing the spirochete’s ability to bind to heart tissue will cause it to be non-
infectious. While future studies will focus on whether BBA66 is involved in pathogenicity, the
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goal of this study was to i) create a bba66 knockout mutant and ii) to determine its role in the

establishment of infection.

46



20 MATERIALS AND METHODS

2.1 BACTERIAL STRAINS AND GROWTH

2.1.1 Borrelia strains and growth conditions

For cloning and in vitro characterization, Borrelia were grown in BSK-H media (Sigma, St.
Louis, MO) at 35 °C and an atmosphere of 5% CO,. BSK-H lots #045K8412 and #057K8413
were supplemented with an additional 4% rabbit serum (Invitrogen, Carlsbad, CA) unless
otherwise noted. All strains are listed in Table 2.1.1. Kanamycin and gentamycin were used at
200 pg/ml and 40 pg/ml, respectively. pH shift experiments were carried out as previously
described (78). Briefly, Borrelia were grown to mid-log phase (5 x 107 cells/ml), centrifuged for
15 min at 8,000 % ¢, and resuspended in BSK-H buffered with 25 mM HEPES and adjusted to
either pH 7.0 or pH 8.0. pH 7.0 cultures were always grown at 35 °C while pH 8.0 cultures were
grown at either 35 °C or 23 °C. To determine growth kinetics, clones were grown to mid-log
phase, collected by centrifugation, and resuspended to 5 x 10° in fresh BSK-H media.
Spirochetes were counted in triplicate at various time points up to 96 h after cultures were
diluted. These experiments were completed twice. Borrelia species that did not grow well in
BSK-H were grown in 1X BSK media. All Borrelia were enumerated under darkfield

microscopy using a Petroff-Hauser counting chamber.
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2.1.2 Transformation of Borrelia and plating

B. burgdorferi clones were transformed as previously described (80). In brief, electrocompetent
cells were prepared from mid-log phase cultures. Cells were centrifuged 15 min at 7,000 rpm,
washed twice with 0.5 vol then once with 0.1 vol EPS (0.27 M sucrose, 15% [v/v] glycerol), then
resuspended in 50 ul EPS. DNA was added in the amounts indicated and incubated with cells
for 15 to 30 min on ice. Cells were electroporated using settings of 2.5 kV, 25 pF, and 200 Q
and then resuspended in 3 ml pre-warmed BSK-H and allowed to recover overnight at 35 °C.
Transformants and mutant clones obtained by subsurface agarose plating were isolated after 8§ to
15 days of growth and subsequently cultured in BSK-H media for the expansion of individual

1solates.

2.1.3 Escherichia coli strains and growth conditions

Escherichia coli were grown at 37 °C in Luria-Bertani (LB; Fisher, Pittsburgh, PA) media unless
otherwise noted. For plating, E. coli were grown on solid LB agarose supplemented with 40
pg/ml  kanamycin, 15 pg/ml gentamycin, 30 pg/ml spectinomycin, or 100 pg/ml

chloramphenicol. All strains are listed in Table 2.1.1.
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Table 2.1.1 Bacterial strains used in these studies

Isolate Description Reference
Borrelia isolates

B31 p5* non-clonal, infectious isolate; all plasmids present (64)

e e P i 3

A-34 ;:;(;Igal, non-infectious isolate derived from clone A; also missing (89) "

A3 clonal, infectious isolate derived from B31 MI; missing cp9 (123)

A3-Gm A3 containing Ip25::PflaB-aacC1 (138) ®

A3ntrA-Gm A3 with ntrA deletion (138) ®

A3ntrA-comp A3ntrA-Gm complemented with ntrA in trans (138) ®

A3rpoS A3 with rpoS deletion (138) ®

B. californiensis  Isolate CAS, isolated from I. pacificus (245) +

B. afzelii Isolate PGau, isolated from skin (201)Jr

B. garinii Isolate G1, isolated from human CSF (50) +

B. japonica Isolate HO14, isolated from I. persulcatus (275) +

B. japonica Isolate IKA2, isolated from I. ovatus (275) +

B. parkeri From the Rocky Mountain Laboratories collection (393) +

B. crocidurae Isolate CR2A, from the Rocky Mountain Laboratories collection (393) +

B. andersonii Isolate 21038, isolated from I. dentatus Ol

B. valaisiana Isolate VS116, isolated from I. ricinus 250)t

B. anserina From the Rocky Mountain Laboratories collection (393) +

B. turicatae From the Rocky Mountain Laboratories collection (393) +

B. hermsii Isolate DAH, isolated from human blood (191) +
Escherichia coli strains

TOP10 F mcrA A(mrr-hsdRMS-mcrBC) @80IacZA1;415 AlacX74 recAl Invitrogen

araD139 A(araleu) 7697 galU galK rpsL (Str") endA1 nupG
F ara-14 leuB6 fhuA2 A(argF-lac)U169 lacY1 lon::miniTn10
ER2508 (Tet®) gInV44 galK2 rpsL20(Str™) xyl-5 mtl-5 A(malB) zjc::Tn5 NEB

(Kan®) A(merC-mrn)yg o

T Provided by Dr. Patricia Rosa, Rocky Mountain Laboratories, NIH
*Provided by Dr. Kit Tilly, Rocky Mountain Laboratories, NIH

$Provided by Drs. Mark Fisher and Frank Gherardini, Rocky Mountain Laboratories, NIH

*Provided by Dr. Tom Schwan, Rocky Mountain Laboratories, NIH
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2.2  NUCLEIC ACID PURIFICATION AND ANALYSIS

2.2.1 Genomic DNA purification

For Southern blotting and PCR analysis of various Borrelia isolates, genomic DNA was prepared
as described previously (289), with slight modification. Borrelia isolates grown to high cell
density (approx. 1 x 10® cells/ml) were pelleted and washed once in saline-EDTA (0.15 M NacCl,
0.1 M EDTA, pH 8.0). Cells were treated with 3 mg/ml lysozyme in saline-EDTA then fractured
by rapid freezing in a dry ice/ethanol bath and thawing with the addition of 1 vol Tris-SDS (0.1
M Tris-Cl [pH 9.0], 0.1 M NaCl, 1 % SDS). Protein was removed by
phenol/chloroform/isoamyl alcohol (25:24:1) (Fisher) phase separation and the upper aqueous
phase was treated with 50 pg/ml (final) RNase A (ABgene Inc., Rochester, NY) to remove
contaminating RNA. Samples were re-extracted by phenol/chloroform/isoamyl alcohol and
genomic DNA was precipitated with 0.1 vol 5 M ammonium acetate and 1 vol 100 %
isopropanol.  For other genomic DNA preparations, Promega’s Wizard kit was utilized
(Madison, WI). DNA was resuspended and stored at 4 °C in TE, pH 8.0 (10 mM Tris*Cl [pH

8.0], 1 mM EDTA [pH 8.0]). Concentrations were determined by ODy readings.

2.2.2 RNA isolation and quantitative real-time PCR (qRT-PCR) analysis

Total RNA was isolated from B. burgdorferi grown at pH 7.0 using the Ultraspec II RNA
Isolation System (Biotecx, Houston, TX). Contaminating DNA was removed using Ambion’s
DNA-free kit per the manufacturer’s instructions. RNA quantities were measured at OD»¢p and

purity was assessed using the Access RT-PCR kit (Promega) and by the Agilent Bioanalyzer
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using the RNA chip (Santa Clara, CA). qRT-PCR analyses were performed as outlined by
Clifton, et al (89). Briefly, 25 pl reactions were performed at least twice in triplicate using PCR
conditions as follows: 1 cycle at 50 °C for 30 min, 1 cycle at 95 °C for 10 min, and 40 cycles of
95 °C for 15 s and 60 °C for 60 s. Melting curves were generated by a cycle of 95 °C for 1 min,
50 °C for 1 min and 80 % 0.5 °C increments every 10 s beginning at 50 °C. Primers used are
listed in Table 2.3.1. The comparative Cr method was used and values were normalized to the
constitutively expressed flaB gene. Changes in fluorescence were monitored with the MyiQ

single color real-time PCR detection system using SYBR green (Bio-Rad, Hercules, CA).

2.2.3 PCR conditions

Unless otherwise noted, all PCR reactions were carried out using Sigma’s JumpStart TAQ PCR
kit with appropriate primers added to 0.5 uM (final) as follows: 3 min at 97 °C, 40 cycles of 1
min at 93 °C, 1 min at 60 °C, and 2 min at 72 °C, and a final extension at 72 °C for 7 min. When
necessary, alternate annealing temperatures were used and are noted. For plasmid profiles, the

primer set of Elias, et al was used (123).

2.2.4 Southern blotting

One microgram of genomic DNA was digested for 1 h with EcoRI (Promega) and separated on a
0.8 % agarose gel in Tris/acetate/EDTA (TAE; 40 mM Triseacetate, 2 mM EDTA)
electrophoresis buffer. Bands were visualized by staining with ethidium bromide (Bio-Rad) and
the DNA transferred to Hybond XL membranes (Amersham Biosciences, Piscataway, NJ) as

described by Marconi, et al (268, 269), except that depurination, denaturation, and neutralization
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steps were increased to 20 min each. Transfers were completed with a 1 h treatment with 20 X
sodium chloride/sodium citrate (SSC; 3 M NaCl, 0.3 M Na-citratee2H,O [pH 7.0]). Transferred
material was cross-linked to membranes using the auto cross link function on Stratagene’s UV
Stratalinker 2400 (La Jolla, CA) and DNA was visualized by staining membranes with 0.03 %
methylene blue in 1 % acetic acid. Blots were dried and stored at room temperature until use.
Probes were made using the PCR DIG Probe Synthesis Kit (Roche Diagnostics, Indianapolis,
IN) with B. burgdorferi isolate B31 MI gene-specific primers for bba64, bba65, bba66, bba71,
bba73, and flaB (Table 2.3.1). Membranes were prehybridized at 42 °C overnight in
hybridization buffer (43) and hybridized with DIG-labeled probes diluted 1:500 (bba65, bba66,
bba71, bba73, and flaB) or 1:1,000 (bba64) in hybridization buffer at 42 °C overnight.
Membranes were then washed under moderate stringency conditions for 10 min at room
temperature with 2 X SSC, 0.1 % (w/v) SDS followed by 30 min at 65 °C with 0.5 X SSC, 0.1 %
(w/v) SDS. Bound probes were detected using anti-DIG-POD antibody from Roche Diagnostics
and bands were visualized with ECL reagents and exposure to film. Band sizes were
approximated by calculating the linear regression equation based on the mobility of known

standards (lambda / A HindIII DNA standards; Promega) for individual gels.

2.2.5 Plasmid rescue

To determine whether pBSV2G-rpoScomp and pBSV2G-bba66comp were maintained in trans
once transformed into Borrelia, 30 ng of genomic DNA from individual clones that had been
chosen for further study was transformed into TOP10 E. coli and colonies were selected with
gentamycin. Isolated colonies were assessed by PCR for the presence of each construct with
plasmid-specific primers (Table 2.3.1). Genomic DNA isolated from A3-bba66comp-infected
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mouse tissue outgrowth cultures (see below) was also assessed. PCR reactions were performed

with a 60 °C annealing temperature.

2.2.6 Phylogenetic analysis

Clustal V analysis was performed using a PAM250 table for the mutation probability matrix for
the evolutionary distance (Table 1.6.1) on thirty-four DNA sequences using the MegAlign
module of the Lasergene v.4.06 software package (DNASTAR, Inc., Madison, WI). Sequences
(with accession numbers in parentheses) of B. burgdorferi B31 bba64, bba65, bba66, bba68,
bba69, bba70, bba71, bba73, bbi36, bbi38, bbi39, bbj4l (NC 001857), and their orthologs in B.
garinii PBi (CP000015) were downloaded from the Comprehensive Microbial Resource (CMR)
website provided by TIGR (http://cmr.tigr.org/tigr-scripts/ CMR/CmrHomePage.cgi). Sequence
data for p46 from B. garinii ZQ1 (AJ430851), p46 from B. burgdorferi ZS7 (AJ430850), p46
from B. afzelii PKo (NC _008564), p46 from B. afzelii MMS (AJ430849), and BAPKO 2061
from B. afzelii PKo (CP000395) were downloaded from the NCBI website
(http://www.ncbi.nlm.nih.gov/). Sequences for bba66, bbi36, bbi38, and bbi39 orthologs from B.
burgdorferi isolates 297, JD1, and N40 were kindly provided by the Borrelia sequencing team
composed of Drs. Sherwood R. Casjens, John J. Dunn, Benjamin J. Luft, Claire M. Fraser,

Weigang Qiu, and Steven E. Schutzer.
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2.3  CLONING AND GENETIC MANIPULATIONS

2.3.1 Construction of the rpoS complementing plasmid

The gene encoding the RpoS homologue (rpoS) and the flaB promoter were amplified using
specific engineered primers by PCR from B. burgdorferi B31 genomic DNA and independently
cloned into pCR2.1-TOPO creating pCR2.1-rpoS and pCR2.1-flaBp, respectively. The flaB
promoter was excised from pCR2.1flaBp by digestion with Notl and Ndel and ligated into
compatible sites within pCR2.1-rpoS, placing rpoS under the transcriptional control of the
constitutive flaB promoter (pCR2.1-rpoScomp) similar to that of Hiibner, et al (200). The
transcriptional fusion was excised by digestion of pCR2.1-rpoScomp with Notl and Kpnl and
ligated into compatible sites within pBSV2G (122), creating pBSV2G-rpoScomp. All constructs
were sequenced to verify that the sequences were correct and that the fusion was in frame. B.
burgdorferi clones A, A34, and the A3 rpoS deletion mutant (Table 2.1.1) were transformed by
electroporation using 40 pg pBSV2G-rpoScomp as described elsewhere (80). Transformants
were plated into semisoft BSK plating media supplemented with 40 pg/ml gentamycin and
incubated for up to 35 days at 35 °C under a humidified atmosphere of 5.0 % CO,. No clones

harboring pBSV2G-rpoScomp were confirmed by PCR screening.

2.3.2 Construction of the bba66 knockout plasmid

A 3,262 bp region encompassing bba66 and partial sequences of flanking genes (bba65 and
bba68) was amplified by PCR from B. burgdorferi isolate B31 genomic DNA using primers

bba65RT.R and bba68RT.F (Table 2.3.1). The resulting product was cloned into pBAD-TOPO
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(Invitrogen) to create pBADbba68RT-bba65RT. The kanamycin resistance cassette was
amplified by PCR from the pBSV2 shuttle vector (430) using primers pflg.1+Nhel and
Kan+BamHI (Table 2.3.1) and cloned into pCR2.1-TOPO, vyielding pCR2.1pflg-Kan.
pBADbba68RT-bba65RT was digested with Bglll and Nhel (Promega), removing 757 bp of
internal bba66 sequence, purified by gel extraction (Qiagen, Valencia, CA), and de-
phosphorylated with shrimp alkaline phosphatase (Promega). pCR2.1pflg-Kan was digested
with Nhel and BamHI (Promega) and the 1,243 bp kanamycin resistance cassette purified by gel
extraction. The cassette was then ligated into pBADbba68RT-bba65RT with T4 ligase
(Invitrogen) to yield pBAD-bba66::Kan. All plasmids were transformed into TOP10 E. coli and
clones selected with appropriate antibiotics. For mutation of bba66, pBAD-bba66::Kan was
electroporated (Section 2.1.2) into B. burgdorferi clone A3 and the bba66::Kan construct
replaced the native gene by homologous recombination (Figure 3.3.1C). Plasmid constructs and

A3-bba66::Kan clones were confirmed by PCR, restriction endonuclease digest, and sequencing.

2.3.3 Construction of the bba66 complementing plasmid

bba66 and its native promoter were amplified by PCR from B. burgdorferi isolate B31 genomic
DNA using primers proA66.1 and BBA66FL.6 (Table 2.3.1) and cloned into the Gateway entry
vector, pPCR8/GW/TOPO (Invitrogen), to create pCR8-bba66comp. The shuttle vector pPBSV2G
(122, 168) was converted into a Gateway destination vector using cassette RfB following the
manufacturer’s protocol (Invitrogen). pCR8-bbab6comp and pBSV2G-GDV-B were
recombined using the Gateway system LP recombination reaction per the manufacturer’s
instructions (Invitrogen), producing pBSV2G-bba66comp. pCR8-bbab6comp and pBSV2G-
bba66comp were maintained in TOP10 E. coli and pBSV2G-GDV-B in ccdB survival E. coli
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(Invitrogen), each wunder appropriate antibiotic selection.  pBSV2G-bba66comp was
electroporated (Section 2.1.2) into A3-bba66::Kan to complement the bba66 mutation in trans.
Plasmid constructs and A3-bba66comp clones were confirmed by PCR (conditions as described

above), restriction endonuclease digest, and/or sequencing.

2.3.4 Construction of a plasmid for the constitutive expression of bba66

bba66, including its native stop codon, and the flaB promoter (pflaB) were PCR amplified from
B. burgdorferi isolate B31 genomic DNA using primers BBA66FL.1 with BBA66FL.6 and
FlaB5’prom+Notl with FlaB3’prom+Ndel, respectively (Table 2.3.1). PCR products were
subsequently cloned into pCR2.1-TOPO or pCRT7-TOPO, creating pCR2.1-bba66 and pCRT7-
pflaB. Both plasmids were next digested with Ndel in combination with either Spel or Xbal,
respectively. After gel purification (Qiagen) pflaB was ligated into de-phosphorylated (shrimp
alkaline phosphatase, Promega) pCR2.1-bba66. pflaB-bba66 was then PCR amplified from the
resultant plasmid, pCR2.1-pflaB-bba66, and cloned into the pCR8/GW/TOPO vector producing
pCR8-pflaB-bba66. The shuttle vector pBSV2flaBp-gfp (80) was converted into a Gateway
destination vector using cassette RfC.1 (Invitrogen). pCRS8-pflaB-bba66 and pBSV2flaBp-gfp-
GDV-C.1 were recombined using the Gateway system LP recombination reaction (Invitrogen),
producing pBSV2-gfp’-bba66". All constructs were maintained in TOP10 E. coli, except for
pCR8-pflaB-bba66 which was maintained in ccdB survival E. coli, and all were confirmed by
PCR, restriction endonuclease digest, and sequencing. All TOPO vectors were purchased from
Invitrogen. pBSV2-gfp’-bba66" was electroporated (Section 2.1.2) into B. burgdorferi clones A,
A-34, A313, and A3, but no positive clones were obtained after multiple attempts (data not
shown).
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2.3.5 Construction of MalE-fusion protein plasmids

This work was a collaborative effort of all members of the Carroll laboratory. Cloning and over-
expression of BBA64, BBA65, and BBA66 was described previously (89, 153) and similar
methods were used for the remaining genes. To summarize, genes encoding either a full length
protein (bba65, bba69 and bba70) or a N-terminal truncated protein (bba66, bba68 [cspA],
bba71 and bba73) were amplified by PCR using engineered specific primers in Table 2.3.1, and
products were digested with appropriate restriction endonuclease and ligated using T4 DNA
ligase (Promega) into similarly digested pMAL-c2x vector (New England Biolabs [NEB],
Beverly, MA). The resulting vectors, pMAL-bba65FL, pMAL-bba66TR, pMAL-bba68TR,
pMAL-bba69FL, pMAL-bba70FL, pMAL-bba71TR, and pMAL-bba73TR, were electroporated
into the E. coli strain ER2508 (NEB). ER2508 lacks the genes encoding the Lon protease and
MalE (maltose binding protein) and therefore has a reduced capacity for protein degradation and
negates competition between endogenous MalE and recombinant MalE-fusion proteins for
binding to amylose columns during protein purification. Clones were selected on LB agar
supplemented with ampicillin and positive colonies were screened for by PCR using gene-

specific primers (Table 2.3.1), restriction endonuclease digest of plasmids, and sequencing.

Table 2.3.1 Primers used in these studies

Primer name [#] Sequence Use*

BBA64 FL.1 TTGAAGGATAACATTTTGAAAAAT SB, PCR

BBA64 FL.2 CTGAATTGGAGCAAGAATATTGG SB, PCR
BBAG64F RT.3 CAGAGGCTTTAGCATTCAAT gRT-PCR, PCR
BBAG64R RT .4 TGTACTCGTCAATAAGGTCATCT gRT-PCR, PCR
BBAG65 FL.1 TTGAATAAAATAAAATTATCAATA SB, cloning, PCR
BBA65 FL.2 ATTAAATTTAAATAATGTGTC SB, cloning, PCR
BBA65 RT.F AGAATGGCTTAGCACAATAGA gRT-PCR, PCR
BBA65 RT.R [5] TCAAGCAAAGAGAAATCATAGTA gRT-PCR, PCR
BBA66 FL.1 [3] TTGAAAATCAAACCATTAATAC SB, PCR
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BBAG66 FL.2 [4]
BBA66 RT.F
BBA66 RT.R
proA66.1

BBA68.3 TR FWD
BBA68.2 REV+Xbal

BBAG68 RT.F [8]
BBA68 RT.R

BBA69 FL.1 FWD
BBA69 FL.2 REV+Xbal

BBA69 RT.F
BBA69 RT.R
BBA70.1 FWD

BBA70.2 REV+Sall

BBA70 RT.F
BBA70 RT.R
BBA71 FL.1
BBA71 FL.2
BBA71 TR.3
BBA71 RT.F
BBA71 RT.R
BBA73 FL.1
BBA73 FL.2
BBA73 TR.3
BBA73 RT.F
BBA73 RT.R
BBI36/38 RT.F
BBI36/38 RT.R
BBI39/J41 RT.F
BBI39/J41 RT.R
3’Kan [6]
pflg.1+Nhel [7]
pBSV seq F

FlaB5’prom—+Notl [1]
FlaB3’prom-+Ndel

flaB.RT For
flaB.RT Rev
OspC.RT For
OspC.RT Rev
rpoS.2 [2]

TTGAGTTTGTATCAGCACTTGTTG
ATACCTATTCAAGCCGTTAC
ATTTACTGCCAGAAGATGTTGTTG
CTTGTCGCAAAAATAGAG
ACCTCATGCGCACCTTTT
TTTTTCTCTAGATTAGTAAAAGGCAGGTTT
CTAAAAGCAATTGGTAAGGAACTG
TCAATAAGATCGTAAGGACCAACT
ATTTTGAAAAAAGCCAAACTAAAT
TTTTATCTAGATTAATAAAAGGCAGATTG
AAAAAGAAAACATAGAGACATT
AAGTGCTTTTCCAGTTTTA
ATGGCTCCAGAAGTAAACA
TGGCTTATGTCGACTTATTTTATATTAGT
TACACCAATACAAAAGAAGACACC
TTTGCATTTTTACATTATTTTTAG
ATGAATAAATTAAAAGAAATTCTTG
GTTTTGTTTAAATTCAACACTG
ATTATAGGACTACTTTATCACAAAGC
AAAGGCAGCCCCGATTAC
AACTTTTCTTTTAGCATTAGGTCA
TTGAAAAGAAACAAAATTTGGAAAAC
GTAGTGTATGTGGTCACAACAGG
TTTTATTCTAAATCAAACAACAC
ATGACAAAAATACGGGAGGAT
CAGGTTTTTAGCGGTGTT
GTGAAAAAGAAGCCGAAAAGT
TAGTAGATAAAGAGGATGGGAATA
GTGAAAAAGAAGCCGAAAAGT
TAGTAGATAAAGAGGATGGGAATA
CGAAAAACTCATCGAGCATCAA
GCTAGCTACCCGAGCTTCAA
CCCAATACGCAAACCGCCTCTCCC

TGTCTGTCGCCTCTTGCGGCCGCCGGAGGAG

GATTGATAATCATATGTCATTCCTCCATG
TGTTGCAAATCTTTTCTCTGGTGA
CCTTCCTGTTGAACACCCTCTT
TACGGATTCTAATGCGGTTTTAC
GTGATTATTTTCGGTATCCAAACCA
TTAATTTATTTCTTCTTTTAATTT

SB, PCR
qRT-PCR, PCR
qRT-PCR, PCR
Cloning, PCR
Cloning
Cloning
qRT-PCR
qRT-PCR
Cloning
Cloning
qRT-PCR
qRT-PCR
Cloning
Cloning
qRT-PCR
gRT-PCR

SB, PCR

SB, cloning, PCR
Cloning
gRT-PCR, PCR
gRT-PCR, PCR
SB, PCR

SB, cloning, PCR
Cloning
qRT-PCR, PCR
qRT-PCR, PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
Cloning, PCR
Cloning, PCR
PCR

Cloning, PCR
Cloning

SB

SB

qRT-PCR
qRT-PCR
Cloning, PCR

*SB = Southern blotting probe, qRT-PCR = quantitative real time-PCR, PCR = confirmatory PCR
# = refers to primer numbering used in Figures 3.1.2 and 3.3.1.
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2.3.6 Borrelia cloning

Plasmids were electroporated into B. burgdorferi clone A3 (80) and plated into semi-soft BSK
media, with modification as described by Rosa, et al (369), and supplemented with antibiotics.
The following amounts of DNA were used: 40 pg pBSV2G-rpoScomp; 40 pg pBAD-
bba66::Kan; 50 ug pBSV2G-bba66comp. Colonies appeared within eight to fifteen days and
were inoculated into BSK-H media with antibiotics. Individual isolates were stored in 50%
glycerol at -80 °C until used. Genomic DNA was isolated using Promega’s Wizard kit and the
plasmid content of each clone was determined by PCR amplification of target genes using the

primer set of Elias, et al (123) and an annealing temperature of 55 °C.

24  PROTEIN PURIFICATION AND ANTIBODY PRODUCTION

2.4.1 Protein over-expression and purification

For protein over-expression of MalE fusion proteins, clones were grown to mid-log at 37 °C,
except for ER2508-pMAL-bba64TR, in LB supplemented with 0.2 % glucose and ampicillin and
then induced with 0.3 mM (final) isopropyl B-D-1-thiogalactopyranoside (IPTG; Fisher) for 2 h
at 37 °C. ER2508-pMAL-bba64TR was grown and induced at 16 °C to reduce protein
degradation. Cells were collected by centrifugation and resuspended in column buffer (10 mM
Tris-Cl [pH 8.0], 150 mM NaCl, 1 mM EDTA, 1 mM DTT and complete protease inhibitor,
EDTA-free). Cells were lysed by French pressure cell by three passes at 16,000 Ibs per in’.

Lysate was clarified by ultracentrifugation for 1 h at 45,000 x g and 4 °C and supernatants were
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stored at -20 °C until use. Recombinant proteins were purified from clarified cell lysates using
an amylose resin (NEB) column following the manufacturer’s protocol using the AKTA Prime
system (Amersham Biosciences). Purified fusion proteins were stored at -80 °C and protein

concentrations determined by modified Lowry assay using BSA as a standard.

2.4.2 Antibody production

Polyclonal anti-MalE-BBA66TR and anti-MalE-BBA71TR antibodies were produced at Aves
Labs (Tigard, OR) in hens and used at 1:8,000 or 1:4,000, respectively. Additional antibodies to
BBA65, BBA66, and BBA73 were produced through immunization of 8 week old female
C3H/HeJ mice (Jackson Laboratories, Bar Harbor, ME) as follows. Fifty micrograms of purified
and concentrated MalE-fusion proteins and 2.5 mg Imject alum (Pierce, Rockford, IL) were
injected subcutaneously in the back at days 0 and 14. Mice immunized with BBA65 received an
extra 50 pug protein boost at day 28 to improve seroconversion. Mice were bled via the dorsal tail

vein and sera was collected and stored at 4 °C.

2.5 PROTEIN ANALYSES

2.5.1 SDS-PAGE and immunoblotting

Cells and proteins resuspended in Laemmli buffer were heated to 100 °C for 5 min and equal
amounts were loaded to 12.5 % polyacrylamide SDS gels for separation by electrophoresis. Gels

were stained with either the Silver Stain Plus kit (Bio-Rad) or transferred to 0.45 pum Transblot
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nitrocellulose membrane (Bio-Rad) by the method of Towbin, et al (447). Standards were
visualized and marked after staining with 0.1 % naphthol blue black (Sigma) in 1 % acetic acid.
Membranes probed with either mouse or rabbit antibodies were blocked in 5 % non-fat dry milk
in Tris-buffered saline/Tween 20 (TBS-Ty; 10 mM Tris-HCI [pH 8], 150 mM NaCl, 0.1 %
Tween 20 [Fisher]) and those probed with hen antibodies were blocked in 2 % bovine serum
albumin (BSA) fraction V (Sigma) in TBS-T,o. Membranes were incubated with primary
antibodies for 1 h at room temperature or overnight at 4 °C in blocking buffer, washed in TBS-
T, incubated for 1 h with secondary antibodies in blocking buffer, and washes were repeated.
Reactive bands were detected using enhanced chemiluminescence (ECL) (Amersham
Biosciences) or Super Signal reagents (Pierce) and subsequent exposure to film. Densitometric
analyses were performed using the Bio-Rad Gel Doc XR system and values calculated as a
percentage of total densitometry of all bands assessed for a given protein using Quantity One 1-
D Analysis software (Bio-Rad). Background was accounted for using the global background

subtraction option.

2.5.2 Antibodies

Primary antibodies.  Polyclonal chicken anti-MalE-BBA66TR and anti-MalE-BBA71TR
antibodies were used at 1:8,000 or 1:4,000, respectively. Murine antibodies to BBA65, BBA66,
BBA73, FlaB (monoclonal antibody H9724 provided by Drs. Nyles Charon and Mohamed A.
Motaleb (21, 296)), and serum from RML white mice infected by needle inoculation with B31
clone A3 (polyclonal antibody from Dr. Patricia Rosa (308)), along with polyclonal rabbit anti-
OppAl (provided by Dr. Linden T. Hu (199)) sera, were all diluted 1:1,000 for immunoblots. All

murine sera used for EIA were diluted 1:100. Secondary antibodies. HRP-conjugated protein A
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(Sigma) was used in conjunction with the anti-FlaB antibody at 1:10,000. For the remaining
antibodies, appropriate HRP-conjugated secondary antibodies were purchased from Sigma and

diluted 1:5,000. AP-conjugated goat-anti-mouse IgG was used for EIA at 1:10,000.

2.5.3 Preparation of membrane fractions

Membrane fractions were prepared as described (79). Briefly, spirochetes were shifted to pH 7.0
and membrane-associated proteins were separated from soluble proteins by ultracentrifugation
for 1 h at 435,700 x g and 4 °C in a Sorvall Discovery M150 SE Ultracentrifuge (Milford, MA).
Supernatant containing the soluble fraction was removed and pellets containing membrane-
associated proteins were rinsed and resuspended in HN buffer (10 mM HEPES, pH 8.0, 50 mM
NaCl) supplemented with complete protease inhibitor, EDTA-free (Roche Diagnostics) using a
Teflon-coated pestle. Protein concentrations were determined by modified Lowry assay using

BSA as a standard (270).

2.5.4 Triton X-114 phase partitioning

Detergent extraction of lipidated and integral membrane proteins from cell lysate or intact cells
was performed as previously described (45, 49, 100) with slight modification. For cell lysates,
500 pg cell lysate was brought to 500 pl in phosphate buffered saline (PBS, 137 mM NaCl, 2.7
mM KCI, 4.3 mM Na2HPO4+7H20, 1.4 mM KH2PO4) and treated with 2% (v/v) Triton X-114
(TX-114; Sigma) with agitation on ice for 30 min. Centrifugation for 30 min at 10,000 x g and
10 °C yielded the insoluble cold pellet. Supernatant containing TX-114 soluble material was

heated to 37 °C for 10 min to bring the detergent to its cloud point. The aqueous and detergent
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phases were subsequently resolved by centrifugation at 14,000 x g and 37 °C for 10 min. The
aqueous phase was washed 3 times with 100 ul 10 % cold TX-114 while the detergent phase was
washed 3 times with 500 pl 1 % TX-114 and incubated 10 min at 37 °C prior to re-
centrifugation. Proteins from the aqueous and detergent phases were precipitated with 10 vol
cold 100 % acetone. For treatment of intact cells, Borrelia were resuspended to 5 x 10° cells/ml
in PBS and rotated overnight at 4 °C with 2 % (v/v) TX-114. Dithiothreitol (DTT; EMD
Biosciences, San Diego, CA) was used at 50 mM (final) where indicated. The cold pellet,
containing the protoplasmic cylinder, was obtained by centrifugation as above and the
supernatant was heated for 10 min at 37 °C and centrifuged for 10 min at 14,000 X g to yield the
warm pellet and the aqueous and detergent phases. Aqueous and detergent phases were washed
and precipitated, as described above. All pellets were resuspended in 3 X Laemmli buffer (Bio-

Rad) to a final concentration of 1 x 107 cell equivalents/pl.

2.5.5 Protease treatment of intact B. burgdorferi isolate B31

Protease experiments were performed according to the methods of El-Hage et al (121), with
slight modification. Briefly, infectious B. burgdorferi strain B31 cells shifted to pH 7.0 were
collected by centrifugation at 8,000 x g and 4 °C for 15 min, washed once, and resuspended in
HN buffer. Visualization by darkfield microscopy was used to ensure spirochetes were intact
and to enumerate cells. Cells diluted to 2 x 10° cells/ml were treated for 1 h at room temperature
with 400 pg/ml proteinase K (Promega), trypsin (Sigma), pronase SC (Roche Diagnostics), or
buffer as a control. Reactions were stopped by the addition of phenylmethylsulfonyl fluoride

(Fisher) to a final concentration of 1.6 pg/ml to all treatments, pefabloc (Fisher) to a final
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concentration of 0.3 pg/ml to trypsin, pronase, and buffer treated cells, and EDTA to a final
concentration of 0.5 ug/ml (EMD Biosciences) to pronase and buffer treated cells. Samples were
centrifuged, resuspended in 3 X Laemmli buffer to a final concentration of 5 x 10° cells/ul, and
stored at -20 °C until analyzed. Densitometric analyses were performed using the Bio-Rad Gel
Doc XR system and values calculated as a percentage of total densitometry of all bands assessed

for a given protein using Quantity One 1-D Analysis software (Bio-Rad).

26  MURINE INFECTIONS AND ANALYSES

2.6.1 Experimental mouse infections

All protocols were reviewed and approved by the University of Pittsburgh Institutional Animal
Care and Use Committee and meet the requirements of the National Institutes of Health. Six to
eight week-old female C3H/HeJ mice purchased from The Jackson Laboratories (Bar Harbor,
ME) were used in for all infections. Three groups of eight mice were infected subcutaneously
via needle-inoculation with 1 x 10* of the B. burgdorferi clones B31 clone A3, A3-bba66::Kan
(bba66 mutant), or A3-bba66comp (complemented bba66 mutant). Blood was collected from
the tail vein on the day of infection prior to inoculation (pre-immune serum) and weekly
thereafter. Blood was allowed to clot at 37 °C for 1 h then serum was collected by centrifugation
for 10 min at 3,000 x g and stored at -20 °C until use. Swelling was used as a gross indicator of
infection and was measured laterally across rear tibiotarsal joints using digital calipers on a bi-
weekly basis. Mice were sacrificed after 35 days and the heart, spleen, bladder, tibiotarsal joints,

and ears were aseptically removed. Half of each heart, spleen, and bladder and one joint and ear
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from each mouse was minced and resuspended in BSK-H medium supplemented with RPF
(Sigma) for outgrowth of spirochetes. Cultures were monitored for the presence spirochetes for
four to six weeks by darkfield microscopy. The remaining tissues were stored at -80 °C until

they were processed for the isolation of total genomic DNA.

2.6.2 Genomic DNA isolation from murine tissues and plasmid rescue

Total genomic DNA (murine and Borrelia DNA) was isolated from mouse tissues using the
methods of Seiler, et al (398). Borrelia genomic DNA alone was isolated as described above
from cultured spirochetes (Section 2.2.1). All DNA was stored at 4 °C until use. For plasmid
rescues, 100 ng of genomic DNA from infected mouse tissues was transformed into chemically
competent TOP10 E. coli (Table 2.1.1). E. coli were plated to LB agar plates supplemented with

gentamycin to select for the complementing plasmid, pBSV2G-bba66comp.

2.6.3 Enzyme-linked Immunosorbant Assay (EIA) analysis of mouse sera

For EIA, equal parts of non-denatured and heat-denatured protein (B31 total membrane fraction,
purified MalE, or purified recombinant MalE-BBA66TR) suspended in binding buffer (0.1 M
NaHCO;3, pH 8.6) were mixed and 200 ng total protein was bound to wells of a 96-well plate
overnight at 4 °C. All further incubations were conducted at room temperature. Unbound
material was rinsed away with deionized water and all wells were blocked for 1 h with blocking
buffer (5% non-fat dry milk in PBS-Ty [150 mM NaCl, 2.6 mM KCI, 10 mM Na,HPOj,, 1.8 mM
KH,PO4, 0.02 % Tween 20]). Mouse sera diluted 1:100 in blocking buffer were added in

triplicate to the plate and incubated for 1 h. Unbound material was removed by rinsing with
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PBS-T,p and AP-conjugated goat-anti-mouse IgG (Sigma) diluted 1:10,000 in blocking buffer
was added and incubated for 1 h. Wells were washed with PBS-T,,, incubated for 30 min with
PNPP substrate (Pierce), and then reactions stopped by the addition of 2 N NaOH. Absorbance

was measured at ODgs.
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3.0 RESULTS

3.1 IN VITRO EXPRESSION AND CHARACTERIZATION OF SELECT GENES

LOCALIZING TO THE RIGHT END OF LINEAR PLASMID 54

3.1.1 Influence of the o"-6° regulatory cascade upon bba65, bba66, bba71, and bba73

transcript and protein expression

DNA microarray analyses have demonstrated the o"-c° regulatory cascade is involved in the
transcriptional regulation of numerous outer-surface localized lipoproteins (74, 138) and in the
expression of borrelial virulence factors (73). To validate whether the 6™-c° regulatory cascade
influenced the expression genes historically categorized to pgf 54, we measured transcript levels
of ntrA and rpoS mutants in vitro using qRT-PCR which has a broader dynamic range of
detection than previous DNA microarray studies. Given that mRNA levels and protein amount
do not always correlate (176), we also assessed changes at the protein level for those genes that
appeared to be influenced by the o™-6° cascade in our gRT-PCR analyses. RNA and membrane-
associated proteins were isolated from B31 isolates A3-Gm (wildtype control), A3ntrA-Gm (o™
deletion mutant), A3ntrA-comp (complemented c™ deletion mutant), and A3rpoS (c° deletion
mutant) (Table 2.1.1) as described in Sections 2.2.2 and 2.5.3, respectively. Transcript (Figure

3.1.1A) and protein amounts (Figure 3.1.1B) of bba65, bba66, bba71, and bba73 were decreased
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in both sigma factor mutants relative to A3-Gm, in agreement with previous microarray studies
(74, 138). Complementation of the ntrA mutation restored transcript (Figure 3.1.1A) and protein
(Figure 3.1.1B) expression of these genes to levels comparable to A3-Gm. 0spC transcript and
protein amounts were substantially decreased in both sigma factor mutants and restored with
complementation of the ntrA mutant (Figure 3.1.1), as expected based on previous studies (120,
138, 487). Transcription of the remaining eight genes examined, including bba64, bba68,
bba69, bba70, bbi36/38, and bbi39/j41 were minimally affected by the loss of either sigma factor

(Figure 3.1.1).
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Figure 3.1.1 Analysis of transcript levels and protein synthesis of genes formally categorized in pgf 54
in ntrA and rpoS mutants.
(A) qRT-PCR was performed using RNA isolated from A3-Gm, A3ntrA-comp, A3ntrA-Gm, and A3rpoS

with gene specific primers (Table 2.3.1). Average Ct values were normalized to flaB and the fold differences were
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calculated using the comparative C; method ( Cq). 0spC served as a control. Gene pairs with greater than 99%

sequence identity cannot be discerned by this method and are therefore referred to as bbi36/38 and bbi39/j41. Error
bars: standard error of the mean (SEM). Data contributed by C. Nolder. (B) Total membrane fractions prepared from
each isolate were separated by SDS-PAGE (7.5 pg/lane) and gels were either stained with silver (upper panel) or
immunoblotted with BBA65, BBA66, BBA71, BBA73, or FlaB specific antibodies (lower panels). An open arrow
points to BBAG6S5, the lower of the two bands recognized by our polyclonal serum (see text). FlaB served as a

loading control. Relative molecular masses are indicated in kiloDaltons to the left of the gel.

3.1.2 Complementation of the A3rpoS mutant in trans

In the study reported by Fisher et al (138) for which A3rpoS was created, the mutation was not
complemented and an explanation for its absence was not discussed. To demonstrate that the
observed phenotype of A3rpoS was due solely to the loss of rpoS expression, we attempted to
complement the rpoS mutant in trans. rpoS was cloned under the control of the constitutively
expressed flaB promoter into the pBSV2G shuttle vector (Figure 3.1.2A). The flaB promoter
(pflaB) was chosen so that rpoS could be expressed constitutively in the ntrA mutant for the
purpose of identifying genes that were influenced by ° but not by o™. Intended studies included
gRT-PCR and immunoblotting to measure gene transcripts and protein synthesis of bba64,
bba65, bba66, bba7l, and bba73. pflaB-rpoS was successfully constructed in E. coli as
demonstrated by PCR amplification (Figure 3.1.2B), restriction endonuclease digests (Figure
3.1.2C), and nucleotide sequencing (data not shown). Our attempts to introduce the pBSV2G-
rpoScomp construct into A3rpoS and the readily transformable high-passage clones A and A-34,
however, were unsuccessful. Though a limited number of colonies were obtained from each
transformation, these either did not expand in liquid media, did not produce PCR products of the

expected sizes, or did not yield PCR products at all when primers specific for the pflaB-rpoS

69



construct were used (data not shown). Where plasmid purification from Borrelia clones was
successful, sequencing revealed nonsense or mutated sequences (data not shown). We conclude
that complementation in trans and the over-expression of RpoS was not well tolerated in
Borrelia. Interestingly, in a study by Gilbert et al (152), rpoS expressed under the control of an
inducible lac promoter and recombined by knock-in into the rpoS chromosomal locus was
tolerated by Borrelia and induced synthesis of a protein directly controlled by ¢°, OspC. Thus,

we may in future construct an rpoS knock-in for the complementation of the rpoS mutant.

A. Plasmid construct B. PCR C. Restriction digest

pCR2.1-pflaB-rpoS
pBSV2G-pflaB-rpoS

B
7]

Figure 3.1.2 Cloning pBSV2G-pflaB-rpoS.

(A) Schematic representation of pBSV2G-pflaB-rpoS. Primers utilized for PCR analysis are depicted by
filled arrow heads. Restriction enzymes and their recognition sites are denoted by single letters: N — Notl, B —
BamHI, S — Sphl; the E. coli origin of replication, ColE, is indicated by an open box; open reading frames (ORFs) 1
— 3 from cp9, the plasmid from which pPBSV2G was derived, are shown as striped arrows. (B) PCR amplification of
the pflaB-rpoS construct from pCR2.1-pflaB-rpoS and pBSV2G-pflaB-rpoS plasmids isolated from E. coli clones.
Primers are noted in Table 2.3.1 and in (A) by arrowheads 1 and 2. (C) Restriction endonuclease digests of
pBSV2G-pflaB-rpoS plasmid purified from an E. coli clone (P). Two-hundred nanograms of P were digested with

BamHI + Sphl (B/S) or NotI (N) restriction endonucleases. Expected sizes were obtained after digest: B/S — 5445 bp
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and 1191 bp; N — 5020 bp, 1431 bp, and 185 bp. For (B) and (C), DNA was separated on 0.8% agarose gels, stained

with ethidium bromide, and visualized under UV standards (std) are shown to the left in bp.

3.1.3 Association of BBA65, BBA66, BBA71, and BBA73 production with infectious

phenotypes

We have shown using qRT-PCR and immunoblotting that transcript and protein expression of
BBAG66 is influenced by the o™-c° regulatory cascade (Figure 3.1.1), which is also known to
regulate the expression of borrelial virulence factors. Additionally, we demonstrated in a
previous study that synthesis of BBA66 in vitro is associated with infectious phenotypes (89).
Because the expression of BBA65, BBA71, and BBA73 was also influenced by the o™-c°
regulatory cascade (Figure 3.1.1), we hypothesized that their expression was also linked to
infectious phenotypes. To test this, membrane-associated proteins were prepared from infectious
isolates and compared to non-infectious isolates (Table 2.1.1). As demonstrated in Figure 3.1.3,
BBAG65, BBA71, and BBA73 expression was detected in infectious isolates but not in the non-
infectious clones, similar to what was reported for BBA66 (89). We noted that a second, slightly
higher molecular weight band was commonly detected with our BBA65-specific antibodies,
however, the presence of this weakly immunoreactive band did not correlate with expected
bba65 expression and is believed to be a cross-reactive band. OspC, previously linked to
infectious phenotypes (10, 79, 89, 274, 313, 445), was also produced in infectious but not non-
infectious isolates. The presence of OspA indicated that 1p54, which carries bba65, bba66,

bba71, and bba73, is harbored by all four isolates.
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Figure 3.1.3 In vitro protein expression of BBA65, BBA66, BBA71, and BBA73 in association with
infectious B. burgdorferi isolates.

Total membrane fractions were prepared from infectious isolates (B31 and A3) and non-infectious isolates
(A and A-34) and 7.5 pg of protein was loaded per lane. Proteins were separated by SDS-PAGE and either stained
with silver (upper panel) or immunoblotted with antibodies specific for BBA65, BBA66, BBA71, BBA73, or FlaB
(lower panels). OspA and OspC are indicated to the right and molecular weight markers, in kiloDaltons, to the left
of the silver-stained gel. Open arrow points to BBA6S5, the lower of two bands recognized by our a-BBA65

polyclonal serum (see text).

3.1.4 Triton X-114 detergent phase partitioning of BBA65, BBA66, BBA71, and BBAT73

In addition to demonstrating the association of BBA65, BBA71, and BBA73 with infectious

phenotypes, our immunoblot analyses of total membrane fractions in Figure 3.1.3 also indicated
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that these proteins are membrane associated. To corroborate this finding, we used the non-ionic
detergent Triton X-114 (TX-114) which solubilizes lipidated and integral membrane proteins
(45, 49, 100) and has been used to fractionate borrelial lipoproteins (49, 408). Protein fractions
from intact B31 cells treated with TX-114 were examined by immunoblotting and showed that
both BBA65 and BBA71 partitioned completely into the detergent phase while 19 % of the total
amount of BBA73 partitioned into the detergent phase, the remainder fractioning to the cold
pellet (Figure 3.1.4 and data not shown). As expected, BBA66 separated completely into the
detergent phase (53) while non-lipidated FlaB remained in the cold pellet. Moreover, the well-
characterized lipoproteins OspA and OspC separated as expected into the detergent phase
(Figure 3.1.4, upper panel) Oligopeptide permease (Opp) Al, which is hypothesized to be
lipidated (43, 401), was used as an additional control and partitioned into both the aqueous and
detergent phases. TX-114 treatment of B31 cell lysates demonstrated similar results with
BBAG65, BBA66, and BBA71 partitioning fully into the detergent phase and 48% of the total
amount of BBA73 protein partitioning into the detergent phase (data not shown). FlaB from cell
lysates partitioned solely into the insoluble cold pellet while OspA and OspC were only detected
in the detergent phase (data not shown). Together, these data indicate that BBA65, BBA71, and

BBAT73 are lipidated or are integral membrane proteins, similar to BBA64 and BBA66 (53).
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Figure 3.1.4 Membrane association of BBA65, BBA66, BBA71, and BBA73.

Intact B31 cells were treated with TX-114 and an equivalent of 1 x 10® cells of the no treatment (NT)
control was loaded to each lane and separated by SDS-PAGE. Membranes were either stained with silver (upper
panel) or immunoblotted with antibodies specific for BBA65, BBA66, BBA71, BBA73, FlaB, or OppAl (lower
panels). OspA and OspC are indicated to the right and molecular weight markers, in kiloDaltons, to the left of the
silver-stained gel. The open arrow points to BBA6S5, the lower of two bands recognized by our o-BBA65
polyclonal serum (see text). CP = insoluble cold pellet; WP = insoluble warm pellet; AQ = aqueous phase; DT =

detergent phase. FlaB and OppAl served as controls and appropriately partitioned to the expected fractions.
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3.1.5 Outer surface localization of BBA65, BBA66, BBA71, and BBA73

To address whether membrane-associated proteins BBA65, BBA71, and BBA73 were also
localized to the outer surface, intact infectious B31 cells were treated with proteinase K (PK),
trypsin (Tr), or pronase (Pn) and examined by immunoblot (Figure 3.1.5). Detectable levels of
BBAG65 and BBA73 were decreased by all treatments and to the greatest extent by PK and Tr,
respectively. BBA71 was undetectable following treatment with all proteases utilized. Agreeing
with previous data (53), detectable BBA66 was also decreased following protease treatment of
intact cells. These observations were supported by densitometry analysis (Figure 3.1.5, table).
Levels of known outer surface proteins OspA and OspC were also decreased as expected by
protease treatment (Figure 3.1.5, upper panel); the incomplete degradation of OspA can be
attributed to its interaction with the integral membrane protein P66 which has been demonstrated
in the past to obstruct full protease digest of OspA (60). Cell integrity was maintained
throughout the experiment as demonstrated by constant levels of periplasmically-localized FlaB
and inner membrane-localized OppA1l (Figure 3.1.5). This analysis in combination with TX-114
treatments (Section 3.1.4) shows that BBA65, BBA73, and BBA71, along with BBA64 and

BBAG66 (53), are membrane-associated, outer surface-localized proteins.
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Figure 3.1.5 Association of BBA65, BBA66, BBA71, and BBA73 with the borrelial outer surface.

Intact B31 cells were treated with 200 pg/ml of either proteinase K (PK), trypsin (Tr) or pronase (Pn) or
received no treatment (NT) for 1 h. Proteins were separated by SDS-PAGE and gels were either stained with silver
(upper panel) or immunoblotted with BBA65-, BBA66-, BBA71-, BBA73-, FlaB-, or OppAl-specific antibodies
(lower panels). OspA and OspC are indicated to the right with arrows and molecular weight markers are indicated
to the left in kiloDaltons (upper panel). FlaB and OppAl served as controls. Fold-change in densitometry values

shown in the table to the right were determined relative to NT and with the background removed for each protein.

3.1.6 Section 3.1 summary

The data presented in this section reveal substantial evidence to suggest that BBA65, BBA66,

BBA71, and BBA73 are involved in B. burgdorferi infection and/or pathogenicity. Each of
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these genes/proteins is affected by the o"-o° regulatory cascade in a manner similar to the
virulence factor OspC. The expression of these four proteins was also found to be associated
with infectious phenotypes under culture conditions mimicking the mammalian host
environment. Moreover, while BBA66 had been demonstrated to be a membrane-associated
outer-surface protein, the localization of the remaining three proteins had not been determined.
Using Western blotting to analyze total membrane fractions, fractions obtained through TX-114
phase partitioning of intact cells, and lysates from whole cells treated with a panel of proteases,
we demonstrated that BBA65, BBA71, and BBA73 were also membrane associated and
localized to the outer surface of Borrelia. Outer surface localization is a key prerequisite for
interaction with the host environment and has been demonstrated for numerous lipoproteins
involved in attachment, adaptation to the host environment, and immune evasion (23, 25, 53, 61,

174,233, 234, 326, 340, 390, 491).

3.2 IDENTIFICATION OF PUTATIVE BBA64, BBA65, BBA66, BBA71, AND BBAT73

ORTHOLOGS IN DIVERSE BORRELIA SPECIES

3.2.1 Southern blotting analysis of B. burgdorferi sl and relapsing fever Borrelia species

for the presence of bba64, bba65, bba66, bba71, and bba73 orthologs

Previous studies (52, 89, 153, 257, 314, 361, 446, 458) and the data presented thus far suggested
that bba64, bba65, bba66, bba71, and bba73 may be important factors for borrelial pathogenesis
that are expressed by infectious B. burgdorferi sensu stricto (ss) isolates throughout murine

infection. Though it has been shown that orthologs to these genes are harbored by B. burgdorferi,
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B. afzelii, and B. garinii (154, 157, 158, 232, 458), it has not been demonstrated experimentally
in other sensu lato (sl) species. Thus, to determine if these genes are conserved in Borrelia
species in and beyond the sl group, genomic DNA from various B. burgdorferi sl and relapsing
fever Borrelia species (Table 2.1.1) was analyzed for the presence of gene orthologs by Southern
blotting with B. burgdorferi isolate B31 gene-specific probes (Figure 3.2.1). Moderate
stringency wash conditions were used to increase our ability to identify putative orthologs in
more distantly related species. A representative agarose gel stained with ethidium bromide
shows equal loading and the expected laddering of genomic DNA following restriction
endonuclease digestion (Figure 3.2.1A). When hybridized with bba64, bba65, and bba66 gene
probes (Figure 3.2.1B-D) intense bands were apparent in the B. burgdorferi B31 control, B.
californiensis, B. japonica (HO14), B. andersonii, B. valaisiana, and B. anserina as indicated by
the asterisks. Hybridizing bands were also evident with bba71 and bba73 gene probes in B.
burgdorferi, B. californiensis, B. andersonii, and B. valaisiana (Figure 3.2.1E and F, asterisks).
Weakly hybridizing bands detected in B. afzelii PGau and B. garinii isolate G1 with bba64,
bba65, and bba66 gene probes corresponded to the expected restriction fragment sizes of the
sequenced B. afzelii isolate PKo (accession # CP000395) or B. garinii isolate PBi (accession #
CP000015); the intensities of these bands, though not increased over background (Figure
3.2.1B-D, open arrows), did correlate with findings for bba64 by Gilmore, et al (154). flaB was
used as a hybridization control and demonstrated definitive hybridization to genomic DNA from
species containing orthologs with 84 % sequence identity or higher to the B. burgdorferi isolate

B31 flaB sequence (Figure 3.2.1G). Southern blotting results are summarized in Table 3.2.1.
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Figure 3.2.1 Southern blot analyses of B. burgdorferi sl and relapsing fever spirochetes for bba64,
bba65, bba66, bba71, and bba73 gene orthologs.

Genomic DNA prepared from various Borrelia species (lower left panel and Table 2.1.1) was digested with
EcoRI and separated on 0.8% agarose gels (1 pg/lane). A representative ethidium bromide-stained gel is shown in
panel a. In panels b — f, DNA was transferred to nylon membranes and probed with DIG-labeled, gene-specific
probes based on B31 type strain sequences. Wash conditions are noted in the Materials and Methods. DNA
standard values are given in base pairs to left of the leftmost panels and are indicated by hash marks to the left of the
remaining panels. The asterisks denote regions of strong hybridization. Open arrows indicate weak hybridization
corresponding to the predicted restriction digest DNA fragment according to the genome sequence of known gene

orthologs.

3.2.2 PCR amplification from the genomic DNA of diverse Borrelia species using B.

burgdorferi ss-specific bba64, bba65, bba66, bba71, and bba73 PCR primers

To corroborate data from the Southern blotting analyses, we examined whether we could amplify

products from diverse Borrelia species using B. burgdorferi isolate B31-specific PCR primers,
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and if so, whether those PCR products were of a similar size to those produced using B.
burgdorferi sensu stricto (ss) isolate B31 genomic DNA. All species examined by Southern
blotting were analyzed and three pairings of primers for each gene (Table 2.3.1); this is
demonstrated schematically in Figure 3.2.2A. Products of a relatively similar size were obtained
using each of the three bba64 primers sets from B. burgdorferi, B. californiensis, B. afzelii, B.
garinii, B. japonica isolate HO14, B. andersonii, and B. valaisiana (Figure 3.2.2B). Excluding
B. californiensis, PCR product sizes were slightly larger for each of these species using both
primer sets 1 and 2. This finding was anticipated for B. afzelii and B. garinii based on sequence
data of known bba64 orthologs harbored by these species. PCR products of a similar size to B.
burgdorferi B31 were obtained from B. parkeri, B. turicatae, and B. hermsii using both primer
sets 2 and 3, in addition to B. anserina with primer set 1, B. crocidurae with primer set 2, and B.
japonica isolate IKA2 with primer set 3.

Using primers specific for bba65, B. burgdorferi B31, B. californiensis and B. afzelii
yielded definitive PCR products with all three primer sets (Figure 3.2.2C). B. japonica isolate
HO14, B. andersonii, and B. valaisiana yielded definitive products with primer sets 1 and 3
while faint products were detected for B. japonica and B. valaisiana with primer set 2. All three
bba66 primers yielded products for B. burgdorferi B31, and B. californiensis; additional
definitive PCR products were produced only from B. japonica isolate HO14 and B. andersonii
using primer set 2 (Figure 3.2.2D). For bba71, definitive PCR products were obtained from B.
burgdorferi ss and B. californiensis using all three primer sets, from B. andersonii using primer
sets 1 and 2, and from B. crocidurae and B. parkeri using primer set 1 (Figure 3.2.2E). Faint
products relative to B. burgdorferi B31 were obtained from the following reactions: B. afzelii

with all three bba71-specific primer sets; B. garinii, B. japonica isolate HO14, B. valaisiana, and
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B. hermsii using primer set 1; B. garinii, B. japonica isolate IKA2, and B. hermsii with primer
set 2; B. andersonii, B. crocidurae, and B. parkeri using primer set 3. Lastly, definitive PCR
products were obtained with all three bba73-specific primer sets from B. burgdorferi B31, B.
californiensis, and B. andersonii, though the product using primer set 2 with B. andersonii was
less intense than those obtained from the other two species (Figure 3.2.2F). Additional PCR
products were detected from B. afzelii, B. garinii, both B. japonica isolates, B. anserina, B.
crocidurae, and B. hermsii using primer set 3 and faint products were detected from B. afzelii

and B. garinii using primer set 2. PCR results are summarized in Table 3.2.1.
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Figure 3.2.2 PCR analysis of B. burgdorferi sl and relapsing fever Borrelia with B. burgdorferi sensu
stricto-specific primers for bba64, bba65, bba66, bba71, and bba73.

(A) A schematic representation of the primer sets (ps) used for each target gene. (B — F) Products
amplified from genomic DNA by PCR were separated on agarose gels, stained with ethidium bromide, and

photographed under UV light. Standards are shown in basepairs to the left of each panel. The ps used and the
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expected size from B. burgdorferi B31 genomic DNA (Bb) is indicated to the right of each agarose gel. ps 1: both
full-length (FL) primers specific for the target gene; ps 2: the forward FL primer and reverse, reverse transcription
(rt) primer specific for the target gene; ps 3: the forward rt primer and reverse FL primer specific for the target gene.

Species abbreviations shown above panels (B) and (C) are defined in the lower left panel of Figure 3.2.1.

3.2.3 Immunoblot analysis of B. burgdorferi sl and relapsing fever Borrelia species for the
presence of a-BBA64, -BBAG65, -BBA66, -BBAT1, and -BBA73 antibody cross-reactive

proteins

Immunoblotting was utilized to assess the cross-reactivity of BBA64, BBA65, BBA66, BBA71,
and BBA73 B. burgdorferi-specific antibodies with seven of the Borrelia species that either
demonstrated hybridization with our gene probes by Southern blotting (Figure 3.2.1) or were
known to harbor target gene orthologs. B. japonica isolate HO14 was not able to survive in the
current BSK-H lot available to us (lot # 057K8413) and was thus eliminated from this analysis.
Total membrane fractions were prepared from each of the remaining seven species and from the
high-passage B. burgdorferi-derived clone A which, due to repeated in vitro propagation, does
not express the proteins under examination (discussed in Section 4.2). Total membrane fractions
were examined for the presence of cross-reactive proteins recognized by a-BBA64, -BBAG6S, -
BBA66, -BBA71, and -BBA73 antibodies. BBA66, BBA71, and BBA73 were detected in B.
burgdorferi B31 total membranes (Figure 3.2.3, lanes 1 and 2) while none of these were detected
in clone A total membranes (Figure 3.2.3, lanes 3 and 4). Cross-reactivity was observed for B.
californiensis with BBA66 and BBA73 antibodies, for B. afzelii with BBA66 and BBA71

antibodies, and for B. garinii with BBA71 antibodies (Figure 3.2.3, lower panels). BBA64 and
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BBAG5 protein synthesis was not detected in any of the species examined (data not shown).

Given that B. burgdorferi protein expression has been demonstrated to be BSK-H lot-dependent

(13, 89), it is likely that we did not detect BBA64 protein synthesis due to the specific lot of

BSK-H used for these studies. All species examined, including clone A, were cross-reactive

with a polyclonal rabbit antibody specific for the inner membrane-localized oligopeptide

permease protein, OppAl; OppAl may be well conserved due to its role in peptide transport and

B. burgdorferi’s inability to synthesize amino acids de novo (140, 260). These results are

summarized

66 =

in Table 3.2.1.
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Figure 3.2.3 BBA66, BBA71, and BBA73 antibody cross-reactivity with total cell membranes from

diverse Borrelia species.

Borrelia were grown at pH 7.0 or pH 8.0 and total cell membranes were prepared as described in Materials

and Methods.

Five micrograms of protein was separated per lane by SDS-PAGE and either stained with silver
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(upper panel) or transferred for immunoblotting (IB) with a-BBA64, -BBA65, -BBA66, -BBA71, -BBA73, or -
OppAl specific antibodies (indicated to the left of each lower panel). a-BBA64 and BBA65 immunoblots are not
shown (see text). Molecular weight standards are indicated in kiloDaltons to the left of the upper panel. Species

abbreviations and a summary of findings are listed in Figure 3.2.1. OppAl served as a loading control.

3.2.4 pH regulation of a-BBA64, BBA65, BBA66, BBA71, and BBA73 antibody cross-

reactive proteins in diverse Borrelia species

pH has been identified as a key environmental cue in the regulation of numerous outer-surface
lipoproteins expressed by B. burgdorferi (67, 77, 78, 89, 346, 361), including BBA65, BBA66,
BBA71, and BBA73 (77, 78, 89, 346, 361). pH regulation of protein synthesis in species beyond
B. burgdorferi ss has not been addressed; however, given that all known Borrelia species share a
similar arthropod-mammalian transmission cycle and must sense changes in the environment in
order to adapt and survive in each of these distinct environments, we hypothesized that cues pH
would be utilized by Borrelia species beyond B. burgdorferi ss. To address whether the
synthesis of cross-reactive proteins detected with B31-specific antibodies was responsive to
changes in environmental pH, total membrane fractions were prepared from the seven species
cultivatable in BSK-H (discussed in Section 3.2.2) after growth in HEPES buffered pH 7.0 or pH
8.0 BSK-H media. All cross-reactive proteins detected with anti-BBA66, -BBA71, and -BBA73
antibodies (Figure 3.2.3) were synthesized at greater levels under pH 7.0 relative to pH 8.0 in
vitro growth conditions. Our findings correlated with expression patterns described for these
outer-surface lipoproteins in B. burgdorferi B31 (77, 78, 89, 346, 361). Cross-reactive OppAl

protein levels were not detectably different in any of the species at either of the pH conditions
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tested (Figure 3.2.3, bottom panel) suggesting that these cross-reactive proteins are not affected
by changes in pH, similar to what has been described for OppAl in B. burgdorferi B31 (463).

These results are summarized in Table 3.2.1.

3.2.5 Section 3.2 summary

Using Southern blotting that targeted diverse Borrelia species with B31 sequence-specific
whole-gene probes, we demonstrated that putative bba64, bba65, bba66, bba71, and bba73 gene
orthologs are present in both Lyme-associated and relapsing fever-associated Borrelia species.
To substantiate these findings and to compensate for the possibility that gene orthologs in some
species may have been too fragmented by EcoRI digestion to detect by Southern blotting, we
used PCR to amplify putative orthologs using B31 gene-specific primers (Figure 3.2.2). In
addition to amplifying products from species that orthologs were detected in by Southern
blotting, we also amplified products from additional B. burgdorferi sl and relapsing fever
Borrelia (Figure 3.2.2). Finally, immunoblotting demonstrated that a-BBA66, -BBA71, and -
BBA73 cross-reactivity was limited to pH-responsive proteins expressed by B. burgdorferi sl
species known to infect and cause disease in humans. The cumulative data from these studies

are summarized in Table 3.2.1.
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PCR PCR PCR PCR PCR
spp SB ps1 ps2 ps3 pH SB ps1 ps2 ps3 pH SB ps1 ps2 ps3 pH SB ps1 ps2 ps3 pH SB ps1 ps2 ps3 pH
Bh + + + + nd + + + + nd + + + + + + + + + + + + + + +
Bca + + + + nd + + + + nd + + + + + + + + + - + + + + =
Ba +- + + + nd - + + + nd - - - - + - + + + + - - + + +
Bg +- + + + nd +- - - - nd +- - - - - - + + - + - B + + +
Biyo + + + + nd + + - + nd + - + - - - + - - - - - - + -
Bi, . - - +  nd = - - - nd - S SE = - + - - B - I
Ban + + + + nd + + - + nd + - + - - + + + + - + + + + -
By + + + + nd + + - + nd + - - - - + + - - - + - - - -
Bas + + - ™ nd + = . ™ nd + - 2 = = = o = = = i 2 as + "
Ber = - + - nd o - - - nd - S S =+ - o+ - o - = i
Bp = # + + nd o = - = nd = o “ " - = + " + - = * " # A
Bt - - + + nd o - - - nd - S = o - - - - o - - o+ -
Bh - - * + nd - - - - nd - - - - - - + + + - - - - + -

Table 3.2.1 Summary of Southern blotting, PCR, and antibody cross-reactivity analyses

Abbreviations: spp, species; SB, Southern blotting (Figure 3.2.1); ps, primer set (Figure 3.2.2); pH, pH-responsive & antibody cross+eactive proteins detected (Figure 3.2.3); nd, not detected.
Spp. abbrevistions listed in leftmost column are defined in Figure 3.2.1.
Scoring: +, detected; +/-, not definitive; - not detected.
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3.3 BBA66 KNOCKOUT MUTAGENESIS AND THE EFFECT UPON MURINE

INFECTION AND PATHOGENICITY

To determine whether BBA66 is required for murine infectivity and/or pathogenesis during the
carly stages of disease, a bba66 deletion mutant was constructed in the infectious isolate, A3.
We assessed gross joint swelling, seroreactivity, and spirochete burden in select tissues of
C3H/Hel] mice infected with either wildtype, bba66 mutant, or bba66 complemented mutant
Borrelia. Genetic characteristics of inbred mouse strains have been demonstrated to play an
important role in the severity of arthritis that develops during infection with B. burgdorferi (469).
During B. burgdorferi infection, C3H/HeJ mice demonstrate acute arthritis and swelling that is

more severe than in other murine models (27, 30, 267, 483).

3.3.1 Construction and in vitro characterization of bba66 mutant and complemented

clones

The suicide plasmid pBAD-bba66::Kan and complementing plasmid pPBSV2G-bba66comp were
constructed as described in Sections 2.3.2 and 2.3.3, respectively, and are depicted schematically
in Figure 3.3.1. PCR (Figure 3.3.1D and E), restriction endonuclease digest (data not shown),
and sequence analyses (data not shown) were used to verify plasmid constructs. Mutation of
bba66 in the infectious isolate B31 clone A3 was accomplished by allelic exchange using pBAD-
bba66::Kan whereby 757 base pairs of the structural gene were replaced with a kanamycin
resistance cassette under the control of the constitutive borrelial flgB promoter (Figure 3.3.1).
The bba66 mutant, A3-bba66::Kan, was complemented in trans with pBSV2G-bba66comp

(Figure 3.3.1) yielding A3-bba66comp. Genomic DNA was isolated from A3, A3-bba66::Kan,

87



and A3-bba66comp and subjected to PCR amplification of the bba66 coding region using
primers specific for the 5’ and 3 ends of the target gene (Table 2.3.2). The plasmid constructs
pBAD-bba66::Kan and pBSV2G-bba66comp were used as controls. The expected 1,266 bp full-
length bba66 product was amplified from pBSV2G-bba66comp and from WT and A3-
bba66comp genomic DNA (Figure 3.3.1D). A 1,709 bp product resulting from the insertion of
the kanamycin resistance cassette into bba66 was amplified from pBAD-bba66::Kan and from
A3-bba66::Kan and A3-bba66comp genomic DNA (Figure 3.3.1D). PCR amplification from the

kanamycin-resistance gene to either bba65 or bba68 was used for confirmation of homologous

recombination into 1p54 (Figure 3.3.1E).
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Figure 3.3.1 Plasmid constructs and characterization of Borrelia clones by PCR.
(A — B) Schematic representations of the plasmid constructs used for knockout mutagenesis of the bba66
locus, pBAD-bba66::Kan, (A) and complementation of the bba66 mutation in trans, pBSV2G-bba66comp (B). (C)
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Schematic of the bba66 locus on 1p54 after homologous recombination with pBAD-bba66::Kan. (D — E)
Assessment of bba66 mutagenesis and complementation by PCR amplification. bba66 (D) or bba65-kan and kan-
bba68 (E) were amplified by PCR from either the A3 parent, pPBAD-bba66::Kan, A3-bba66::Kan, pBSV2G-
bba66comp, or A3-bbaé6comp. Products were separated on agarose gels, stained with ethidium bromide, and DNA
was visualized under UV light. The primers used for PCR are indicated in (C) and listed in Table 2.3.1; primer
pairings are noted above each agarose gel. Size standards are shown to the left in basepairs and the positions of

bba66 and bba66::Kan PCR products are indicated to the right with arrow heads (D).

A subset of the 21 plasmids harbored by B. burgdorferi, including 1p25 and 1p28-1, is
required for murine infectivity (167, 240, 241, 342, 343). B. burgdorferi, however, is known to
lose plasmids with long-term passage in culture or through transformation and subsequent
plating in semi-solid BSK medium (159, 306, 388, 441). Thus, to ensure A3-bba66::Kan and
A3-bba66comp isolates harbored these plasmids, PCR amplification of plasmid-specific genes
from genomic DNA was performed. Fifteen of the eighteen A3-bba66::Kan clones and eight of
the ten A3-bba66comp clones examined were found to harbor both Ip25 and 1p28-1 (data not
shown). Of these, at least one isolate from each group was found to harbor the full complement
of plasmids with the exception of cp9 (Figure 3.3.2), which is also lacking in the parental clone,

A3, and is dispensable for murine infection (168, 241, 343).
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Figure 3.3.2 Plasmid profiles of A3, A3-bba66::Kan and A3-bba66comp isolates used in murine

infection studies.

At least one target gene localized to each of the 21 borrelial plasmids was amplified by PCR using the
primer set of Elias, et al (123). Products were separated on agarose gels, stained with ethidium bromide, and DNA
was visualized under UV light. The isolate examined is noted to the upper left of each gel and size standards are

noted to the left in basepairs. The plasmid targeted in each PCR reaction is noted above the uppermost gel.

To demonstrate that the complementing plasmid was maintained in trans in the A3-
bba66comp clone chosen for these studies, plasmid rescue was performed to re-isolate pBSV2G-
bba66comp from the isolate with a full plasmid complement (Figure 3.3.2). Genomic DNA
purified from A3-bba66comp was transformed into chemically competent TOP10 E. coli and
clones were isolated under gentamycin selection. Colonies were too numerous to count on a

plate containing 50 A of a 1:7 dilution of the transformed E. coli while 296 colonies were

obtained on a second plate containing 50 A of a 1:70 dilution. Plasmid DNA was purified from
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four E. coli clones on the 1:70 dilution plate and used for PCR amplification of the 1,444 bp full-
length construct (bba66 and its native promoter) using primers proA66.1 and BBA66 FL.6
(Table 2.3.2). Each of the E. coli clones examined yielded PCR products of the expected size

that matched the product amplified from the plasmid control (Figure 3.3.3).

E. coli clones
Pf1 2 3 4!
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2000 ==
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Figure 3.3.3 Plasmid rescue of pBSV2G-bba66comp from A3-bba66comp.

Plasmid DNA from four E. coli clones obtained by transformation of chemically competent TOP10 E. coli
with A3-bba66comp genomic DNA was used for PCR amplification of the bba66comp construct using specific
primers (see text and Table 2.3.1). Products were separated on an agarose gel and DNA was visualized by staining
with ethidium bromide and exposure to UV light. P = plasmid control, pPBSV2G-bba66comp. Size standards are

noted to the left in base pairs.

To determine whether any growth defects arose as a consequence of our mutagenesis
strategy, all strains were grown to mid-log phase, diluted to 5 x 10° cells / ml, and counted at
various times up to 100 hours. As shown in Figure 3.3.4, all strains grew at similar rates and
reached stationary phase at similar times in culture, indicating no loss of fitness in vitro as a
result of our manipulations. Additionally, we examined whether each strain was able to alter
protein expression in response to changes in culture pH and temperature. Total cell lysates from
cultures shifted to pH 7.0/35 °C or pH 8.0/23 °C and grown to mid-log phase were analyzed by
immunoblotting and demonstrated that BBA66 was expressed as expected by the WT and A3-
bba66comp isolates (Figure 3.3.5). We noted that BBA66 was detectable at levels that were
visibly slightly greater in A3-bba66comp relative to A3, a phenomenon that is likely do to
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plasmid copy number (445) and has been demonstrated before when using pBSV2G to
complement a mutation in trans (445). Importantly, BBA66 was not detected in either of the
A3-bba66::Kan cultures. OspC was differentially regulated in all strains demonstrating that
there were no defects in the ability of these isolates to differentially express proteins in response

to changing pH (Figure 3.3.5, upper panel). OspA, which is constitutively expressed in culture,

served as a loading control.
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Figure 3.3.4 Growth kinetics of A3, A3-bba66::Kan, and A3-bba66comp.
A3, A3-bba66::Kan, and A3-bba66comp were grown to mid-log phase in BSK-H (lot # 104K8411), diluted

to 5 x 10° cells/ml, then counted at various time points over the course of 100 h post-dilution. Culture densities are

reported in cells/ml on a log scale.
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Figure 3.3.5 pH and temperature shift of A3, A3-bba66::Kan, and A3-bba66comp to assess protein
expression of BBAG6.

All Borrelia were grown to mid-log phase in BSK-H (lot # 045K8411) then diluted into pH 7.0 or pH 8.0
media and grown to mid-log phase at either 35 °C or 23 °C, respectively. Whole cell lysate proteins were separated
by SDS-PAGE and either stained with silver (upper panel) or transferred for immunoblot with a-BBA66 or -OspA
antibodies (lower panels). Molecular weight markers are shown to the left and OspA and OspC are indicated with

arrows to the right of the silver-stained gel. OspA was used as a loading control.

3.3.2 Infectivity of bba66 mutant and complemented clones in C3H/HeJ mice

To determine if BBA66 was required for infection and/or pathogenicity in mice, 8§ week-
old female C3H/HeJ mice were inoculated with a low-dose (1 x 10%) of spirochetes, either A3,
A3-bba66::Kan, or A3-bba66comp, and observed for 35 days. A low dose of spirochetes of 1 x
10° has been shown to induce serological responses in mice that closely mimic the serology of

cither laboratory mice infected by tick bite or infected P. leucopus from nature (308). A
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schematic of the experimental design is shown in Figure 3.3.6. As assessed by ELISA using B.
burgdorferi cell lysate as the target antigen, all mice became seropositive for anti-borrelial
antibodies except for a single A3-bba66comp-infeted mouse (Table 3.3.1 and data not shown).
In ELISAs using MalE-BBA66TR as the target antigen, serum from all seropositive A3-
bba66comp-infected mice demonstrated significantly greater levels of a-BBA66 reactivity
compared to A3-infected mouse serum (Figure 3.3.7) which correlates to the increased synthesis
of BBA66 in vitro by A3-bba66comp (Figure 3.3.5); the A3-bba66::Kan-infected mice
demonstrated a-BBA66 seroreactivity at levels significantly decreased relative to A3. During
the early stages of infection, C3H mice develop severe swelling of rear tibiotarsal joints; using
this as a gross analysis of disease progression, we measured changes in joint diameter relative to
the day of infection. Throughout the five week infection period, all seroreactive mice
demonstrated joint swelling with peak measurements occurring near day 21 p.i. (data not shown).
Furthermore, all mice that were seroreactive toward borrelial cell lysate were also positive for
outgrowth of Borrelia from tissue (Table 3.3.1). Spirochetes were recovered from the bladders
of all infected mice except a single A3-infected mouse, from all hearts except one from a A3-
bba66::Kan-infected mouse, from 71 % of joints, and from less than half of all ear tissues. No

significant differences between isolates and outgrowth from specific tissues were observed.
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Figure 3.3.6 Schematic of murine infection study.

C3H/HelJ mice infected with 10* spirochetes were monitored for five weeks until they were sacrificed at
day 35 post-infection; the weeks post-sacrifice are shown in parentheses. Serum and rear-tibiotarsal joint
measurements were collected as noted above. Select tissues were harvested (see text) and either inoculated into
media for outgrowth or used to prepare genomic DNA to assess for tissue spirochete load by qPCR or for the

presence of the complementing plasmid by plasmid rescue.

Table 3.3.1 Outgrowth and seroreactivity of infected mice.

No infected/ No. positive by serology/

Heart Bladder Joint Ear No. inoculated No. inoculated
A3 8/8 7/8 5/8%  4/8 8/8 8/8
A3-bba66::Kan  7/8 8/8 6/8  3/8 8/8 8/8
A3-bbab6comp  7/8 7/8 6/8  3/8 7/8 7/8

* 3 cultures were contaminated
Data contributed by C. Nolder, D. Clifton, and J. Hughes
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Figure 3.3.7 Assessment of a-BBAG6TR reactivity of murine sera by ELISA.

Sera collected on days 7, 14, 21, 28, and 35 post-infection from all groups of mice were diluted 1:100 and
tested for reactivity with purified MalE-BBA66TR by ELISA. Values shown are the averages from each day for
individual groups of mice with background (week 5 serum with MBP) removed relative to a positive control serum
(pooled A3 needle inoculated mouse serum provided by Dr. P. Rosa). Error bars represent the standard deviation.
The Student t-test was performed and P values are indicated as follows: * < 0.05; ** < 0.0001. Data contributed by

D. Clifton.

3.3.3 Reisolation of pBSV2G-bba66comp following murine infection with A3-bba66comp

To test the stability of the bba66 complementing plasmid during murine infection,
genomic DNA was isolated from Borrelia grown from A3-bba66comp-infected mouse tissues (3
bladders, 1 heart, and 1 joint) and 100 ng of DNA was transformed into chemically competent
TOP10 E. coli that were grown under gentamycin selection. Genomic DNA from A3-bba66-
::Kan-infected mouse tissues was used as a control (2 bladders, 1 joint). Gentamycin-resistant
colonies were obtained from all A3-bba66comp transformed E. coli while none were recovered
from A3-bba66::Kan transformed E. coli (data not shown). These findings corroborated the

MalE-BBA66TR ELISA results which showed reactivity of A3-bba66comp-infected mouse sera,
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but little to none with A3-bba66::Kan-infected serum samples (Figure 3.3.7). These data were

contributed by D. Clifton.

3.3.4 Evaluation of the BBA66 amino acid sequence

An association between heart tropism and BBA66 has been described previously in two reports.
In one report, Wallich and colleagues found that bba66 transcripts were consistently upregulated
in all SCID mouse heart tissues examined between days 30 and 90 p.i. (458); in joint tissues,
however, the expression of bba66 transcripts was variable and was not detected in all mice. In a
second report, Antonara et al demonstrated that phage display library clones expressing an N-
terminal region of BBA66 (personal communication, Dr. Jennifer Coburn and Figure 4.3.1) were
able to bind to murine heart tissue (12). Analysis of the amino acid sequence harbored by these
clones revealed a PEST-like sequence that is present in the N-terminal half of BBA66 (Figure
4.3.1). PEST sequences are regions of amino acids that are rich in proline (P), glutamic acid (E),
serine (S), and threonine (T) that have been shown to be present in proteins with short half-lives,
i.e., two hours or less in eukaryotes (367); however, these sequences may also be involved in
protein phosphorylation (354) and/or protein-protein interactions (111). A PEST-like domain
harbored by listeriolysin O is required for pathogenesis of Listeria monocytogenes (111) and
lends credence to the hypothesis that the PEST-like sequence encoded by BBA66 maybe
similarly important for its function. Moreover, a conserved domain belonging to pfam 05109
(Herpes BLLF1) was found that encompasses the PEST-like sequence and overlaps with the
sequence identified by phage display (Figure 4.3.1); this domain shares homology with the
Herpes virus major outer envelope glycoprotein, gp340/220, which is involved in viral binding to
the B cell receptor C2 (135) and to human epithelial cells (271).
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Using the Receptor Binding Domain (RBD) finder software (http://nbc11.biologie.uni-
kl/de/rbdfinder), three coiled-coil domains were predicted within the C-terminal half of BBA66
(Figure 4.3.1). Coiled-coil domains have been identified in bacterial proteins ranging in function
from transcriptional regulation via DNA binding (57, 107, 202) to signal transduction (239, 438,
464). Protein-protein or protein-host factor interactions have also been described (83, 459) and
have been demonstrated between host factors and at least three coiled-coil-containing B.
burgdorferi proteins, CspZ (366), BBA68 (285), and OspE (286). Thus, it is conceivable that the
coiled-coil domains found within BBA66 may play a role in binding to host proteins or
extracellular matrix factors found within cardiac tissue. In addition to the coiled-coil domains,
three amino acids were predicted by RBDfinder to be involved in protein-protein interactions,
namely W361, S362, and Y392 based on their hydrophobic and amphipathic characteristics
(Figure 4.3.1). Studies to determine the contribution of individual amino acids to protein-protein
binding interactions have shown tryptophan (W) to have the highest probability to lie within
binding domains and to be conserved within these binding domains; moreover, binding surface
interactions are typically due to one or a few amino acids, similar to what was predicted for
BBAG66 (88, 148, 266). Tryptophan residues have also been linked with bacterial virulence (130,
336, 355, 377). Serine (S) and tyrosine (Y), on the other hand, are common targets for
phosphorylation, a process which has been implicated in bacterial virulence; the phosphorylation
of either of these residues can cause conformational changes in target proteins that may be
important for adherence and/or the activation or repression of protein function (95, 96).
Interestingly, S362 was predicted to be phosphorylated using the DISPHOS prediction program
(http://core.ist.temple.edu/pred/pred.html) and is found within the serine-rich (20%) C-terminus

of BBA66 (Appendix A). Beyond the potential for phosphorylation, serine-rich proteins have
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been implicated in adhesion to host cells (36, 335, 405, 439), in biofilm formation (480), and in
virulence (310, 397). Though the coiled-coil domains and individual amino acids identified by
RBDfinder do not fall within the region identified by Antonara and colleagues (12), they do offer
additional amino acids of interest to help identify a putative binding domain(s) that may be
involved in adherence of spirochetes to cardiac tissue. While our analyses and those of Antonara
et al (12) provide some initial guidance for identifying putatively important regions and residues
critical to BBA66 function, the true contribution of these sequences will need to be determined

experimentally in a murine model of infection using bba66 mutants.
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Figure 3.3.8 Schematic of BBA66 sequence features.

A schematic representation of the BBA66 protein sequence highlights regions of interest for future studies.
The LXXC signal sequence identified by SpLip is shown in red. The PEST-like domain found using PESTfind is
shown in yellow while the overlapping BLLF1 homology domain (pfam 05109) was found using CDD and is shown
in blue. The aa sequence of the BLLF1 homology domain is shown below and boxed in blue with the PEST-like
domain underlined and P, E/Q, S, and T residues shown in bolded, larger font. The region identified by Antonara

and colleagues using phage display is represented by a white box with diagonal lines. Coiled-coil domains shown in
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green and individual amino acids (aa) putatively important in binding interactions labeled in white with their single

letter aa designations shown below were identified using RBDfinder.

3.3.5 Section 3.3 summary

Using an infectious clone, A3, bba66 was mutated to assess whether it was required for infection
and/or pathogenicity in mice. Characterization of a bba66 mutant and complemented mutant
demonstrated that these clones were isogenic to the parental isolate (Figure 3.3.2), demonstrated
similar growth kinetics in vitro (Figure 3.3.4), and regulated protein expression appropriately
(Figure 3.3.5). When inoculated into C3H/HelJ mice, all clones were infectious, causing both
seroconversion (Table 3.3.1) and joint swelling in mice that peaked near day 21 p.i. (Section
3.3.2). Therefore, future studies will utilize the 21 day p.i. time point to assess whether tissue
burdens of A3-bba66::Kan spirochetes are decreased relative to A3- and A3-bba66comp tissue

burdens by qPCR.
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40 DISCUSSION

41 THE POTENTIAL OF MEMBRANE-ASSOCIATED, OUTER SURFACE-
LOCALIZED LIPOPROTEINS BBAG65, BBA66, BBA71, AND BBA73 AS IMPORTANT

FACTORS DURING MAMMALIAN INFECTION

4.1.1 The alternative sigma factor cascade influences bba65, bba66, bba71, and bba73 gene

transcription and protein synthesis

The alternative sigma factor o° has been implicated in the regulation of virulence factors in many
diverse bacterial species (128, 229, 435). In B. burgdorferi the expression of o° is directly
controlled by the alternative sigma factor c", and several reports have highlighted the
importance of this unique regulatory cascade in B. burgdorferi gene expression and infectivity
(72-74, 138, 200, 484, 486). Comprehensive transcriptome analyses of ntrA (encoding o) and
rpoS (encoding GS) mutants in strains B31 and 297 have demonstrated the pleiotropic effect of
knocking out these sigma factors upon transcription in B. burgdorferi, and numerous genes
appear to be influenced by this cascade, including bba64, bba65, bba66, bba71, and bba73 (74,
138). Using qRT-PCR, a technique with a broader dynamic range than microarray, we too
demonstrated the effects upon in vitro expression of these genes when either o™ or o° were

absent (Figure 3.1.1A). Our results agreed with previous microarray analyses (74, 138) for
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bba65, bba66, and bba71, but our calculated fold-changes in transcript expression were in better
agreement with the findings of Caimano et al (74), demonstrating 21- to 50-fold decreases in
gene transcripts with mutation of ntrA or rpoS versus 1.5- to 3.8-fold decreases measured by
Fisher and colleagues (138). Notably, the first of these reports examined spirochetes grown in
dialysis membrane chambers transplanted into rats (74) while the later utilized cultured
spirochetes (138). The lack of an appreciable change in bba64 transcript levels in the absence of
either o™ or o° (Figure 3.1.1A) is likely due to the specific lot of BSK-H media used for these
experiments as has been well documented (13, 75, 89, 460). Furthermore, these findings suggest
factors involved in bba64 regulation may differ from those that affect bba65, bba66, bba71, and
bba73. Immunoblotting of total membrane fractions prepared from ¢ mutant and complemented
strains demonstrated that changes observed in gene transcript levels correlated well with BBA6S,
BBA66, BBA71, and BBA73 protein levels (Figure 3.1.1B).

Though we attempted to complement the o° mutant in trans, our efforts proved
unsuccessful. A review of current literature revealed that two groups have complemented a
similar mutation in other B. burgdorferi sensu stricto (ss) backgrounds using a knock-in method
(73, 200). Importantly, however, the first group did not show o protein expression and the
expression of two proteins known to be directly controlled by o° to be fully restored in the
complemented mutant (200); the second group failed to show or to discuss the protein levels of
c° or any of its downstream targets in one report (73) and in another report demonstrated that
both complementation either in trans or by knock-in did not fully restore wildtype expression of
o -influenced proteins (72). One explanation for the inherent difficulty of restoring wildtype
expression of o° and its targets may be that DNA supercoiling, which has been shown to be an

important factor affecting the regulation of Borrelia gene transcription (8), may be important for
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rpoS transcription; complementation either in trans or by knock-in may result in supercoiling of
rposS that does not allow for wildtype regulation of the gene. An alternative explanation may be
that the identification of rpoS regulatory elements is incomplete and the upstream DNA cloned
along with the rpoS structural gene has not been adequate to attain full expression and/or
regulation of rpoS in this and other reports. These hypotheses, however, have not been tested
and further research will be needed to conclude whether supercoiling plays a role in rpoS
regulation and/or further regulatory elements upstream of rpoS are required for wildtype

regulation of this sigma factor gene.

4.1.2 Invitro expression of BBA65, BBA66, BBA71, and BBA73 is associated with the

outer-surface infectious isolate outer membranes

Our comparison of infectious and non-infectious B. burgdorferi isolates demonstrated that
expression of BBA65, BBA71, and BBA73 was associated with infectious phenotypes (Figure
3.1.2A), similar to what we previously reported for the expression of BBA66 (89). While it is
likely that differences in plasmid content or gene expression are responsible for the loss of
infectivity, comparing and contrasting infectious and non-infectious B. burgdorferi isolates has
proven advantageous in detecting antigens associated with infectious phenotypes (10, 79, 305,
388, 389, 392). Moreover, such comparisons have helped to identify proteins involved in strain-
specific pathogenicity, including OspC which is required to establish murine infection (431,
445). Importantly, while Ip54 was not lost in any of the strains examined as was apparent by the
expression of OspA (Figure 3.1.2A, upper panel), BBA65, BBA66, BBA71, and BBA73 protein

synthesis was detectable and associated only with infectious isolates.
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Our results also indicate that BBA65, BBA66, BBA71, and BBA73 are either lipidated or
integral membrane proteins that localize to the outer surface of B. burgdorferi B31, as all
partitioned to the TX-114 detergent phase (Figure 3.1.4) and were sensitive to protease treatment
(Figure 3.1.5) of intact spirochetes. Our findings for BBA66 were in agreement with those of
Brooks et al, where they reported similar partitioning and surface localization for BBA64,
BBA66, and BBA69 (53). It was surprising to find that BBA73 did not demonstrate complete
partitioning into the detergent phase, given the presence of a spirochete-specific lipidation motif
(401). It is, however, possible that BBA73 may possess biochemical characteristics that do not
allow it to be easily solubilized in TX-114. Our findings for BBA71 were also interesting as this
protein was dissimilar from others examined in this study. BBA71 is not predicted to contain a
recognizable signal sequence or lipidation motif by either the SignalP (35, 302) or LipoP
algorithms (211) nor is it predicted to be lipidated by the SpLip algorithm (401) (data not
shown). Using the dense alignment surface (DAS) method (99), however, we identified a
putative transmembrane domain (yI-I-I-G-L-L-Y-H-Kjs) that was recognized using the “loose”
cutoff setting (Figure 4.1.1). Thus, unlike the lipoproteins BBA64, BBA65, BBA66, and

BBAT73, it appears that BBA71 may be a transmembrane protein.
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Figure 4.1.1 Graphical representation of DAS transmembrane prediction for BBA71.

The BBA71 protein sequence was analyzed using the DAS algorithm (Section 4.1.2).

The segment

identified by the loose cutoff is indicative of the predicted transmembrane region (99) indicated in the yellow box.

4.1.3 BBAG65, BBA66, BBA71, and BBA73 are potentially important for tissue

dissemination during murine infection and/or pathogenicity

In collaboration with Dr. Robert Gilmore, we reported upon the temporal expression of bba64,

bba65, and bba66, bba7l, and bba73 in ear tissue throughout persistent infection of

immunocompetent mice (153) (& Hughes et al. 2008, Infect Immun, in press). bba65, and
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bba66, and bba73 were each expressed in murine ear tissue with a peak at either 41 (bba73) or
100 (bbab5 and bba66) days post infection (p.i.), and a continual rise in transcript levels between
days 180 and 270 p.i.. Strikingly, these genes continued to be expressed at increasing levels
throughout persistent infection even after serological evidence indicated that BBA65-, BBA66-,
and BBA73-specific antibodies were produced. While BBA64- and BBA71-specific antibodies
were detected as early as day 20 p.i. and throughout the remainder of the infection period,
increases in bba64 and bba71 transcript levels in ear tissue relative to culture were not observed
(153) (& Hughes et al. 2008, Infect Immun, in press); these data suggest that bba64 and bba71l
may be expressed in greater amounts in murine tissues other than ear/skin during persistence.
Differential expression of B. burgdorferi proteins in various animal tissues has been previously
demonstrated for other surface localized proteins (97, 98), and is likely important in pathogenesis
and tissue tropism. Differential expression of BBA64, BBA65, BBA66, BBA71, and BBA73 in
different tissue environments is supported by our findings (153) (& Hughes et al. 2008, Infect
Immun, in press) and ongoing analyses (Dr. Robert Gilmore, unpublished data). Moreover, a
recent publication by Livengood et al (262) demonstrated by DNA microarray that bba71 is the
most highly induced gene transcript when B. burgdorferi is exposed to the human neuroglial H4
cell line; bba64 and bba73 were the fourth and fifth most highly upregulated, respectively. The
data described above in combined with observations from our in vitro analyses (Section 3.1)
suggests that BBA64, BBA65, BBA66, BBA71, and BBA73 may be involved the long-term
survival or pathogenesis of B. burgdorferi in mice and more specifically, may be important for

dissemination to specific tissues.
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4.2 BBAG64, BBAGS, BBA66, BBA71, AND BBA73 ORTHOLOGS MAY BE
HARBORED BY DIVERSE BORRELIA SPECIES AND ARE SUBJECT TO ALTERED

LEVELS OF EXPRESSION IN RESPONSE TO pH

4.2.1 Putative bba64, bba65, bba66, bba71, and bba73 are detectable using a combination

of Southern blotting and PCR analyses

Partial genome sequencing of B. afzelii PKo and B. garinii PBi indicate that orthologs of varying
identity to bba64, bba65, bba66, bba71l and bba73 are present in these isolates and found on
homologous plasmids. Southern blotting (Figure 3.2.1) and PCR (Figure 3.2.2) experiments
performed to assess whether these genes were conserved by other diverse Borrelia species
demonstrated that putative orthologs may indeed be present in Borrelia burgdorferi ss species B.
californiensis, B. andersonii, and B. valaisiana as well as in the relapsing fever-causing Borrelia
species B. anserina. Intriguingly, none of the remaining relapsing fever spirochetes displayed
hybridization to our gene probes (Figure 3.2.1); however, PCR amplification of select genes
using B31 sequence-specific primers (Figure 3.2.1) was successful with at least two gene primer
sets for each relapsing fever spirochete that did not demonstrate hybridization by Southern
blotting with any of our gene probes. The two hybridizing bands detected in B. andersonii with
the bba66 gene probe were also interesting and could suggest either a gene duplication event or
an EcoRlI restriction endonuclease site is present within the ortholog. Further investigation is
required to determine if either of these events has occurred.

Hybridization results were varied for the remaining B. burgdorferi sensu lato (sl) species,
and the appearance of weak hybridization bands or non-definitive bands in genomic DNA from

B. afzelii and B. garinii was not unexpected. The sequence identity of the gene orthologs
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between these species ranges from 82 % to 32 % in comparison to B. burgdorferi B31,
decreasing the likelihood of hybridization under our experimental conditions. Notably, our level
of detection of bba66 orthologs was similar to that of a previous study (458), but bba64
orthologs were more readily detected by Gilmore et al in B. afzelii and B. garinii genomic DNA
and might reflect differences in gene probes or stains used in that study (154) and those used in
the present study. Ultimately, the lack of an observable hybridizing band in several Borrelia
species is not indicative of the absence of an ortholog to our genes of interest, as there may be
enough divergence in the sequences that our B. burgdorferi B31-derived gene-specific probes
were unable to hybridize. This point is highlighted by the lack of hybridization of our flaB probe
in all Borrelia whose flaB was less than 84% similar to that of B. burgdorferi B31. However, we
can not rule out that genomic DNA from some species may have been too fragmented by
endonuclease digest to detect with our probes. Furthermore, it is also possible that the plasmids
harboring putative orthologs have been lost in some of the diverse species analyzed; however,
our PCR results would refute this hypothesis for at least some of those species which we did not
observe detectable hybridization with in our Southern blotting analysis.

Using PCR we were able to detect putative orthologs that shared an adequate amount of
sequence identity to the B31 primers to allow for their amplification; the results obtained from
this study correlated well with our Southern blotting analyses and expanded the number of
putative orthologs that were initially identified by Southern blotting. Interestingly, some PCR
products varied slightly in size and intensity when visualized under UV, indicating that some
species harbored putative orthologs that differed in size and/or their ability to hybridize to our
PCR primers, respectively. These findings also indicate that DNA preparations were not

contaminated with B31 genomic DNA. From our analyses we noted that PCR products were
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amplified from the highly similar species B. californiensis using all primer sets and that the
products demonstrated little variation in size from any of the B. burgdorferi ss products (Figure
3.2.2B-F). Slightly larger products, however, were amplified from B. afzelii and B. garinii than
from B. burgdorferi using bba64-specific primers Figure 3.2.2B); these data agree with
previously published sequence information (157, 458) and southern blotting data (154) (Figure
3.2.1). Amplification using bba64 primers was successful with each of the remaining B.
burgdorferi sl species examined, but yielded only a faint product from the relapsing fever
spirochete B. anserina (Figure 3.2.2B). The lack of detectable PCR products from nearly all of
the primer sets used with B. anserina genomic DNA suggest that the B31 sequence-specific
primers may share too little sequence identity with putative B. anserina orthologs to effectively
prime PCR amplification; this was in contrast to the B31 whole gene probes which shared
enough sequence identity with putative B. anserina orthologs to yield definitive hybridization
results by Southern blotting. Finally, the amplification of products from the remaining relapsing
fever species that were similar in size to products obtained with B. burgdorferi B31 DNA with
select bba64, bba71, and bba73 primer sets suggests that orthologs to these genes may also be

present in relapsing fever isolates.

4.2.2 a-BBAG66, -BBAT71, and -BBA73 cross-reactive proteins are detectable in human-

pathogenic B. burgdorferi sl species and the closely related B. californiensis

Immunoblotting with a-BBA66, -BBA71, and -BBA73 antibodies revealed that not all orthologs
detected by either Southern blotting or PCR were detectable with our antibodies (Figure 3.2.3).
Instead, antibody cross-reactivity was limited to B. burgdorferi sl species known to be

pathogenic in humans and the closely related species B. californiensis. Possible explanations for
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the limited detection of cross-reactive proteins include, but are not limited to: 1) putative protein
orthologs are expressed by various Borrelia species, but they lack epitopes that are detectable
with the B31 protein-specific polyclonal antibodies used in these studies; ii) repeated in vitro
passage of B. burgdorferi has been shown to reduce the expression of BBA66, BBA71 and
BBAT73 below the levels of detection by immunoblotting (10, 89), a phenomenon which may be
occurring in some of the Borrelia species examined here. Importantly, detection of a-BBA66, -
BBA71, and -BBA73 cross-reactive proteins in the human-pathogenic species B. afzelii and B.
garinii correlates with the association of these proteins with infectious B. burgdorferi ss strains
B31 and A3 (Section 3.1.3), further strengthening the argument that these proteins are somehow
involved and important during mammalian infection and/or pathogenesis.

It was interesting to find that a-BBA66 and -BBA73 pH-responsive, cross-reactive
proteins were also expressed by B. californiensis isolate CA8. At the time of these analyses,
there was no known connection between B. californiensis and human infection. However, B.
californiensis has been shown to be more similar to B. burgdorferi ss than to other known B.
burgdorferi sl species based on the analyses of seven independent DNA loci (337). Based on
their relatedness, it may be possible that B. burgdorferi ss and B. californiensis diverged from
one another relatively recently, but B. californiensis may have lost factors necessary for human
infection and/or pathogenicity while retaining the genes encoding the a-BBA66 and -BBA73
cross-reactive proteins detected in Figure 3.2.3. Alternatively, it may be that B. californiensis
isolate CAS8 is infectious in humans, but it has not been associated with human disease yet
because it is transmitted in the Western United States by I. pacificus, a vector that has been

shown to be less competent than I. scapularis (126, 244).
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4.2.3 Synthesis of a-BBA66, -BBA71, and BBA73 cross-reactive proteins is responsive to

changes in pH in vitro

The affect of changing culture pH upon Borrelia species beyond a few B. burgdorferi ss isolates
has not been addressed. Thus, we undertook to determine whether alterations in culture pH
caused changes in the protein profiles of those Borrelia species examined for antibody cross-
reactivity. In B. burgdorferi B31, expression of BBA66, BBA71, and BBA73 is increased at pH
7.0 relative to pH 8.0 at the levels of transcription (78, 89) and of protein synthesis (Figure
3.2.3). Correspondingly, each of the cross-reactive proteins detected was responsive to changes
in culture pH in a manner that mirrored protein expression in B. burgdorferi B31. OppAl has not
been demonstrated to be affected by pH in B. burgdorferi B31 and fittingly, the expression of a.-
OppAl cross-reactive proteins detected in other species did not change with alterations in culture
pH (Figure 3.2.3). Moreover, OppAl is involved in transporting oligopeptides into the
spirochetal cell, helping to compensate for the limited metabolic and biosynthetic capabilities of
B. burgdorferi. A protein of such importance is unlikely to be significantly altered and as would
be expected from such a protein, putative OppAl orthologs expressed by each of the diverse
Borrelia species examined are cross-reactive with B. burgdorferi B31-specific a-OppAl
polyclonal antibodies. Therefore, we were able to utilize this protein as a loading control for the
pH 7.0 versus pH 8.0 samples from individual species. Combined with Southern blotting (Figure
3.2.1) and PCR (Figure 2.3.2), the observations that cross-reactive proteins were similar in size
and pH-responsiveness to B31 proteins increases the likelihood that they are orthalogous to their

B. burgdorferi B31 counterparts.
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43 BBAG66 IS NOT REQUIRED FOR INFECTION OF MICE

BBAG66 has been recognized as an antigenic outer surface-localized lipoprotein that is regulated
in response to numerous environmental cues including temperature (361, 446), pH (361),
mammalian host factors (361), and mammalian blood (446). Under the influence of these cues,
BBAG66 is upregulated under conditions mimicking the mammalian host. Moreover, bba66
transcripts are upregulated during murine infection (153, 258) and a-BBA66 antibodies are
present in sera from B. burgdorferi-infected mice, rabbits, and humans (89, 308). The known B.
burgdorferi virulence factor, OspC, is upregulated under similar environmental conditions (78,
308, 346, 361, 390, 446, 484) and is also upregulated and antigenic during murine infection (147,
318, 319). However, while ospC transcription has been shown to be directly regulated by the
alternative sigma factor RpoS (487), bba66 transcription is believed to be indirectly influenced
by RpoS or require additional accessory regulators (89). Thus, we hypothesized that BBA66
may also be important, though not required (Section 1.7.3) during mammalian infection and/or

pathogenesis.

4.3.1 bba66 mutants retain the ability to infect mice

Using the infectious clone A3, we were able to isolate an infectious bba66 mutant isogenic to the
parental background; this differed from other knockout mutagenesis studies in which other
groups used an Ip25  background that required complementation of the minimal 1p25 region
required for murine infection (272, 400). We were careful to utilize an 1p25" background as
conflicting data has arisen in the literature when comparing knockout mutants that were cloned

either in 1p25” or 1p25~ backgrounds (255, 400). In the instance of BBK32, a surface-localized

112



fibronectin binding lipoprotein (340), two separate studies examined the effect of bbk32
knockout mutants upon infectivity and pathogenesis in mice. The first of these studies
demonstrated that 1p25~ bbk32 mutants, complemented with the minimal region of Ip25 required
for murine infectivity, were significantly attenuated in mice (400); however, in the second study,
a bbk32 mutant in an Ip25" background retained its full infection and pathogenicity potential
(255). Thus, it appears that the loss of pathogenicity in the bbk32 mutant in the first study could
be due to insufficient complementation of 1p25 and not the bbk32 gene mutation. Fittingly, using
an 1p25" bba66 knockout mutant in a murine model of Lyme disease, we demonstrated that
bba66 is not required for murine infection. In our analysis of an 1p25" bba66 mutant, all groups
of mice became infected as demonstrated by ELISA (Table 3.3.1) over a 35 day infection course.
Borrelia were reisolated from all but one A3-bba66comp-infected mouse which demonstrated no
signs of infection (Table 3.3.1). Given the similarity shared between bba66 and bba64, bba65,
and bba73 (Table 1.6.1), it is possible that these genes and their encoded proteins may be
complementing any defects caused by mutation of bba66. However, the role of each of these
proteins and whether their functions overlap remains to be determined. Regardless, it is not
surprising that mutation of bba66 caused no gross changes in murine infectivity given that only a
single, highly-expressed outer surface-localized protein, OspC, has been shown to be required
for the establishment of murine infection (445). More telling will be future studies which aim to
determine whether spirochete loads are decreased in the cardiac tissue of mice infected with the

bba66 mutant isolate relative to the parental and complementing controls (Section 4.4.2).
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4.3.2 pBSV2G-bba66comp is maintained throughout acute murine infection

To ensure that our bba66 mutant strain had neither reverted nor been contaminated with the
pBSV2G-bba66comp plasmid and to assess whether the complementing plasmid was maintained
in vivo, we used plasmid rescue from genomic DNA of infected mice (Section 3.3.3).
Complementing plasmid was not present in A3-bba66::Kan-infected mouse DNA as
demonstrated by the inability to isolate gentamycin-resistant E. coli. Numerous colonies,
however, were recovered from A3-bba66comp-infected genomic DNA. This suggests that the
complementing plasmid is maintained in a large enough proportion of the spirochetes recovered
p.i. to be able to reisolate the plasmid. This also suggests that B. burgdorferi would rather
maintain the presence of bba66 as opposed to losing the plasmid, even in the absence of
antibiotic selection, during murine infection. This points to a potential importance of BBA66
throughout murine infection which is similarly hypothesized from findings that bba66 continues
to be expressed throughout persistent infection (153), despite the specific immune response

toward BBA66 that is elicited during murine infection (89, 153, 308).

44  CONCLUDING REMARKS AND FUTURE WORK

4.4.1 Final summary and contributions to the field

The culmination of the information to date from this study and other reports indicate that many
of the genes that cluster to the far end of 1p54 (i.e., bba64, bba65, bba66, bba69, bba71l, and

bba73) are influenced by the 6"-c° regulatory cascade in response to environmental signals, are
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expressed during persistent infection, and the encoded proteins are exposed on the spirochetal
cell surface. Furthermore, putative orthologs to bba64, bba65, bba66, bba71, and bba73 were
detected in select B. burgdorferi sl strains and relapsing fever Borrelia species based on
Southern blotting and PCR results (summarized in Table 3.2.1). This indicates that this subset of
genes historically categorized into pgf 54, are conserved in both Lyme-associated and relapsing
fever Borrelia species. Prior to our findings, only B. afzelii and B. garinii had been shown to
harbor bba64, bba65, bba66, bba7l, and bba73 gene orthologs. Though the function of these
proteins during the infection process, pathogenesis, or tissue tropism is currently undefined,
studies suggest that BBA64, BBA65, BBA66, BBA71, and BBA73 may play a role in Borrelia
tissue-specific pathogenicity in mammalian hosts . Here, however, we demonstrated for the
first time that BBA65, BBA71, and BBA73 are expressed by and localized to outer surface of
infectious isolates (Figures 3.1.5 and 3.1.3, respectively) which potentially positions them to be
able to interact with the mammalian host environment. Moreover, our collaboration with Dr.
Robert Gilmore demonstrated that these genes are expressed throughout persistent murine
infection (Section 4.1.3) indicating that any putative role these proteins might play in host-
pathogen interactions have the potential to do so for the duration of B. burgdorferi’s survival
within the host. While it is tempting to surmise that BBA64, BBA65, BBA66, BBA71, and
BBAT73 play redundant or complementary roles during mammalian infection, similar to what has
been demonstrated for the CRASPs (6, 186, 197, 233, 234), a specific role has only been
suggested for BBA66 (12, 458). Finally, the analyses of a bba66 knockout in a murine model of
Lyme disease demonstrated that bba66 is not absolutely required for the infection of C3H/HelJ
mice. This finding is in line with our original hypothesis and the analysis of a bba64 mutant

(272). While others in the lab did not detect significantly different spirochete loads in tissues at
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day 35 p.i., they did note two peaks in joint swelling of mice infected with the parental isolate,
A3. Thus, the peak in spirochetemia may be occurring near day 21 p.i. and examination of
spirochete load at this time point may better represent early dissemination of bba66" versus
bba66™ clones as the clearance of spirochetes by day 35 p.i. may mask potential difference in
tissue load. However, studies by Wallich et al (458) and Antonara et al (12) suggest that BBA66
plays a role in dissemination and/or adhesion of B. burgdorferi to murine cardiac tissue. Thus,
one of the future studies proposed in the following sections is to examine the effect of bba66
mutagenesis upon murine infection and tissue burden at earlier time points. Additionally, we
will aim to examine i) the effects upon infection and/or pathogenicity when bba65, bba71, and
bba73 are mutated, and ii) to sequence putative bba64, bba65, bba66, bba7l, and bba73

orthologs to confirm their identity.

4.4.2 Future Study 1: Further analysis of a bba66 knockout mutant in a murine model of

Lyme disease

Though others in the lab observed a trend toward decreased A3-bba66::Kan spirochete numbers
in heart tissue relative to A3 and A3-bba66comp, they did not find these differences to be
significant. Spirochete numbers in tissues of infected C3H mice have been shown to be
measurably higher than in other mouse models at weeks two through five p.i. (29, 483);
additionally, mice infected with our wildtype control, A3, demonstrated an initial peak in joint
swelling at day 15 — 20 p.i.. Thus, in a second set of experimental infections, mice will again be
infected with either A3, A3-bba66::Kan or A3-bba66comp but mice will be sacrificed at day 21
p.i. to examine tissue spirochete loads by qPCR at the peak of spirochetemia and cardiac
inflammation. Because we showed in our initial study that serology and organ culture for
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outgrowth of spirochetes are equally reliable indications of infection (Table 3.3.1), half of each
tissue type will be used for histology in the proposed study as opposed to outgrowth. Combined
with joint measurements, histology will demonstrate whether mutation of bba66 has an effect on

cellular infiltrates or inflammation within joint tissues.

4.4.3 Future Study 2: Knockout mutagenesis of bba65, bba71, and bba73 for assessment of

infectivity and pathogenesis in a murine model of Lyme disease

Further investigation of bba65, bba71, and bba73 is clearly warranted to assess their role(s)
during the tick-mouse infection cycle. Thus, deletion mutagenesis of bba65, bba71, and bba73
will be utilized to determine the effect of these genes upon murine infection and/or
pathogenicity. Mutational analysis and murine infections will be carried out in a similar fashion
to what was described for bba66 (Section 3.3). While previous reports linked bba66 with
localization of Borrelia to murine heart tissue, only bba65 has been suggested to be involved in
dissemination to or survival within specific tissues (458); the contribution of bba71 and bba73 to
infection and/or pathogenicity has not been hypothesized upon and thus it is difficult to suggest
what the effect of mutating these genes will be. However, given that BBA65, BBA71, and
BBAT73 are localized to the outer surface of the cell (Figure 3.1.5), it is reasonable to hypothesize
that they may be involved in host-pathogen interactions that will become apparent after

mutagenesis and infection in a murine model of Lyme disease.
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4.4.4 Future Study 3: Sequencing and sequence analysis of bba64, bba65, bba66, bba71,

and bba73 orthologs harbored by diverse Borrelia species

The PCR analysis of Lyme arthritis- and relapsing fever-associated Borrelia species presented in
Section 3.3.2 revealed that the full-length 3’ bba64 and 5° bba73 primers were used in at least
one successful PCR reaction with all species except B. valaisiana and B. parkeri. If the
orthologs detected either by Southern blotting or by PCR are contiguous in other Borrelia
species as they are on Ip54 in B. burgdorferi B31, we may be able to use these primers in
combination to amplify, clone, and sequence the regions encoding these genes from the
remaining Borrelia species. Importantly, each of the three species for which bba64, bba65,
bba66, bba71, and bba73 orthologs have been sequenced show that these genes are contiguous
on linear plasmids. Sequencing and/or Southern blotting of borrelial genomic DNA separated by
contour-clamped homogenous electric field (CHEF) electrophoresis will be utilized to determine
whether putative orthologs are similarly harbored on a single plasmid. Alternatively, if long-
range PCR of these putatively contiguous regions is not successful, the BBA64FL.1 or BB64rt.F
primers can be used to yield the initial sequence data from which species-specific primers will be
designed for subsequent sequencing reactions. Completed ortholog sequences will be 1)
examined for their organization and whether they are harbored on a single linear plasmid, similar
to B31, ii) the sequence identity shared between putative orthologs and B31 gene sequences will
be performed using sequence algorithms, and iii) sequences will be examined for the presence of
conserved regions which may indicate which nucleotides or amino acids are important for

function and/or structure of each gene and its orthologs.
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APPENDIX A

DISPHOS ANALYSIS FOR PUTATIVE PHOPHORYLATION SITES OF BBA66

The (Disorder-Enhanced Phosphorylation) DISPHOS Sites Predictor 3.1 (http://core.ist.temple.
edu/pred/pred.html) was utilized to predict putative phosphorylation sites within the BBA66
amino acid sequence. The DISPHOS algorithm bases it’s predictions upon sequence complexity,
residue charge, disordered protein regions (considered an important prerequisite for
phosphorylation to occur), and other additional characteristics. As shown in the figure below, 29
residues were predicted to be phosphorylated using this program. (A) A graphical representation
depicts residues with a DISPHOS score above 0.5; scores between 0.5 and 1 are considered to be
predictive of putative phosphorylation sights. Red triangles, serine (S); blue circles, threonine
(T); green squares, tyrosine (Y). (B) The DISPHOS output for the BBA66 amino acid sequence
showing all S, T, and Y using the color scheme noted in (A). Asterisks indicate S residues
within the S-rich C-terminus that are putatively be phosphorylated. Coiled-coil regions and three
residues predicted by RBDfinder to be putatively important in binding (Section 4.3.3) are
indicated with yellow bars above the sequence or black bars below the sequence, respectively.
(C) Tabular output of the colored residues shown in (B) with indication of residues predicted to

be phosphorylated — denoted in the Yes/No column with “YES.”
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BBAG66 DISPHOS Results
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DISPHDS Score
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»
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P- wa

41 82 123 164 205 248 287 328 369
Amine Acid Positiom

'LKIKPLIQLKLLGLFLFSCTIDANLNEDYKNKVKGILNKAADDQETTSADTNSNAAKNIPIBDNDKVBAELKKQSQAAKT
VAAAPNKGSQNQPQTTPNKGSQNQQAAPSPQLOSLSFSADLSNLPKTTAARAASLTKQRIPIQAVITVPGNTRTFNSRNS
GLPTFALNYSFSQPTRQQTNSSSAVQTTTSSGSKLQTLKNELIRAISEEKNKTONNFGFRETYDQFKMKDSAFELLDVIS
SAKVYDRSYAPQLNSNTPEAENERNKFYALMDFDQYKIEQFGSIMEALYNENQNHSLIRELMISGLGTQISFELALEEIN
KKIEIFNQDYLNAKINSFDFTMKLKELKSKLNQILDKRKEWSROADGLIANASSNSSLSDSKSLAEYIKKRYLDNMONAR

QSVLEAYISIM * kk kk k Kk &
Position Resi Score Seq YesiNo Position Residue Score Sequence Yes/No
18 S 0.040 LFLFSCTID 191 S 0699 TTTSSGSKEL YES
20 T 0.082 LFSCTIDAN 193 S 0.406 TSSGSRLQT
29 Y 0.096 LNEDYENEV 197 T 0.556 SELQTLENE YES
46 T 0.249 DDQETTSAD 207 s 0665 IRRISEERN YES
47 T 0443 DQETTSADT 213 T 0212 EENKTQNNF
48 s 0.486 QETTSADTN 222 T 0.782 GFRETYDQF YES
51 T 0422 TSADTNSNA 223 ¥ 0.300 FRETYDQFK
53 S 0.303 ADTNSNAAR 231 ] 0.386 EMEDSAFEL
75 S 0.427 LEKQSQAAR 240 S 0.393 LDVISSAKY
80 T 0412 QAAKTVAAR 241 S 0332 DVISSARVY
89 S 0.400 PNEGSQNQP 245 Y 0.466 SAKVYDRSY
95 T 0139 NQEQTTENE 248 S 0.526 VYDRSYAPQ YES
96 T 0726 QPQTTPNEG YES 249 Y 0.736 YDRSYAPQL YES
101 s 0.419 ENEGSQNQQ 255 S 0.227 PQLNSNTPE
109 S 0699 QAAPSPQLQ YES 257 T 0313 LNSNTPEAE
114 S 0.490 PQLOSLSES 268 Y 0598 RNEFYALMD YES
116 s 0573 LQSLSFSAD YES 276 4 0.340 DFDQYRIEQ
118 S 0524 SLSFSADLS YES 283 S 0.263 EQFGSIMEA
122 S 0.365 SADLSNLPK 289 . 0.393 MEALYNENQ
127 T 0.259 NLPETTAAR 296 ] 0223 NQNHSLIRE
128 T 0.504 LPETTAARA YES 304 S 0170 ELMISGLGT
134 s 0.693 ARAASLTRQ YES 308 T 0.090 SGLGTQISF
136 T 0277 ARSLTEQRI 3n s 0.165 GTQISFELA
146 T 0.133 IQAVTTVEG 330 Y 0.181 FNQDYLNAK
147 T 0.189 QAVTTVEGN 337 S 0184 ARINSFDFT
152 T 0.358 VEGNTRTEN M T 0128 SFDFTMELE
154 T 0327 GNTRTENSR 349 s 0.457 KELESKLNQ
157 S 0.128 RTFNSRNSG 362 S 0.509 REEWSAQAD YES
160 S 0.396 NSRNSGLET 3 S 0674 IRNASSNSS YES
164 T 0444 SGLPTFALN 374 S 0.705 ANASSNSSL YES
169 Y 0.325 FALNYSFSQ are s 0778 ASSNSSLSD YES
170 s 0.195 ALNYSFSQP 3n s 0785 SSNSSLSDS YES
172 S 0175 NYSFSQPTR 379 S 0.749 NSSLSDSES YES
175 T: 0546 FSQPTROQT YES 381 s 0.736 SLSDSKSLA YES
179 T 0.568 TRQQTNSSS YES 383 s 0.750 SDSKSLAEY YES
181 S 0464 QOTNSSSAV 387 Y 0.176 SLAEYIKKR
182 S 0.442 QTNSSSAVQ 392 ¥ 0.005 IKKRYLDNM
183 S 0.496 TNSSSAVQT 402 S 0.285 NARQSVLEA
187 T 0.508 SAVQTTTSS YES 407 Y 0135 VLEAYISIM
188 T 0.207 AVQTTTSSG 409 s 0.199 EAYISIM**

189 T 0.281 VQTTTSSGS “An astensk indicates prediction by similarity to the training sequences
190 s 0.542 QTTTSSGSK YES
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