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Abstract

Borrelia burgdorferi is the causative agent of Lyme disease, the most common vector-
borne illness in the United States, affecting around 476,000 people annually with no human
vaccine currently available. Unlike other pathogens, B. burgdorferi lacks classical virulence
factors; instead, its pathogenesis depends on the ability to invade, disseminate, and persist in host
tissues. Proteins containing tetratricopeptide repeats (TPRs) in B. burgdorferi have been shown to
contribute to pathogenesis through motility, immune evasion, persistence, and membrane integrity.
TPR motifs are 34 amino acid-long, alpha-helical structural motifs found in a variety of proteins
that mediate protein-protein interaction. It is defined by a consensus sequence of small and large
hydrophobic residues that forms a scaffold for protein binding. In bacteria, TPR-containing
proteins have been shown to play roles in numerous cellular processes, including virulence. B.
burgdorferi has 23 proteins annotated as putatively containing TPRs, out of which six have been
previously characterized as important in pathogenesis. I hypothesize that the 17-remaining TPR-
containing proteins of B. burgdorferi also have roles in pathogenesis. This research focuses on
characterizing these putative TPR-containing proteins in B. burgdorferi. 1 began by confirming
that all 17 of these proteins contain TPR motifs through the identification of consensus sequences
and examination of predicted protein structures using web-based toolkits. My analysis suggests
that each B. burgdorferi protein possesses between one and nine TPR motifs which form
characteristic antiparallel a-helical structure that are potential sites for protein binding. The
identified TPR motifs include variably conserved consensus residues which may prove useful in
future studies to determine the contribution of such residues in protein binding. Moreover, I was
successful in purifying one of these B. burgdorferi TPR-containing proteins, BB0133. BB0133 is
a hypothetical protein containing 5 TPRs that is predicted to reside in the cytoplasm. Purified
BBO0133 will be used in future studies for the identification of its binding partners. Finally, I
investigated the transcriptional changes of the 17 TPR-containing B. burgdorferi proteins in
response to environmental conditions. I found that two of the TPR-containing genes, bbj23 and
bbj24, were upregulated under in vitro mammalian-mimicking conditions, suggesting they are
potential candidates for further studies into their roles in mammalian infection. Overall, this
research has helped to build a foundation in the characterization of B. burgdorferi TPR-containing

proteins and in the future determining their roles in pathogenesis.
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Chapter 1 - Introduction

Lyme disease

Epidemiology of Lyme disease

Lyme disease is the most common vector-borne disease in the United States and Europe,
with annual cases of approximately 476,000 in the United States and 650,000-850,000 cases in
Europe (Alojz Peterle et al., 2018; Kugeler et al., 2021). The disease is mostly prevalent in the
Northeastern, Mid-Atlantic, and upper Midwest regions of the United States as shown in Figure
1-1 (Mead, 2015). Lyme disease is caused by the bacterial pathogen Borrelia burgdorferi which
is transmitted through the bite of an infected Ixodes scapularis tick. Lyme disease is spreading due
to climate change, which has influenced the number of tick populations, their survival, and the
availability of hosts (Dumic & Severnini, 2018). In the coming decades, it is predicted that cases

of Lyme disease will increase by 20 percent in the United States (Dumic & Severnini, 2018).
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Figure 1-1. Reported cases of Lyme disease in the United States in 2023 according to the
Center of Disease Control and Prevention.

Each dot represents the reported cases from the infected person’s county of residence.

Transmission of Lyme disease

Multiple species of Ixodes ticks can transmit B. burgdorferi among animals; however, only
four species commonly bite humans. In the United States the blacklegged or deer tick, Ixodes
scapularis, 1s known as the principal vector for transmitting B. burgdorferi. In Europe, Ixodes
ricinus is responsible for transmitting B. burgdorferi whereas in Asia, it is Ixodes persulcatus
(Kurtenbach et al., 2006).

The nymphal Ixodes tick is responsible for the majority of human infections because of
their small size which makes them harder to detect and remove before transmission occurs (Helble
et al., 2021a; Radolf et al., 2012). The tick needs to remain attached and feed for an extended
period, typically around 36 to 48 hours, before the B. burgdorferi spirochete migrates from the
tick’s midgut to its salivary glands and into the host (Helble et al., 2021b).

Symptoms of Lyme disease

After the spirochete is transmitted into the human body, Lyme disease progression occurs
in three different stages: early localized Lyme disease, early disseminated Lyme disease, and late
disseminated Lyme disease, with diverse symptoms and different clinical manifestations at each
stage (Steere et al., 2004; Strnad et al., 2023). Early localized Lyme disease appears within 3 to 30
days after the bacterial transmission through the bite of an infected tick and begins with a skin
lesion, called erythema migrans, that forms at the site of the tick bite in around 70% of patients
(Schwartz et al., 2017). This initial phase of Lyme disease is accompanied by flu-like symptoms

such as fever, fatigue, headache, and musculoskeletal pain (Steere et al., 1983).



However, if the disease remains left untreated, 3 to 12 weeks after initial infection, B.
burgdorferi will disseminate into secondary tissues and organs via the bloodstream, leading to
early disseminated Lyme disease (Biesiada et al., 2012). During this stage, bacteria may enter the
joints, tendons, and cardiac tissues, leading to musculoskeletal pain, swelling of large joints, and
carditis - also known as Lyme carditis (Bitar & Lally, 2008; Schwartz et al., 2017). The clinical
symptoms of early disseminated Lyme disease may include cardiac symptoms (chest pain, heart
palpitation, and shortness of breath) and neurological symptoms (headache, dizziness, meningitis,
and facial palsy) (Skar et al., 2025).

Months after the initial infection, the late stage of Lyme disease may occur. The typical
features at this stage include neurological and musculoskeletal issues like Lyme arthritis. Patients
may also experience cognitive defects like loss of memory and difficulty in concentration (Bitar
& Lally, 2008; Gray et al., 2002; Steere et al., 1983).

Diagnosis of Lyme disease

Lyme disease is diagnosed by exposure history and laboratory testing. In early stages of
infection, a patient with an erythema migrans and plausible tick exposer receives an immediate
clinical diagnosis, since antibody test are often negative during this stage (R. P. Smith et al., 2002;
Wright et al., 2012). For patients without the rash, diagnosis relies on a two-tiered serologic test.
The first tier is a sensitive enzyme immunoassay that screens for antibodies against B. burgdorferi.
Samples that test positive or unclear move to a second tier, a western immunoblot (Branda et al.,
2017). This two-step process keeps specificity above 99% and screens out false positives caused
by antibodies related to other bacteria and viruses. The test works well once the immune response

builds up in later stages of the disease, correctly identifying >90% of the cases. However, in the



early stage it catches only 30-50% of early infections (Waddell et al., 2016). This gap in early-
stage detection highlights the need of better diagnostic.
Treatment and prevention of Lyme disease

Antibiotic treatment is used to treat early infection and prevent progression to later stages.
In the early stages of Lyme disease, a course of oral antibiotics, most commonly doxycycline or a
beta-lactam such as cefuroxime axetil or amoxicillin, is used for 14 to 28 days to resolve the
symptoms (R. P. Smith et al., 2002; Wright et al., 2012). However, months after the antibiotic
treatment, approximately 10—20% of patients continue to experience fatigue, musculoskeletal pain,
and cognitive difficulties which is known as post-treatment Lyme disease syndrome (PTLDS)
(Aucott et al., 2013; Marques, 2008). The etiology of PTLDS remains unresolved. The proposed
mechanisms include persistence of residual bacterial debris that sustain immune stimulation,
autoimmune responses, and tissue damage that incurred during active infection (Bobe et al., 2021;
Rebman & Aucott, 2020).

Since there is no human vaccine currently available, the disease could be prevented by
avoiding tick-infested habitats, particularly wooded areas during spring and summer, using
repellants such as DEET, and wearing protective clothing such as long sleeves and light-colored
fabric to limit skin exposer and ease tick detection (Biesiada et al., 2012; Gray et al., 2002).
Likewise, regular tick checks and removal of ticks before 24 hours of attachment is helpful given
that transmission of B. burgdorferi typically requires around 36-48 hours of attachment (Gray et
al., 2002).

Enzootic cycle
Ixodes scapularis undergoes four developmental stages during its life cycle: egg, larva,

nymph, and adult as shown in Figure 1-2 (Helble et al., 2021a; Radolf et al., 2012). The life cycle



spans approximately two years, during which the tick takes a single blood meal at each stage. Ticks
hatch from uninfected eggs, as B. burgdorferi is not transmitted transovarial from adult ticks to
their offspring. Instead, ticks acquire B. burgdorferi while feeding on infected reservoir hosts,
primarily mice, other small mammals, and birds (Steere et al., 2004).

Once infected, ticks can transmit the pathogen to subsequent hosts, including humans
(Radolfetal., 2012). Humans are considered incidental or dead-end hosts, as they do not contribute
to further transmission of the pathogen (Helble et al., 2021a; Kurtenbach et al., 2006). Adult ticks
feed preferentially on deer, which are regarded as incompetent hosts because they do not sustain
infection and can clear the pathogen (Radolf et al., 2012). Nevertheless, deer play a critical role in
the ecology of Lyme disease by supporting tick reproduction and facilitating the geographic

dispersal of ticks (Radolf et al., 2012).
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Figure 1-2. Enzootic cycle of B. burgdorferi.

Newly hatched uninfected larval ticks seek a host to feed on such as small mammals or birds. Since
B. burgdorferi is not transmitted transovarial, this is the first opportunity for B. burgdorferi to enter
the tick as it feeds upon infected small mammals. Once fed, the six-legged larva molts into an
eight-legged nymph which may be infected with B. burgdorferi acquired during their first blood
meal. Infected nymphal ticks can transmit B. burgdorferi to subsequent hosts that include humans
and domestic animals. After the fed nymph molts into an adult stage, they search for large animals
like white tailed deer for a final blood meal and mating. Infected adult ticks can also feed upon
humans and domestic animals to transmit B. burgdorferi. This figure is adapted from Radolf et al.,
2012 and was made using BioRender.



Borrelia burgdorferi

B. burgdorferi genomics

The unusual genome architecture of B. burgdorferi underlies much of its ability to persist
and adapt within tick vectors and mammalian hosts. Unlike most other bacteria, which carry a
single circular chromosome, B. burgdorferi possess a linear chromosome of approximately 910
kilobases accompanied by 21 additional plasmids comprising 12 linear and 9 circular plasmids
(Casjens et al., 2000). Together, these plasmids constitute more than 40% of the organism's total
genetic material, the largest plasmid complement documented in any characterized bacterium
(Casjens et al., 2000).

Research indicates that plasmid-derived functions are essential to spirochete infectivity and
transmission, however many of the genes encoded by these plasmids are still poorly understood
and their roles are unknown (Schwan et al., 1988). Although the plasmid content varies somewhat
among natural isolates, circular plasmid cp26 is essential under all growth conditions tested
(Byram et al., 2004). Likewise linear plasmid Ip25 is required for the survival of spirochete in mice
(Purser et al., 2003).

B. burgdorferi pathogenesis

Unlike other bacterial pathogens, B. burgdorferi lacks classical virulence factors, such as
toxins and secretion systems, to cause disease (Coburn et al., 2021). Notably, B. burgdorferi does
not produce or secrete any known toxins, and its outer membrane lacks the lipopolysaccharide
found in most Gram-negative bacteria. Instead, B. burgdorferi pathogenesis depends on its ability
to invade, disseminate, and persist in host tissues (Brissette & Gaultney, 2014; Coburn et al., 2021;

Strnad et al., 2023).



B. burgdorferi exhibits a dual nature of being able to survive in both mammalian and tick
hosts by carefully modulating its gene expression (Radolf et al., 2012). This allows the spirochete
to adapt to changes in the environment and nutritional availability during transmission between
two different hosts. These transitions are largely governed by two regulatory circuits: the
Hk1/Rrpl pathway that includes c-di-GMP and controls gene expression within the tick, and the
RpoS pathway that activates the genes required for mammalian infection as shown in Figure 1-3
(Rogers et al., 2009; Ouyang et al., 2012).

Once deposited into the skin, B. burgdorferi adheres to host tissues, disseminates through
the bloodstream, and evades the immune response to establish infection (Radolf et al., 2012). The
spirochete produces numerous surface adhesins, that mediate binding to host cells and extracellular
matrix components and enable dissemination into host tissue (Fischer et al., 2003; Probert &
Johnson, 1998; Radolf et al., 2012). Once there, B. burgdorferi can survive in protected tissues for
months or years (Auwaerter, 2011; Radolf et al., 2012). The lasting infection slowly damages

nearby tissue which drives the late-stage symptoms of Lyme disease such as Lyme arthritis.



RpoS pathway

Hk1/Rrp1 RpoS
Tick vector P Mammalian host
pH, temperature,
CO,, cell density * Activates
RpoN+Rrp2+BosR
*Transcription

rpoS

Turns on genes required for
mammalian infection: ospC,
dbpA

Figure 1-3. The RpoS pathway activates B. burgdorferi mammalian infection genes.

The ability of B. burgdorferi to adapt to the mammalian environment is governed by the RpoS
pathway. Sigma factor RpoN, along with Rrp2 and BosR, control the transcription of rpoS. RpoS
then goes on to activate numerous important mammalian infection genes. This figure was made
using BioRender.

One factor that influences B. burgdorferi pathogenesis is the regulatory pathway RpoS that
is involved in mammalian infection. The RpoS pathway is switched on in vitro by environmental
cues that mark the transition from tick to mammal, including increased temperature, reduced pH,
higher cell density, and host-derived signals encountered during tick feeding, Figure 1-3 (Caimano
et al., 2007; Ouyang et al., 2008). This pathway is a regulatory cascade built around two alternative
sigma factors, RpoN (654) and RpoS (cS) (Hiibner et al., 2001; Yang et al., 2003). RpoN, together

with the response regulator Rrp2 and BosR transcribes the rpoS gene as shown in Figure 1-3



(Hyde, 2017; Ouyang et al., 2009, 2011). The resulting RpoS sigma factor directs RNA polymerase
to a specific set of promoters, turning on the genes required for mammalian infection (Caimano et
al.,2007; R. P. Smith et al., 2002). RpoS functions as the gatekeeper of host adaptation. It activates
mammalian-phase lipoproteins such as ospC and dbpA while simultaneously repressing tick-phase
genes such as ospA, producing the reciprocal OspA-to-OspC switch that accompanies transmission

to the host (Caimano et al., 2007).

Tetratricopeptide Repeats (TPRs)

TPR structure

Helix B WJ/

Figure 1-4. Ribbon diagram of the TPR-containing protein phospatase 5 (PP5).

PP5 was the first TPR-containing protein whose structure was determined by X-ray
crystallography at 2.3 A° resolution (PDB ID 3ICF). This protein illustrates the general structure
of TPRs, with one shown in cyan, magenta, and yellow color. Each TPR motif is composed of
two antiparallel a-helices, designated helix A and helix B, and all three motifs are structurally
nearly indistinguishable from one another. They are arranged in parallel, so that neighboring o-
helices in sequence run antiparallel to each other. Helix A and helix B are connected by a small
linker wich gives a helix-turn-helix model of TPR motifs. This figure was made using pyMOL
Molecular Graphics System, version 3.1.
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The tetratricopeptide repeat (TPR) is a 34-amino acid-long structural motif. TPR motifs
were first recognized in the cell-division cycle proteins of Saccharomyces cerevisiae (D’ Andrea
& Regan, 2003; Sikorski et al., 1990). TPR motifs are arranged in tandem arrays of three to sixteen
(or more) copies that fold together into a single elongated domain (Main et al., 2003). TPR motifs
serve as a molecular scaffold that mediates protein-protein interactions and coordinates the
assembly of larger multiprotein complexes (Blatch & Lassle, 1999; D’Andrea & Regan, 2003;
Sikorski et al., 1990). TPR motifs have a characteristic pattern of small and large hydrophobic
residues distributed across the 34 amino acids, with the TPR sequence centered around W4-L7-Gs-
Y 11-A20-F24-A27-P32. Small hydrophobic residues such as alanine or glycine are found at positions
8,20, and 27, while large hydrophobic molecules are found at the position 4, 7, 11, 24, and 32 (de
Boer et al., 1994; Scheufler et al., 2000a; Sikorski et al., 1990). Each TPR motif folds into a helix-
turn-helix unit composed of two antiparallel a-helical structures designated as helix A and helix
B, connected by a small turn as shown in Figure 1-4.

The two antiparallel regions of a TPR fold and at a characteristic angle of approximately
24° (Das et al., 1998; Main et al., 2003; Scheufler et al., 2000a). The helix-turn-helix model of the
TPR motif is packed together into a right-handed superhelix, generating a domain with both
concave and convex surfaces (Cerveny etal., 2013; Das et al., 1998). Ligand binding occurs mainly
on the concave surface, which form a groove that accommodates the binding of the target protein
or ligand, whereas the convex surface is largely solvent exposed and is generally not involved in
canonical ligand recognition (Das et al., 1998; Scheufler et al., 2000b).

TPR function

TPR-containing proteins participate in a wide range of cellular processes like cell cycle

regulation, transcriptional control, chaperon activity, protein translocation, and vesicular transport
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(Blatch & Léssle, 1999; D’ Andrea & Regan, 2003; Edqvist et al., 2006a; Sikorski et al., 1990). In
bacteria, proteins containing TPRs possess similarly widespread functions and are frequently
linked to pathogenesis (Cerveny et al., 2013).

TPR-containing proteins in microbes

TPRs play numerous roles in microbes. One role is protein folding and delivery: TPR
motifs serve as a chaperone of the type III secretion system in gram-negative bacteria like
Pseudomonas aeruginosa and Yersinia pestis, to facilitate the establishment of infection by
delivering effector proteins into host cells (Brooks et al., 2006; Edqvist et al., 2006b; Kondo et al.,
2010). These chaperones use their concave groove to bind unfolded effector proteins and for
secretion. Substrate binding by the TPR motif is the mechanistic step that helps make secretion
possible, without this binding step, effectors degrade or aggregate before they ever reach the host
cell (Dieppedale et al., 2011; Edqvist et al., 2006).

Beyond their role as secretion-system chaperones, TPR-containing proteins act directly as
virulence factors at several distinct steps of pathogenesis, and in each case the TPR motif supplies
the protein-protein interaction surface on which the function depends (Blatch & Léssle, 1999). For
example, TPR-containing proteins contribute towards pathogenesis through factors like motility,
immune invasion, and multiprotein complex assembly. For example, flagellar component A (FIcA)
of B. burgdorferi helps in the assembly of flagellar components that modulate the motility of the
pathogen (Xu et al., 2020). Another example found in multiple microbes is BamD, which uses
TPR motifs to help assemble the B-barrel assembly machinery that inserts proteins into the outer
membrane (Gatsos et al., 2008).

TPR-containing proteins are also involved in mediating invasion of pathogens into host

cells. In Legionella pneumophila the Sell-repeat TPR-containing protein LpnE promotes entry
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into macrophages and epithelial cells and directs the bacterium into a replication-permissive
vacuole. Truncating its C-terminal repeat units abolishes invasion, showing that the TPR repeat
array itself is involved in mediating entry (Newton et al., 2007). Once internalized, bacteria must
avoid detection by the host innate immune system, which would otherwise trigger inflammatory
clearance. The L. pneumophila periplasmic TPR-containing protein EnhC accomplishes this by
binding the soluble lytic transglycosylase SItL and restraining peptidoglycan turnover, thereby
lowering release of the muramyl-peptide fragments sensed by the cytosolic receptor Nodl. This
dampens NF-kB driven immune activation and is required for efficient replication within
macrophages (Song et al., 2012). In some pathogen, persistence into host cell depends on TPR-
containing proteins, as seen for the TPR-like proteins of Francisella tularensis that are required
for replication and virulence within the macrophage cytosol (Cerveny et al., 2013; Dieppedale et
al., 2011).

TPR motifs also contribute to pathogenesis by organizing the regulation of virulence genes:
in the periodontal intracellular pathogen Porphyromonas gingivalis. Three TPR motifs of TprA
assemble a complex with the associated proteins TapA, TapB, and TapC that is required for full
virulence, and loss of #pr4 both downregulates this gene cluster and impacts on bacteria’s virulence
ability in the murine model (Kondo et al., 2010). These examples of host-cell invasion, immune
evasion, persistence, and virulence-gene regulation highlight the importance of TPR-mediated
protein-protein interactions in bacterial pathogenesis and supports their potential as an attractive

target for therapeutic intervention. (Blatch & Lissle, 1999; Cerveny et al., 2013).
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Chapter 2 - Characterization of B. burgdorferi tetratricopeptide

repeat (TPR) containing proteins

Introduction

Borrelia burgdorferi, is the causative agent of Lyme disease. For B. burgdorferi to cause
disease, it needs to be able to adhere to host tissues, disseminate through the bloodstream, evade
the host immune response, and persist within host tissue across its dual-host enzootic life cycle
(Brissette & Gaultney, 2014; Coburn et al., 2021). One factor that influence the pathogenic ability
of B. burgdorferi is the presence of TPR motifs. There are six proteins in B. burgdorferi that have
previously been identified as containing TPRs and were found to be involved in pathogenesis
directly or indirectly through functions like motility, immune invasion, persistence, and membrane
integrity (Chang et al., 2021; Groshong et al., 2014; Moon et al., 2018; Xu et al., 2020; Yang et
al., 2016a; Zhuang et al., 2018a).

TPR-containing proteins FlcA (BB0326), FilcB (BB0058), and BB0236 contribute towards
B. burgdorferi pathogenesis through motility (Chang et al., 2021; Moon et al., 2018; Xu et al.,
2020). Motility in B. burgdorferi is driven by periplasmic flagellum which possess a unique
component, the flagellar collar, that is essential for assembly of flagella and motility of the
spirochete (Chang et al., 2021). The TPR motif present in FIcA (flagellar collar protein A) provides
a surface for protein-protein interaction, resulting in two protein binding partners, MotB and FIiL,
which are also components of the flagellar collar (Xu et al., 2020). FlcB (flagellar collar protein
B) binds with another flagellar component, FlcC, which together are important for generation of
torque that is required for spirochete motility (Chang et al., 2021). Another flagellar TPR-
containing protein, BB0236, is required for the proper assembly of the collar and overall flagellar

complex. BB0236 binds with FlaB, which is the base component of the collar supporting the
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spirochete in motility (Moon et al., 2018). Absence of flagellar TPR-containing proteins affects
motility in B. burgdorferi which likely also has a downstream impact on its ability to colonize and
disseminate in host tissues.

The B. burgdorferi TPR-containing protein BamD (BB0324) contributes to pathogenesis
through impacting membrane permeability and integrity (Knowles et al., 2009). BamD is an
accessory lipoprotein of the B-barrel assembly machine (BAM) which helps to catalyze the folding
and insertion of B-barrel outer membrane proteins into the outer membrane (Dunn et al., 2015a).
B. burgdorferi BamD consists of conserved TPR motifs comparable to the BamD homologs in
Neisseria meningitidis and Escherichia coli. Previous studies have shown that B. burgdorferi
BamD binds with other BAM components BamA (BB0795) and BB0028 (Brangulis, 2026a;
Lenhart et al., 2012; Volokhina et al., 2009). This interaction was further supported by structural
modelling of the B. burgdorferi BAM complex which predicted that BamD binds directly to the
periplasmic domain of BamA (Brangulis, 2026a). In B. burgdorferi, loss of BamD increases the
membrane permeability and sensitivity to antimicrobials, indicating its role in membrane integrity
and outer membrane protein localization (Dunn et al., 2015b; Lenhart et al., 2012).

BBO0238 is a TPR-containing protein that contributes to B. burgdorferi immune evasion.
BB0238 is unique to B. burgdorferi with the N-terminal carrying the TPR motifs. Through this
motif, BB0238 binds to the N-terminal region of BB0323, which is itself an essential virulence
determinant required for persistence in mice (Kariu et al., 2015; Thakur et al., 2017). Protein-
protein interaction of BB0323-BB0238 complex is necessary for long term survival of B.
burgdorferi in mammals (Bista et al., 2026). The BB0238 TPR motif helps in stability of the
overall protein and is involved in enhancing pathogen transmission from tick to mouse by

promoting spirochete evasion of early host immune defense (Groshong et al., 2014; Kariu et al.,
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2015). BB0238 also interacts with another B. burgdorferi protein, BBO108, which is a chaperone
(Thakur et al., 2017).

Another TPR-containing protein is Lmp1 (surface-located membrane protein 1, BB0210)
that contributes towards B. burgdorferi persistence in mice (Yang et al., 2016a; Zhuang et al.,
2018a). Lmpl also plays an essential role in spirochete transitions between mammalian host and
tick vector (Koci et al., 2018). Lmpl is divided into three regions: a N-terminal region (Lmp1N),
a middle region (Lmp1M), and a C-terminal region (Lmp1C), among which Lmp1C consists of
seven TPR motifs (Yang et al., 2016,). Lmp1 binds with a periplasmic serine protease BbHtrA
(high-temperature requirement A) which is involved in stabilization of Lmpl (Coleman et al.,
2013; Kariu et al., 2015; Zhuang et al., 2018b). B. burgdorferi Lmp1 contributes to evasion of the
host adaptive immune response and host-pathogen interaction (Koci et al., 2018; Yang et al., 2009,
2016b; Zhuang et al., 2018a).

Although six TPR-containing proteins have been characterized, B. burgdorferi encodes 17
more putative TPR-containing proteins (Table 2-1). The involvement of previously characterized
TPR-containing proteins in B. burgdorferi pathogenesis through motility, persistence, immune
evasion, and membrane integrity leads us to hypothesize that the remaining 17 putative TPR-
containing proteins are also involved in pathogenesis. This chapter focuses on in silico
characterization and transcriptional analysis of the 17 putative TPR-containing proteins, and
recombinant expression of one of these putative TPR-containing proteins: BB0133.

Table 2-1. List of putative B. burgdorferi TPR-containing proteins.

TPR-containing protein
BB0106
BB0126
BB0133
BB0134
BB0171
BB0195
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BB0209
BB0261
BB0298
BB0315
BB0398
BB0459
BB0537
BB0542
BB0714
BBJ23

BBJ24

Methods

In silico analysis

TPR motifs in each identified B. burgdorferi protein sequence were predicted using the
web-based server TPRpred (Karpenahalli et al., 2007). The protein secondary structures were
predicted using AlphaFold3 (Kurgan & Yang, 2025). PSORTDb 3.0 was used to predict the potential
location of a protein (Yu et al., 2010). SignalP6.0 was used to predict signal peptides present in
proteins (Teufel et al., 2022). DeepTMHMM was used to predict transmembrane regions present
in a protein structure (Hallgren et al., 2022). InterProScan was used to predict protein domains
(Jones et al., 2014).
Bacterial strains and growth conditions

Strains used for this study are listed in Table 2-3. B. burgdorferi was grown in Barbour-
Stoenner-Kelly II (BSKII) media supplemented with 6% normal rabbit serum. E. coli was grown
in Luria-Bertani (LB) broth or Rich media (LB broth with 0.2% glucose) or supplemented with
100pg/mL ampicillin when needed.

Reverse transcriptase (RT) quantitative polymerase chain reaction (QPCR)
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B. burgdorferi strain B31-A3 was grown under microaerophilic (32°C pH7.5 1%COz2) or
mammalian mimicking conditions (37°C pH6.8 5%CO2) (Elias et al., 2002). The bacteria was
grown to midlog phase (5-8x107 B. burgdorferi/field) and then centrifuged at 4000 xg for 20
minutes at 4°C. The supernatant was removed and the RNA pellet snap frozen before isolating
RNA. B. burgdorferi RNA was isolated using a hot phenol chloroform isolation method as
described in Lybecker et al., 2014. Total RNA was treated with DNase I (Takara) and 1pg of the
DNase-treated RNA was converted to cDNA using the High-Capacity ¢cDNA Reverse
Transcription Kit (Applied Biosystem) according to the manufacturer’s instructions. A no RT
control was included for each sample when making cDNA. RT-qPCR was performed with 5ng
cDNA using PerfeCTa SYBR Green FastMix Low ROX (Quantabio) according to manufacturer’s
instruction on a QuantStudio 5 Real-Time PCR system (Thermo Fisher). Primers used for RT-
qPCR are shown in Table 2-2. flaB was used as an internal control and fold-change was calculated
relative to 32°C pH7.5 1%CO2 growth condition from three biological and two to three technical
replicates using 2-42CT method (Livak & Schmittgen, 2001).

Table 2-2. List of primers used in this study.

Primer name Sequence (5’ to 3°)

flaB-RT-qPCR-F CAGCTAATGTTGCAAATCTTTTCTCT
flaB-RT-gPCR-R TTCCTGTTGAACACCCTCTTGA
bb0106-RT-qPCR-F TCTGAAAAAGACTATGAAGAAGCGG
bb0106-RT-gPCR-R CTCACGCTCATAGGGGGTAG
bb0126-RT-qPCR-F ACTTTGGAAATAAACAGCTCTGGC
bb0126-RT-qPCR-R GGATTATGTAAAGAGTGGCGGAG
bb0133-RT-qPCR-F AGCAAGCTCTGCAACAACATC
bb0133-RT-gPCR-R GGTATGGGAAATTACGAGAGAGCA
bb0134-RT-qPCR-F TCGTATCGGGAACCTTGGC
bb0134-RT-qPCR-R AGCTTTTTCTTCTTTGCCCTGG
bb0171-RT-qPCR-F ATTCAAACTATCGCGCACCG
bb0171-RT-qPCR-R ATAAGGCCGAGGTGGCTTTC
bb0195-RT-qPCR-F AGCTTCCTGTAAGATGCCGC
bb0195-RT-qPCR-R TGTCTTGTAAAGCATCCGAGC
bb0209-RT-qPCR-F GGGGTGAAATCGACTACATA
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bb0209-RT-qPCR-R

GAAGTTATTTTGCCCTGTTG

bb0261-RT-qPCR-F

AAAGATGTCCTAAAACACCTGGG

bb0261-RT-qPCR-R

CCAAAAGAGCTTCAATGTCGC

bb0298-RT-qPCR-F

CCAAGATCGCCCAGCGAATA

bb0298-RT-qgPCR-R

ACTTGGTGATATGGGTGAGGAC

bb0315-RT-qPCR-F

AGCGGTAAAGAATTGTTCAGAGA

bb0315-RT-qPCR-R

ACAATGTGTCGTCATTGAGTGC

bb0398-RT-qPCR-F

AATATGGTCCCAGCCCCTTGA

bb0398-RT-qPCR-R

CCACTATGATTAGGCTTGGGGG

bb0459-RT-qPCR-F

TGTTGGATAACAAAGACGAGGC

bb0459-RT-gPCR-R

TGCTGCTTGAAGAGATGCAC

bb0537-RT-qPCR-F

ATCGCCTCTTTTTCAGCTCTC

bb0537-RT-gPCR-R

TTTGGACAATCACCGCCTAAAG

bb0542-RT-qPCR-F

TTGCGCCTGCAAATAAAGAGG

bb0542-RT-qPCR-R

TTCCGCACCACTTGGTATAGG

bb0714-RT-qPCR-F

GCTTTGGAGTTTGGCTTATGTTAAT

bb0714-RT-qPCR-R

AGCACTGTCATAATCGCCTTT

bbj23-RT-qPCR-F

GGAGGTGCAGCTTTAAGCAAG

bbj23-RT-qPCR-R

GCAAGAGAAGTGTTGGCAAATG

bbj24-RT-qPCR-F GGCATTGGGAGAGCTTGCTA
bbj24-RT-qPCR-R GCTGTTTCTAAATGCCTCTTGGC
MI3-F GTAAAACGACGGCCAG

MI13-R CAGGAAACAGCTATGAC

pPMAL-F GGTCGTCAGACTGTCGATGAAGCC
pMAL-R TGTCCTACTCAGGAGAGCGTTCAC

Recombinant protein design

To produce recombinant BB0133 protein, the open reading frame was codon optimized
without the start and stop codons for expression in E. coli through Integrated DNA technologies
(IDT). The generated sequence was “gcgcgatatc TCA AGC GAG CGC ATC GTT GAA CTG
ATC AAG GAA ATT TAT CTG GAT TTC CGC AAA GGC AAC TTC AAA GAA GCT CTG
GTG AAA TCT GAA GAA GCG CAT TCA CTG GAC TTT GAT AAT ATC GAA ATT CTG
ACC GCA CTG AAA TCG TCA GTT TAC TGG AAT GGC CAA GTA GAA AGC TTG GAC
CGC ATT GGG CAG GAT TAT GAG AAG GCA GAA TTT CTG ATC CGT GAG TGG AAT

AAT TTC GCA GGC CGC TAT CTG AAA AAA ATG GGC TGC AAC TTC CTT CAG GGT

19



CGT AAT AGT ATC AAA TAC TTC GTG TTT CAG ACG TGC CTG TAT ATT TAC AAA
AAC ATT TAC AAG ATG CAC CCG GAG AAT TTA GAC TTG CTG ATT AAA ATT GCA
AAA AGC TAT AAA GGC ATG GGT AAC TAC GAG CGT GCC ATC AAT GTT TTC CTG
CAA ATT CTG GGT GAC TTT AAA GAC AAC AGC GAC GTC GTA GCG GAA TTA GCA
GAT TCC TAC GCA CTT GTG GAC GAG ATC AAA GAA GCG AAA GTG CTT TTT CGC
GAA GCT TTT TTT ATT AAC CCG CAG AAA ATC GAT ATT TAT TCC CTG GAG AGT
GAC ATG ATC CTG CGT CTG ATT GAC CTT ATT AAG TCC GAT CGC AAC ATC TCC
GAC GAT CTG ATC AAA GAA TGG ATT CCA GTG TAT GGT AGT TTG AAT GGA GTT
TTC AAC ATT AAA CGC GAG TTA CGT CCT ATT GAA TTA GGT CAG CTT AAA CAG
AGC GTT TAT TCA CTT CGC AAT GAG CTG AAA GAA AAA AGT TAT CGC AGC ATT
AAT GAA TCT ATT CTG CTT CCT CGT CTG ATT AAC AAA TAT TTC TGG CTG ATC
GAT CAT TAT GTT CGT ATT AAA GAA GAC CGT GCC CGT ATC GAT GAA ATT TTA
CTG TAC ATT AAA GAA ATC GAT CTT GGA ATT TAC CAG CAA TAT GTT AAT
gaattcgcge”. The uppercase letters in the above sequence represent the codon optimized
nucleotides and the lower case represents the restriction enzyme EcoRI and EcoRV sites plus
buffer regions. Codon optimized BB0133 was inserted into pCR-Blunt to create pPB1 and electr-
transformed into Stellar E. coli. The resulting colonies were screened for BBO133 insertion using
M13-F and M13-R primers (Table 2-2). Once confirmed through colony PCR, pPB1 and pMAL-
c6T were digested using EcoRI and EcoRV. The resulting fragments were ligated together and
electro-transformed into NEBExpress E. coli. The resulting colonies were screened for insertion
using pMAL-F and pMAL-R primers (Table 2-2) and pPB30, pPB31, and pPB32 were selected to
move forward with for induction analysis. pPB30 was confirmed sequenced.

Table 2-3. List of strains and plasmids in this study.

\ Strain \ Genotype \ Reference
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B. burgdorferi strains
B31-A3 | wild type | Elias et al., 2002
E. coli strains
Stellar F-, endA1, supE44, thi-1, recAl, relAl, Takara
gyrA96, phoA, ®80d lacZA M 15, A(lacZY A-
argF) U169, A(mrr-hsdRMS-mcrBC), AmcrA,
-
NEBExpress thuA2 [lon] ompT gal sulA11 R(mcr- NEB
73::miniTn10--Tet%) [dem] R(zgb-210::Tn10--
TetS) endA1 A(mcrC-mrr)114::1S10
Plasmids
pCR-Blunt TOPO cloning vector Invitrogen
pPBI pCR-Blunt::BB0133 This study
pMAL-c6T Protein purification vector NEB
pPB30 pMAL-c6T::BB0133 Isolate #1 This study
pPB31 pMAL-c6T::BB0133 Isolate #2 This study
pPB32 pMAL-c6T::BB0133 Isolate #3 This study

IPTG induction and Sodium Dodecyl Sulfate—Polyacrylamide Gel Electrophoresis
(SDS-PAGE)

NEBExpress E. coli with pPB30, pPB31, pPB32, and pMAL-6¢T were grown in Rich
media containing 100pug/mL ampicillin. The overnight cultures were sub-cultured at 1:50 ratio and
incubated for 2 hours until an OD600 of ~0.5. Cultures were then induced using 0.5mM isopropyl
B-D-1-thiogalactopyranoside (IPTG) and incubated at 37°C for 4 hours, or 18°C or room
temperature overnight. The induced cells were harvested by centrifugation at 5000 xg for 10
minutes at 4°C and the pellets resuspended in 100uL of protein sample loading buffer. The
prepared samples were run on a 12.5% SDS-PAGE. The gel was stained using Coomassie stain
for 30 minutes on a shaker and destained overnight before being visualized.

Protein purification
NEBExpress E. coli with pPB30 or pMAL-c6T were grown overnight in Rich media

containing 100pg/mL ampicillin. The overnight culture was sub-cultured at 1:50 ratio in LB broth
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and was incubated for 2 hours until an OD600 ~0.5. The cultures were then induced with 0.5mM
IPTG and incubated overnight with shaking at 18°C. Cells were harvested by centrifugation at
5000 xg for 20 minutes at 4°C. Collected cell pellets were resuspended in 100mL cold column
binding buffer (20mM Tris-HCI pH7.4, 200mM NaCl, ImM EDTA, 1mM DTT) per 1L of the
induced culture. Cells were lysed using a microfluidizer at 15000 psi. The cell lysates were further
diluted by adding around 200mL of column buffer into the microfluidizer. Cell lysates were
clarified by centrifugation at 15000 xg for 30 minutes at 4°C and the supernatants collected. In a
gravity column (Bio-Rad #7374011), 4mL of amylose resin (NEB #E8021) was added and allowed
to settle before the cell lysate was run through at 4°C. The column was washed with 12 column
volumes of cold column binding buffer. Bound recombinant protein was eluted with elution buffer
(20mM Tris-HCl pH7.4, 200mM NaCl, ImM EDTA, 1mM DTT, 10mM maltose). Eight
sequential ImL elution fractions were collected and analyzed on a 12.5% SDS-PAGE with
subsequent Coomassie stain.
Bicinchoninic acid (BCA) assay

BCA assays were carried out for quantification of total protein concentration for all the
collected protein elution fractions using a Pierce BCA Protein Assay Kit (Thermo Fisher)
according to manufacturer’s instructions. Absorbance was measured at 562 nm using an
MR9600 microplate reader (Accuris SmartReader).
Statistical analysis

Statistical analysis was done using one-way ANOVA in GraphPad Prism (GraphPad
Software, Inc., La Jolla, CA, United States). Significance was determined by p-value equal to or

less than 0.05.
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Result

Localization of TPR motifs across the predicted TPR-containing proteins

To begin the characterization of the 17 putative TPR-containing proteins Table 2-1, TPR
sequences were identified using TPRpred and found to be a variable number per protein, ranging
from 1 to 9 highlighted in magenta Figure 2-1. TPR motifs consist of 34 amino acids that center
around W4-L7-Gs-Y11-A20-F24-A27-P32 composed of small and large hydrophobic residues that
form a scaffold for protein binding (Cerveny et al., 2013; Scheufler et al., 2000b). We found that
the TPR motifs of all 17 proteins had semi-conserved consensus residues as shown in Appendix
Figure 4. The presence of semi-conserved consensus residues in all the 17 putative TPR-containing
proteins suggest that these might form a groove for other proteins to interact. We also found that
these identified sequences were present in tandem and aligned with the alpha helical antiparallel
structure characteristic to TPRs as shown in Appendix Figure 5, which may be the potential site
for protein-binding.

Further characterizing, we investigated additional domains found in the B. burgdorferi
TPR-containing proteins. We found that eight of the TPR-containing proteins encode a N-terminal
signal sequence, highlighted in blue in Figure 2-1 as predicted by SignalP, indicating these proteins
are exported through the inner membrane to the periplasm or through the outer membrane. Two of
the TPR-containing proteins contain a transmembrane region, highlighted in yellow in Figure 2.1
as predicted by DeepTMHMM, indicating they are membrane spanning proteins. Four of the TPR-
containing proteins were identified as lipoproteins, highlighted in green in Figure 2.1 as predicted
by PSORTD, indicating that they are embedded in the inner or outer membrane. It is predicted that
the remaining three proteins, BB0133, BB0195, and BB0459, are cytoplasmic. These predicted

protein localizations are supported by another web-based tool, InterProScan, indicating that a
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subset of the TPR-containing proteins are cytoplasmic, some periplasmic, and some membrane-
associated. Together, these predicted features suggest that the TPR-containing proteins in B.
burgdorferi are distributed across multiple subcellular compartments and may participate in

diverse cellular processes.
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Figure 2-1. Localization of TPR motifs in B. burgdorferi proteins.
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The name of each protein is given to the left and the total number of amino acids in the protein
given to the right. The TPR motifs determined by TPRpred are depicted in magenta color. Numbers
above the magenta-colored boxes refer to the first residue of the 34 amino acid long TPR sequence.
Additionally, proteins have predicted transmembrane regions highlighted in yellow, signal
sequences highlighted in blue, and lipoprotein regions highlighted in green.
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Influence of environmental factors on transcription of B. burgdorferi TPR-
containing proteins

To determine whether the TPR-encoding genes of B. burgdorferi are transcriptionally
responsive to environmental cues, B. burgdorferi wild type strain was cultured under
microaerophilic conditions (32°C pH7.5 1%CO0O2) and mammalian-mimicking conditions (37°C
pH6.8 5%CO0O2). Transcript levels of each TPR-containing target were quantified by RT-qPCR.
flaB was used as an internal control to normalize the expression and reported is the fold-change
under mammalian-mimicking conditions relative to microaerophilic conditions, as shown in
Figure 2-2. The chromosomally encoded TPR-containing targets showed a fold-change value at or
below approximately one, indicating that their transcription was largely unchanged under
mammalian host-like conditions. In contrast, two 1p38 plasmid-encoded genes, bbj23 and bbj24,
were strongly upregulated under host-like conditions, with transcript levels rising approximately
70-fold and 12-fold, respectively. Together, these findings suggest that bhj23 and bbj24 are
markedly induced under mammalian host-like conditions, identifying them as environmentally

responsive genes that could be good candidates for future studies in mammalian virulence.
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Figure 2-2. B. burgdorferi TPR-encoding genes bbj23 and bbj24 are regulated by
environmental conditions.

B. burgdorferi wild type was grown in BSKII media to mid logarithmic phase under 32°C pH7.5
1%COz2 (microaerophilic growth condition) and 37°C pH6.8 5%CO2 (mammalian host-like
condition). Transcript levels of the TPR-containing target genes were measured by RT-qPCR and
are expressed as the fold change relative to 32°C pH7.5 1%COsa. flaB served as the internal
normalization control. Shown are the average and standard error of three biological replicates.
*asE=p-value <0.0001.
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BBO0133 protein purification construct
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Figure 2-3. Recombinant protein construct for TPR-containing protein BB0133.

(A) Schematic of pPB30 plasmid with target protein BB0133 N-terminally tagged with MBP. (B)
Colony PCR to screen for the BB0133 insert inside of the pMAL-c6T vector resolved on a 0.7%
agarose gel. Colony (C) number is labeled on top of the gel image.
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To N-terminally tag the codon optimized BB0133 protein fragment with MBP, protein
purification construct pPB30 was designed as shown in Figure 2-3A. To generate this plasmid, we
first cloned the codon optimized BB0133 gene fragment into a TOPO intermediate vector to create
pPBI1. The resulting pPB1 and pMAL-c6T were then restriction digested and the resulting
fragments ligated together to create the BB0133-MBP fusion protein purification plasmid. This
plasmid was introduced into an E. coli strain for protein purification and the colonies obtained
were screened for BB0133 insertion into pMAL-c6T by PCR as shown in Figure 2-2B. The
expected PCR product size of BB0133 insertion was 1184 bp. Colonies 2, 3, and 4 showed the
expected size bands and were designated pPB30, pPB31, and pPB32 respectively.

BBO0133 protein expression yield is highest at 18°C
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Figure 2-4. B. burgdorferi BB0133 production at various temperatures in E. coli.

(A) Three plasmid purification isolates of pMAL-c6T to produce MBP and (B) of pPB30, pPB31,
and pPB32 to produce MBP fused BB0133 were induced with 0.5mM IPTG at different
temperatures (37°C, room temperature (RT), and 18°C) to analyze protein production. Whole cell
lysates were resolved by 12.5% SDS-PAGE. The temperature and time of induction are shown on

top of the lanes and lane 1 is the molecular weight marker.

To evaluate recombinant protein expression, the maltose-binding protein (MBP) alone and
the MBP-BB0133 fusion protein were induced with 0.5mM IPTG, and expression was screened

under three conditions: 37°C for 4 hours, room temperature overnight, and 18°C overnight. Whole-
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cell lysates were resolved by 12.5% SDS-PAGE and visualized with Coomassie stain Figure 2-4.
As shown in Figure 2-4A, MBP alone produced a prominent band at approximately 42 kDa, across
all three induction conditions. The intensity of the MBP band was found to increase under the
overnight conditions, with the strongest expression observed at 18°C overnight, indicating that a
lower-temperature induction extended overnight favored higher accumulation of the recombinant
protein.

Similar induction for MBP-BB0133 fusion protein (Figure 2-4B) showed distinct band
migrating at approximately 70 kDa in all induced samples, in all conditions consistent with the
predicted mass of the fusion (BB0133 ~27 kDa, fused to MBP ~42 kDa), whereas the MBP-only
control lane resolved at 42 kDa. Induction was highest at 18°C overnight, where the ~70 kDa band
was most intense. Together, these results confirm that both MBP and the MBP-BB0133 fusion
protein are successfully expressed in the NEBExpress E. coli host and that protein yield is highest
under overnight induction at 18°C.

Purification and quantification of BB0133
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Figure 2-5. Purification of MBP and MBP-BB0133 fusion protein by amylose affinity
chromatography.

(A) pMAL-c6T which produces MBP and (B) pPB30 which produces MBP-BB0133 were induced
with 0.5mM IPTG at 18°C overnight and proteins purified from clarified whole-cell lysate on an
amylose resin gravity column. Lanes 1-4 are quality control samples for induction, cell lysate,
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column flow through, and column binding, respectively. Eight sequential fractions of protein were
eluted (Elution 1-8) with maltose-containing elution buffer. Samples were resolved by 12.5%
SDS-PAGE.

Following induction at 18°C overnight, MBP and the MBP-BB0133 fusion protein were
purified from clarified cell lysate by amylose affinity chromatography. Eight sequential fractions
were eluted with elution buffer containing maltose. SDS-PAGE analysis of the elution fractions
(Figure 2-5) showed that both proteins were recovered at the expected molecular weights,
approximately 42 kDa for MBP and approximately 70 kDa for the MBP-BB0133 fusion, with few
contaminating bands, confirming that the amylose resin selectively captured the MBP-tagged
proteins. Total protein concentration in each elution fraction was determined by BCA assay. The
recombinant proteins eluted predominantly in the early fractions, with peak concentrations of
approximately 20mg/mL for MBP and 10mg/mL for the MBP-BBO0133 fusion. Together, these
results demonstrate that both MBP and the MBP-BB0133 fusion protein can be purified by
amylose affinity chromatography and recovered at quantifiable yields suitable for downstream

applications.
Discussion

Previously characterized TPR-containing proteins in B. burgdorferi have contribute to
pathogenesis through motility, membrane integrity, and immune evasion (Chang et al., 2021, 2021;
Groshong et al., 2014; Lenhart et al., 2012; Moon et al., 2018; Zhuang et al., 2018a). The working
hypothesis of this chapter is that the remaining putative TPR-containing proteins also play roles in
B. burgdorferi pathogenesis. In this research we have used a combination of bioinformatic and
experimental approaches to gain a basic understanding of the uncharacterized TPR-containing

proteins encoded by B. burgdorferi. These approaches include identification of TPR sequences in
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the putative TPR-containing proteins, genes that are transcriptionally responsive to in vitro
environmental cues, and purifying protein BB0133.

The TPR sequences identified in this study were found to be variable in number ranging
from 1 to 9, which falls within, but at the lower end of, the 3-16 tandem repeats usually reported
for TPRs (Main et al., 2003). However, this range overlaps closely with what has already been
described in B. burgdorferi which ranges from one TPR motif found in BB0238 (located in N-
terminal region) to seven TPR motifs in Lmp1 (located in the C-terminal region) (Groshong et al.,
2014; Yang et al., 2016a). Thus, putative TPR-containing proteins with only one or two motifs
may still have biologically relevant protein-interaction roles.

The presence of semi-conserved consensus residues in all the 17 putative TPR-containing
proteins suggest that these might form a concave groove for other proteins to interact with
(Scheufler et al., 2000b). Moreover, the identified TPR sequences align well to the characteristic
alpha-helical antiparallel structure of the TPR motif in the protein structure. The alpha-helical
helix-turn-helix structure of the TPR sequence with semi-conserved residues, might be potential
protein-binding locations (Cerveny et al., 2013; Scheufler et al., 2000b).

The 17 putative TPR-containing proteins were predicted to localize to multiple subcellular
compartments, suggesting that they may contribute to diverse cellular processes. This pattern is
consistent with previously characterized B. burgdorferi TPR-containing proteins, which are found
in different cellular locations as such FIcA, FicB, and BB0236 which are periplasmic components
of the flagellar collar, BamD is an outer membrane lipoprotein, and Lmpl is a surface-exposed
lipoprotein (Chang et al., 2021; Dunn et al., 2015b; Lenhart et al., 2012; Moon et al., 2018; Xu et

al., 2020; Yang et al., 2016a; Zhuang et al., 2018a). Knowing the predicted location for these
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previously uncharacterized TPR-containing proteins will be helpful in designing future protein
purification experiments and in the identification of protein-binding partners.

TPR-containing genes bbj23 and bbj24 showed significant induction under in vitro
mammalian-mimicking growth conditions. This is not necessarily surprising, given that previous
studies using RNA sequencing of a rpoS mutant showed that bbj23 and bbj24 were positively
regulated and that RpoS has been found to be activated in response to environmental cues such as
temperature shifts, changes in pH, and cell density (Grassmann et al., 2026).It is interesting to
speculate that bbj23 and bbj24 may be components of the RpoS regulatory pathway, that helps B.
burgdorferi modulate its genome during and survive while transmission from the tick to the
mammalian host (Caimano et al., 2007; Ouyang et al., 2011). Additionally, a recent study
proposed that bbj23 and bbj24 may function as chaperones in the periplasm (Nixon et al., 2026).
bbj23 and bbj24 are proposed to be in a seven gene operon consisting of bbj23-bbj29 which encode
for components of an ABC transporter. These findings suggest bbj23 and bbj24 are potential
candidates for further studies in mammalian virulence.

One of the TPR-containing proteins we have been characterizing, BB0209, lies
immediately upstream of the previously characterized TPR-containing protein Lmp1. BB0209 is
co-transcribed with known virulence factor Lmp1, which suggest to us that BB0209 might also be
involved in B. burgdorferi virulence (Lamb et al., 1995; Yang et al., 2009; Yang et al., 2016a).

In all six characterized B. burgdorferi TPR-containing proteins, pull-down assays were
used to identify binding partners which ranged from 1 to 3 (Groshong et al., 2014; Kariu et al.,
2015; Thakur et al., 2017; Yang et al., 2016a; Zhuang et al., 2018a). The TPR domain of FIcA
located in the C-terminal region was directly shown to provide the binding surface for flagellar

components MotB and FIiL (Xu et al., 2020). Flagellar TPR-containing protein FlcB binding to
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FlcC and BB0236 binding to FIbB were detected using pull-downs with full-length proteins
(Chang et al., 2021). The structural modeling of the BAM complex indicates that the TPR motif
of BamD docks with another component of the BAM complex- BamA (Brangulis, 2026b).
Notably, for BB0238, initial studies attributed its interaction with BB0323 to its N-terminal TPR
motif but subsequent structural and mutagenesis work suggest that this region is not involved in
binding with BB0323 but rather plays a role in the proteins structural integrity (Foor et al., 2023;
Kariu et al., 2015; Thakur et al., 2017). Together, this indicates that although the TPR motif is
structurally conserved across these proteins, its role in mediating the identified protein-protein
interactions is not uniform.

Successful purification of BB0133 as a MBP fusion protein builds a foundation for future
downstream experiments like pull-down assays to identify the proteins binding partner(s). As the
major role of the TPR motif is to mediate protein-protein interaction, identifying a characterized
binding partner may give insight into the TPR-containing protein’s function (Blatch & Lissle,
1999; Thakur et al., 2017). In overall, this study gives a foundational framework for future

functional studies of the 17 identified TPR-containing proteins of B. burgdorferi.

Chapter 3 - Conclusion

B. burgdorferi persists in nature through the complex enzootic life cycle that requires
adaptation in regulation of gene expression as the spirochete moves between tick and mammalian
hosts (Radolf et al., 2012). Pathogenesis in B. burgdorferi depends upon its ability to invade, adapt,
disseminate, and persist in host tissues (Brissette & Gaultney, 2014; Coburn et al., 2021; Strnad et
al., 2023). There are multiple factors that influence the pathogenic ability of B. burgdorferi. One

of the factors that influences B. burgdorferi pathogenesis is the presence of TPR-containing
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proteins, important in protein-protein interaction. Six of the TPR-containing proteins previously
characterized in B. burgdorferi were found to contribute towards pathogenesis through motility,
immune evasion, persistence, and membrane integrity (Chang et al., 2021; Groshong et al., 2014;
Moon et al., 2018; Xu et al., 2020; Yang et al., 2016a; Zhuang et al., 2018a). There are 17 more
putative TPR-containing proteins in B. burgdorferi that have yet to be characterized.

Chapter 2 of this dissertation is directed towards characterizing these proteins to set up a
foundation for future research in determining the role of these proteins. In this research 17 TPR-
containing proteins in B. burgdorferi were characterized through a combination of in silico
prediction analysis, transcriptional profiling, and recombinant protein expression. The presence of
predicted signal peptides or transmembrane regions indicated that these proteins are distributed
across multiple subcellular compartments. Mapping of the identified TPR sequences into the
AlphaFold3 generated protein structure found that these TPR sequences aligned with the
characteristic alpha-helical antiparallel structure. Additionally, MBP-BB0133 protein was
successfully purified using amylose affinity chromatography and will be later used downstream in
pull-down assays to identify protein binding partner(s). This information could be useful in future
experimental designs for protein purification and identification of TPR-containing protein binding
partners.

Transcriptional profiling by RT-qPCR further showed that the chromosomally encoded
TPR-containing genes were unchanged under in vifro mammalian host-like conditions. Whereas
the plasmid-encoded genes bbj23 and bbj24 were found to be markedly upregulated. These
findings suggest that TPR-containing genes bbj23 and bbj24 are environmentally responsive and

could be important during mammalian infection. These findings establish an initial framework for
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characterizing the TPR-containing proteins in B. burgdorferi and highlight BBJ23, BBJ24 as
priority candidates for further investigation into their roles in the enzootic cycle and pathogenesis.

Appendix A is focused on investigating the impact of B. burgdorferi cyaB at the host-
pathogen interface. This study provides an initial screening of the co-cultivation B. burgdorferi
wild type, cyaB mutant, and cyaB complement strains samples for strain confirmation and plasmid
content. These confirmed samples will be used for RNA sequencing downstream to define the role
of cyaB at the host-pathogen interface.

In Appendix B we sought to determine the antimicrobial activity of polymer and microgel
compounds. Through inhibition of growth for both Gram positive and Gram negative bacteria,
these compounds showed antimicrobial properties at concentration ranges of 1-0.5mg/ml for
polymers and at 60mg/ml for microgel compounds. Although the effective concentrations of the
polymer compounds were higher than those typically required for conventional antibiotics, future
studies could evaluate whether combining these polymers with antibiotics enhances their

antimicrobial activity.
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Appendix A - Impact of B. burgdorferi cyaB at the host-pathogen

interface

Introduction

B. burgdorferi uses second messenger signaling as one of the methods to coordinate its
dual-host lifestyle. Cyclic di-guanosine monophosphate (c-di-GMP) is synthesized by the
diguanylate cyclase Rrpl as part of the Hk1-Rrp1 two component system. It governs adaptation to
the tick by supporting mammal to tick transmission, midgut survival, motility, and glycerol
utilization (Dunn et al., 2015b; Novak et al., 2014; Sultan et al., 2010). Once c-di-GMP is formed,
it is bound by the effector protein PlzA, which positively regulates glycerol metabolism (Mallory
et al., 2016; Zhang et al., 2018). Cyclic di-adenosine monophosphate (c-di-AMP) is required for
normal growth in vitro and the production of mammalian virulence factors (Ye et al., 2014; Savage
et al., 2015). The third second messenger, cyclic adenosine monophosphate (cAMP) supports
mammalian virulence factor production (Ante et al., 2021).

cAMP is a bacterial second messenger generated by adenylate cyclases. In many bacterial
species, cCAMP regulates transcription of genes involved in metabolism, stress responses, and
virulence (McDonough & Rodriguez, 2011). Adenylate cyclases are classified into six distinct
classes (I-VI) based on their amino acid sequence, structural organization, and catalytic
mechanism. B. burgdorferi encodes a single class IV adenylate cyclase, cyaB (Dong et al., 2013;
Gallagher et al., 2006; N. Smith et al., 2006). Expression of cyaB was specifically induced during
co-incubation with human epithelial-like cells compared to tick cells, suggesting that cyaB
expression is influenced by cellular factors specific to mammalian cell lines (Ante et al., 2021).

Given that cyaB expression is induced in the presence of human epithelial-like cells, cyaB

may play an important role during the interaction between B. burgdorferi and the mammalian host.
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This study aims to determine the impact of B. burgdorferi cyaB on both the host and pathogen
transcriptional responses using RNA sequencing. By comparing host cells co-cultivated with the
cyaB mutant to those co-cultivated with the wild type B. burgdorferi strain, this approach can
identify host and bacterial genes whose expression is altered in a cyaB-dependent manner. This
study will provide us with a better understanding of how cyaB contributes to the host response and

genetic regulation of B. burgdorferi.

Methods

Strains and culture conditions

B. burgdorferi strains used in this study are wild type strain 5A4-NP1, cyaB mutant JH522,
and cyaB complement VA200 (Kawabata et al., 2004; Ante et al., 2021). These strains were grown
in Barbour-Stoenner-Kelly 1T (BSKII) medium supplemented with 6% normal rabbit serum (NRS)
at 37°C 5%CO2 (Barbour, 1984). Human epithelial-like neuroglial H4 cells were grown in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS)

at 37°C 5%COz2 temperature.
B. burgdorferi co-cultivation assay

B. burgdorferi was co-cultivated with the human epithelial-like neuroglial H4 cell line to
evaluate transcriptional changes in both the host and the bacterium. H4 cells were seeded at 1x107
cells per 15-cm tissue-culture dish in 30mL DMEM supplemented with 10% FBS and incubated
for 17 hours at 37°C 5%CQOz. In parallel, B. burgdorferi wild type, cyaB mutant, and cyaB
complement strains were grown to mid logarithmic phase (5-8x107 B. burgdorferi/mL) in BSKII
supplemented with 6% NRS at 37°C 5%CO:. All three strains of B. burgdorferi were confirmed
to be motile and healthy by dark field microscopy and then harvested by centrifugation at 4600 xg

for 20 minutes at room temperature. Then the samples were washed in 1X PBS and centrifuged at
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6600 xg for 10 minutes at room temperature, this step was repeated one more time. The supernatant
was then removed and pellets were resuspended in ImL of pre-warmed DMEM. B. burgdorferi
was counted using dark field microscopy and added directly to H4 cells at a multiplicity of
infection (MOI) of 40:1 (4x10% B. burgdorferi per 1x107 H4 cells). In parallel, H4 cells were
incubated in DMEM alone as an uninfected control and each B. burgdorferi strain was cultivated
in DMEM alone. The co-cultivation samples along with the controls were incubated for 24 hours
at 37°C 5%COa. After incubation, the supernatant containing B. burgdorferi was collected from
each cell culture plate and pellets were collected by centrifugation at 4600 xg for 20 minutes at
4°C. The resulting pellets were lysed in 1mL TRIzol. The adherent H4 cells were washed three
times in 1X PBS and lysed with 6mL TRIzol. All the lysates were stored at -80°C for future RNA

isolation.

Polymerase chain reaction (PCR)
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1x107 B. burgdorferi co-cultivation sample was collected after 24 hours of incubation to

screen for strain confirmation and plasmid loss. B. burgdorferi wild type, cyaB mutant, and cyaB

complement strains cultivated with and without H4 cells were screened by PCR using primers

listed in Appendix Table 1.

Appendix Table 1. List of primers used in this study.

Primer name Sequence (5’ to 3°)
cp9-F GAACTATTTATAATAAAAAGGAGAGC
cp9-R ATCTTCTTCAAGATATTTTATTATAC
cp26-F AATAATTCAGGGAAAGATGGG
cp26-R AGGTTTTTTTGGACTTTCTGCC
Ip17-F CAAACTTATCAAATAGCTTATC
Ip17-R ACTGCCACCAAGTAATTTAAC
1p25-F ATGGGTAAAATATTATTTTTTGGG
1p25-R AAGATTGTATTTTGGCAAAAAATTTTC
1p28-1-F ATGAACAAAAAATTTTCTATTTC
1p28-1-R GTTGCTTTTGCAATATGAATAGG
1p28-2-F TCCCTAGTTCTAGTATCTACTAGACC
1p28-2-R TTTTTTTTGTATGCCAATTGTATAATG
1p28-3-F GATGTTAGTAGATTAAATCAG
1p28-3-R TAATAAAGTTTGCTTAATAGC
1p28-4-F ATGTGGGATGCTATAATCGTGCC
1p28-4-R TTGGTGGTGGCGCAGTGC
Ip36-F AAGTTTATGTTTATTATTGC
1p36-R ATTGTTAGGTTTTTCTTTTCC
Ip38-F AAATTCTATGGAAGTGAT
1p38-R TTTCTATTTATTTTTAGGC
Ip54-F GCACAAAAAGGTGCTGAG
Ip54-R TTTTAAAGCGTTTTTAAGC
1p56-F AAGATTGATGCAACTGGTAAAG
Ip56-R CTGACTGTAACTGATGTATCC
Primer 1 GTGCTGACATTGGGCTTTAT
Primer 2 AGAGAGCCTATAAACATAAT
Primer 3 GCTAGCAAATAAAAAATTTAAG
Primer 4 ATGAGGCGCTTTCTTATGGC
Primer 5 CCTAATCATGGTGGCATTGC

Result

Confirmation of experimental strains
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Appendix Figure 1. Confirmation of B. burgdorferi wild type, cyaB mutant, and cyaB
complement strains by PCR.

(A) Schematic diagram of the B. burgdorferi wild type (WT), cyaB mutant (Mut), and cyaB
complement (Comp) strains. Numbered arrows above each schematic shows the binding position
and orientation of Primers 1-5. (B) PCR was used to confirm each of the strains and products were
resolved on a 1% agarose gel. Samples assigned to each lane are labeled on top and primer pairs
used for each PCR are labeled below each gel image.

B. burgdorferi WT, cyaB mutant, and cyaB complement strain exposed to H4 cells or to
DMEM alone were isolated after 24 hours of incubation and PCR amplified to confirm the B.
burgdorferi strain prior to downstream analysis. As shown in Appendix Figure 1B, there should
be a difference in PCR amplicon sizes across the strains. Primer 1 and Primer 2 anneal to the
flanking regions of cyaB which produce a 907 bp product in the wild type strain compared to a
1760 bp product in the mutant and complement strains. Primer 4 and Primer 5 anneal to bb0445

and bb0446, respectively, which produces a 904 bp product in the wild type and mutant strains. In
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the cyaB complement strain, the cyaB gene was reintroduced by allelic exchange between bb0445
and bb0446 as shown in Appendix Figure 1A. As a result, the Primer 4 and Primer 5 PCR product
is 2636 bp as shown in Appendix Figure 1B. Primer 3 anneals to the cyaB promoter and Primer 4
anneals to bb0445, which can only amplify a product in the complement strain giving a product of
1895 bp. Both the H4-exposed B. burgdorferi samples and the DMEM-only control samples
produced amplicons of the expected sizes, confirming the wild type, cyaB mutant, and cyaB

complement strains are the correct strains and are not cross contaminated.

Screening for plasmid loss

w1 Mt Comp

1
Ladder
dd

WT+H4 Mut+H4 Comp s
Appendix Figure 2. Plasmid profiles of B. burgdorferi wild type, cyaB mutant, and cyaB
complement strains from co-culture experiments.

Plasmid-specific primers were used to screen all three strains exposed in DMEM or H4 (labeled
below each gel image). PCR products were resolved on a 1% agarose gel. WT= wild type, Mut=
cyaB mutant, Comp= cyaB complement.

The B. burgdorferi genome consists of one linear chromosome and around 12 linear and 9

circular plasmids that are required during different phases of the enzootic cycle or in vitro growth
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(Casjens et al., 2000; Fraser et al., 1997). During genetic modification or extensive in vitro culture,
B. burgdorferi endogenous plasmids can be easily lost. Therefore, since this is an RNA sequencing
experiment, we wanted to ensure that the entire starting genome is present before undergoing
transcriptional analysis. To screen for the plasmid content from the co-culture experiment, plasmid
profiles of the recovered strains were examined by PCR using plasmid-specific primers found in
Appendix Table 1. The wild type strain lacks plasmid cp9 and the cyaB mutant and complement
strains derived from the wild type strain also lack cp9 as shown in Appendix Figure 2. However,
the B. burgdorferi wild type, cyaB mutant, and cyaB complement strains each retained the rest of
the expected plasmid content assessed over the co-culture period. These results confirm that all
three strains maintained a consistent plasmid profile, indicating that the samples are suitable for

downstream transcriptional analysis.

Conclusion

Following co-cultivation, the identity of all three strains: the wild type, the cyaB mutant,
and the cyaB complement, were confirmed by PCR (Appendix Figure 1). Moreover, plasmid
profiling PCR for all these strains verified that each strain retained its expected plasmid content
over the co-culture period (Appendix Figure 2). Together, this work provides an initial screening
for downstream experiments to investigate the impact of B. burgdorferi cyaB at the host—pathogen

interface.

Appendix B - Testing antimicrobial properties of polymers and

microgel compounds

Polymer and microgel compounds evaluated in this Appendix were synthesized in Dr.
Patricia Calvo’s lab in the Department of Chemistry. These compounds were designed to exhibit
antimicrobial activity and properties that support wound healing. We have used a variety of

methods to test the antimicrobial properties of these polymer and microgel compounds.

Methods

Strains and growth conditions
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Escherichia coli ATCC 25922, Staphylococcus aureus ATCC 29213, and Pseudomonas
aeruginosa ATCC 27853 were grown from a single colony in SmL Luria-Bertani (LB) broth at

37°C with shaking at 250 rpm overnight.

Broth microdilution method

The minimum inhibitory concentration (MIC) of the polymer compounds was determined
using the broth microdilution method according to Clinical and Laboratory Standards Institute
(CLSI) guidelines adapted from Wiegand et al., 2008. Four polymer compounds were resuspended
with autoclaved ultrapure H2O and tested at the range of 0.001-Img/mL. The OD600 of an
overnight culture was measured and the culture was diluted in LB broth to an OD600 of 0.002
(1x106 cells/mL). 50uL of polymer solution was added into 50 uL of 2X LB broth in the first well
of a 96-well plate and a two-fold serial dilution in LB was done to test multiple concentration of
the polymer. 50ul of 1x10° cells/mL bacterial culture was added to each well of the 96-well plate
after serial dilution. Gentamicin was used as a control antibiotic at a range of 0.125-32ug/mL. The
96 well plates were incubated static at 37°C for 20 hours and the absorbance was measured at
600nm using a multiplate reader (BioTek Synergy LX from Agilent). The MIC was defined as the
lowest compound concentration that completely inhibited visible bacterial growth and was

determined for three biological replicates.

Agar direct diffusion method

Firstly, an LB agar plate was prepared with a uniform 25mL volume in each 10cm petri
dish. Microgel compounds were freshly resuspended in autoclaved ultrapure water at a
concentration of 60mg/mL. The OD600 of an overnight culture was measured and the bacterial
strain diluted in LB broth to an OD600 of 0.1 (1x108 cells/mL). A cotton swab was used to streak

the bacteria onto LB agar plates and was allowed to dry for 5-10 minutes. The microgels at
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60mg/mL concentration were added directly on top of the agar plate at 2cm apart. Gentamicin is
used as a control antibiotic at a concentration of 10ug. The agar plate with microgel was allowed

to dry for around 10-15 minutes before incubating at 37°C overnight.

Result

Polymer compounds inhibit bacterial growth

The MIC of the four polymer compounds was determined by the broth microdilution
method against E. coli, P. aeruginosa, and S. aureus, with gentamicin as a positive control
(Appendix Table 2). Gentamicin inhibited E. coli at 0.008mg/mL and both P. aeruginosa and S.
aureus at 0.004 mg/mL that follows the standard range of MIC according to CLSI (Sader et al.,
2023). All four polymer compounds inhibited bacterial growth at 0.5mg/mL in the gram-negative
P. aeruginosa and gram-positive S. aureus strains. Polymer compounds 1, 2, and 3 showed
inhibition of E. coli growth at Img/mL, while polymer compound 4 failed to inhibit growth at the
highest concentration tested. Together, these results indicate that all four polymers exhibit
antimicrobial activity against P. aeruginosa and S. aureus , while E. coli was comparatively less
susceptible and Polymer 4 was ineffective against this strain within the tested concentration range.

Appendix Table 2. Antimicrobial activity of polymer compounds.

Polymer MIC (mg/mL)

E. coli P. aeruginosa S. aureus
Gentamicin 0.008 0.004 0.004
Polymer 1 1 0.5 0.5
Polymer 2 1 0.5 0.5
Polymer 3 1 0.5 0.5
Polymer 4 >1 0.5 0.5

Standard deviation is =1 two-fold change.

Microgel compounds inhibit bacterial growth
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Appendix Table 3. Antimicrobial activity of microgel compounds.

Microgel Z0I (mm)
E. coli P. aeruginosa S. aureus

Gentamycin 16.1 (£0.3) 16.6 (£1.4) 18.81 (£2.5)
C-G - - -

C-H - - -

C-A + + +

C-B + + +

C-C + + +

C-D + + +

C-E + + +

C-F + + +

C-1 + + +

C-J + + +

C-K + + +

C-L + + +
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Appendix Figure 3. Antimicrobial activity of microgels evaluated by direct diffusion
method.

Twelve microgel compounds were tested across bacterial strains (A) E. coli, (B) P. aeruginosa,
and (C) S. aureus. Microgel compounds were added directly on the top of the LB agar plate
swabbed with bacterial strains. Gentamycin at 10pug was used as an antibiotic control. Microgel
compound C-H was used as a microgel control that doesn’t show inhibition of bacterial growth.
The antimicrobial activity of twelve microgel compounds (C-A through C-L) was
evaluated against E. coli, P. aeruginosa, and S. aureus using the agar direct diffusion method with
gentamicin used as a control. Microgel C-H was used as a microgel control that didn’t show
inhibition in bacterial growth (Appendix Table 3). Gentamycin at 10pg produced clear zones of
inhibition against all three strains measuring 16.1 + 0.3mm against E. coli, 16.6 = 1.4mm against
P. aeruginosa, and 18.81 = 2.5mm against S. aureus. Ten of the twelve microgel compounds (C-
A, C-B, C-C, C-D, C-E, C-F, C-I, C-J, C-K, and C-L) produced visible zones of inhibition against
all three bacterial strains, indicating broad-spectrum activity against both the gram-negative strains
E. coli and P. aeruginosa and the gram-positive strain S. aureus as shown in Appendix Figure 3.

In contrast, the remaining two compounds, C-G and C-H, showed no detectable zones of inhibition

against any of the three strains (Appendix Figure 3).
Conclusion

In this appendix, the antimicrobial properties of four polymers and twelve microgels were
evaluated against the clinically relevant gram-negative and gram-positive bacteria E. coli, P.
aeruginosa, and S. aureus. Using the broth microdilution method, all four polymers showed
inhibition of bacterial growth for P. aeruginosa and S. aureus at a MIC of 0.5mg/mL, while E.
coli was comparatively less susceptible. Polymer 4 showed no activity at the highest
concentration tested for E. coli. Agar diffusion screening of the microgels showed that ten of the
twelve compounds, C-A through C-F and C-I through C-L, produced clear zones of inhibition

against all three bacterial strains tested, whereas compounds C-G and C-H were inactive. Taken
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together, these results demonstrate that both the polymer and microgel formulations tested
possess broad-spectrum antimicrobial activity, with the majority of compounds effective against
both gram-negative and gram-positive bacteria. These findings support the idea that these

compounds possess antimicrobial properties.
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Appendix C - Supplementary documents for TPR-containing

proteins

TPR consensus sequence comparison
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Appendix Figure 4. TPR consensus sequence comparison to B. burgdorferi putative TPR-
containing proteins.

The identified TPR sequences of each of the 17 putative TPR-containing proteins of B.
burgdorferi were predicted using TPRpred and aligned with the TPR consensus sequence. TPR
consensus residues are placed on top of the identified TPR sequence for each TPR-containing
protein and shown in magenta. The conserved residues that match the consensus residues are
also highlighted in magenta. The numbers flanking each TPR sequence indicate the amino acid

positions at which the sequence begins and ends as predicted by TPRpred.

B.burgdorferi TPR-containing protein structures
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Transmembrane
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Appendix Figure 5. Mapping of identified TPR motifs into the B. burgdorferi predicted
protein structure.

TPR sequences generated by TPRpred have been mapped across the proteins structure predicted
by AlphaFold3 in PyMOL and are highlighted in magenta. These proteins are categorized
according to their predicted location given by PSORTbD.
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