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Lyme disease (LD), also known as Lyme borreliosis, is the most common vector-
borne disease in the United States, caused by the gram-negative bacteria of the Borrelia
burgdorferi sensu lato group. This atypical bacterial group features distinct genomic and
antigenic elements, does not possess any classical toxins, and the pathogenesis of LD is
primarily due to the immune activity of the host. These multi-organotrophic spirochetes
can elicit severe clinical complications in susceptible hosts, including neuroborreliosis,
carditis, and arthritis. If diagnosed early, the disease can be treated with a conventional

antibiotic regimen; however, persistent, or relapsing symptoms later develop in a subset



of patients. Six months to a year after the antibiotic treatment, up to 20% of the patients
can experience various subjective symptoms pertaining to pain, cognitive dysfunction, or
other neurological complications, collectively termed Post Treatment Lyme Disease
Syndrome (PTLDS). The diagnosis, etiology, and treatment of PTLDS remain currently
unknown. To better understand microbial pathogenesis, we have characterized a select
set of structurally unique spirochete gene products that act as novel virulence
determinants and support microbial infection in mammals. The current study focused on
the BB0323 protein of B. burgdorferi, a unique and multifunctional virulence
determinant undergoing a complex post-translational maturation process. The maturation,
stability, and functions of BB0323 require multifaceted protein-protein interaction (PPI)
events involving specific B. burgdorferi proteins, such as a protease-chaperone called
BbHtrA, and a membrane-associated protein of unknown function annotated as BB0238.
In our current study, we have further dissected the biological significances of the protein-
protein interaction complex (PPI), either involving BbHtrA: BB0323 and
BB0323:BB0238. The latter PPI event was more thoroughly investigated for its role in
spirochete biology and infection and as a novel target for therapeutic intervention against
B. burgdorferi infection. We identified a cleavage site where BB0323 full-length protein
cleaves into N and C termini by BbHtrA. Subsequently, we have introduced point
mutations in the recombinant BB0323 (at the cleavage site for BbHtrA- NL residues
replaced with AA), as well as generated an isogenic B. burgdorferi isolates (Blpros2sn)
with the point mutations in native BB0323. Further analyses show that the cleavage site
mutated BB0323 protein could not be processed by the recombinant BoHtrA. Notably,

despite the inability of BbHtrA to process BB0323 in vitro, within Bbeessve - BB0323



could indeed be processed to some degree, which yields a basal level of mature N-
terminal protein. Notably, in these B. burgdorferi cells, at least two other BB0323
polypeptides of lower molecular weight (less than 27 kDa of mature N-term BB0323)
were also produced, possibly due to the action of BbHtrA on non-specific sites. However,
the Bbeeoszsve mutants were non-infectious in the murine host, demonstrating the
importance of precise cleavage of BB0323 full-length protein and optimal production of
N-terminal, which needed to form a complex with another PPI partner, BB0238. Overall,
these results further underscored the event of BbHtrA and BB0323 interaction for
processing the latter protein as an essential prerequisite for spirochete infection in
mammals. Our previous studies have shown that BB0323 N-terminal and BB0238
interact and post-translationally stabilize each other. We used an interaction-deficient
borrelial mutant, replacing the BB0323 interaction motif in BB238 (termed as bb0238
Delta Interaction Motif, or bb0238AIM), which despite showing no growth defects in
vitro or other abnormalities, is unable to infect mammalian host. We, therefore, explored
the possibility of using the BB0323:BB0238 complex as a novel therapeutic target to
combat B. burgdorferi infection in mammals. We first examined whether b60238AIM
mutants (without interaction motifs) can persist in mice for a long term or could be
acquired by naive ticks. The results show that, unlike the wild type or another B.
burgdorferi mutant, The bb0238AIM could not establish the infection in mice and, as a
result, could not be acquired by the ticks, suggesting blockade of BB0323:BB0238
interaction by small molecules could be a novel therapeutic approach to combat incidence
of LD. An AlphaLisa assay platform was developed in our lab to monitor BB0323-

BB0238 PPI on a high-throughput basis using 384-well microtiter plates, which was then



miniaturized to 1536 well at the National Center for Advancing Translational Sciences
(NCATYS) in a collaborative effort. An AlphaLisa quantitative HTS later screened several
small molecule libraries available at NCATS, which were further filtered by counter
assays, and a selected set of 84 compounds was tested in a secondary, cell-based assay
for cell-permeable compounds that impair BB0323-BB0238 interaction with spirochete
cells. A B. burgdorferi cell-based assay comprising a dot-blot assay and regrowth assay
was developed to examine the PPI inhibitory activities of the molecules inside the cells.
We finally selected one of the compounds, Lomibuvir, for the in vivo studies and
demonstrated its PPI inhibitory activity in an in vitro experiment. A pharmacokinetic
study in mice showed an increase in the level of the compound in plasma and liver over
21 days. Additional in vivo efficacy studies of Lomibuvir to reduce B. burgdorferi
infection in mice were performed using vehicle and ceftriaxone as negative and positive
controls, respectively. The results showed that the bacterial load in the skin and heart of
the mice was significantly lower in the Lomibuvir-treated group, as compared to the
vehicle-treated animals; however, the effect was not as dramatically effective as the
antibiotic (ceftriaxone) treatment groups. While future medicinal chemistry approaches
could be adopted to further enhance the impact of Lomibuvir as an anti-B. burgdorferi
agent, to the best of knowledge, is the first proof-of-concept study that highlights the

utility of targeting borrelial PPI events as a possible therapeutic target of Lyme disease.
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Chapter 1: Introduction to Lyme Disease

1.1 History, geographical distribution, and prevalence of Lyme Disease

Borrelia burgdorferi is a gram-negative bacterium and falls under the family
Spirochaetaceae (Johnson et al., 1984), which causes Lyme disease (LD), also known as
Lyme borreliosis in humans and many domesticated animals. Besides B. burgdorferi,
there are many other genospecies, such as B. afezelii, B. garinii, and B. bavariensis also
elicit LD in humans and are prevalent in many parts of the globe. B. burgdorferi is
transmitted by an arthropod vector - hard ticks belonging to several species of Ixodes
genus that transmit LD (Mead, 2015; Steere et al., 2016). The zoonotic disease is now
reported in over 80 countries across most continents but is particularly widespread in
many North American and Eurasian continents. It was first recognized in Old Lyme,
Connecticut, as "Lyme arthritis” and was characterized as recurring oligoarticular arthritis
(Steere et al., 1977). It was later diagnosed as tick-borne Spirochetosis by Willy
Burgdorfer et al. in 1982 (Barbour & Benach, 2019) and was isolated in 1983 in a
fortified Kelly medium, i.e., Barbour-Stoenner-Kelly (BSK) medium (Benach et al.,
1983). However, evidence suggests that LD has been around for much longer. There are
records of cases with symptoms resembling LD in 19th-century Europe (Burgdorfer,
1993). In addition, the discovery of the LD bacterium in 5300 years old mummy and
ticks from 15 million years ago presents it as an ancient ailment (Keller et al., 2012;

Nuwer, 2014).



LD is primarily found in North America, Europe, and Asia. In the United States, it
is mostly reported in the northeastern and upper mid-western regions (Adams et al., 2014;
Kugeler et al., 2015). The number of cases of LD correlates positively with the
availability of the vectors and reservoir hosts in the region. The vector population
responsible for the transmission comprises I. scapularis in the eastern and I. pacificus in
the western US (Nieto et al., 2018). I. ricinus and I. persulcatus are responsible for
transmission in Europe and Asia, respectively (Burgdorfer et al., 1982; Mannelli et al.,
2012; Tilly et al., 2008). This notifiable tick-borne disease is maintained in the
environment by a wide range of vertebrate hosts, such as small white-footed mice
(Peromyscus Leucopus) (in the eastern U.S), deer, and birds (Donahue et al., 1987,

Magnarelli et al., 1992; Mannelli et al., 2012; Parise et al., 2020; Wilson et al., 1985).

The Centers for Disease Control and Prevention (CDC) reports almost half a
million cases, even though only 30,000 cases are reported yearly. Most recent estimates
from the CDC suggest that there are ~476,000 new cases annually in the U.S. alone,
where the medical costs associated with managing Lyme disease and its sequelae
approach $1.3 billion annually (Adrion et al., 2015). Most patients are clustered toward
the northeastern, mid-Atlantic, and mid-Western states, especially in Maine,
Massachusetts, Connecticut, Wisconsin, New Hampshire, and Pennsylvania. (Kugeler et
al., 2021; Schwartz et al., 2017). Climate change, deer and rodent populations, their
abundance or rehabilitation, and reforestation are implicated in the increasing incidence
of LD (Levi et al., 2012; Dumic & Severnini, 2018; McPherson et al., 2017; Schwartz et
al., 2017; Dumic & Severnini, 2018;). Selective host choice of the ticks in southern

states, such as lizards, which are less efficient reservoirs compared to rodents, differences

2



in temperature, seasonal phenomena between the hemispheres, and the tendency of
southern ticks to remain underneath the leaves instead of top to retain moisture are a few
factors that could result in a low incidence of the disease in the zone (Ginsberg et al.,

2017, 2021; Ogden & Tsao, 2009; Ostfeld & Keesing, 2000).

1.2 Transmission

The enzootic life cycle of B. burgdorferi consists of ticks as vectors, small rodents
as reservoir hosts, and humans and dogs as incidental hosts. The ticks of Ixodes sps. have
four stages of the lifecycle - eggs, larvae, nymph, and adults, and generally have a life
span of two years (Dumic & Severnini, 2018b). Each active stage- larva, nymph, or adult,
requires one blood feeding for further development and survival. After the egg hatches,
the six-legged larvae quest for small mammals (Kocan et al., 2015). The feeding
generally takes 4-5 days, and the larva drops off molts to nymph in about one month. The
eight-legged nymph, after maturation, quests for a mammalian host and, upon finding
one, attaches to other mammals and feeds for 4-5 days. After engorgement, the nymph
falls off from the host, undergoes intermolt development, and later molts into either male
or female adults. Both larvae and nymphs can acquire B. burgdorferi if they feed on
infected animals. The pathogen survives in ticks through the transtadial development of
the vector, and thus all subsequent stages of the tick will remain infected throughout the
lifespan; thus, the transmission of B. burgdorferi in ticks is only transtadial and not
transovarial. (Steere et al., 2004). In the eastern U.S., larval and nymphal stages of I.

scapularis feed on white-footed mice, i.e., Peromyscus leucopus, which is also a primary
3



reservoir host of the bacteria. Nymphs, which can be infected with B. burgdorferi, are a
significant vector for human and canine transmission. The adult ticks feed and mate on
white-tailed deer and other larger mammals. After engorgement, female ticks fall off
from the host, and after several weeks of ovarian development, lay thousands of eggs

Nadelman & Wormser, 1998), following which the female dies.

When a naive ticks feed on an infected mammalian reservoir host, the vector
inserts its mouthpart into the host dermis to acquire a blood meal. Exposure to tick
salivary proteins attracts the bacteria in the dermal feeding region and is ingested by ticks
(Hodzic et al., 2001; Murfin et al., 2019). The acquired pathogen colonizes the tick gut
until the next feeding, when the pathogen disseminates to the hemocoel and finally
invades the salivary gland (de Silva & Fikrig, 1995; Kurokawa et al., 2020; Zung et al.,
1988; Dunham-Ems et al., 2009). Once transmitted to the host dermis, the pathogen
replicates locally and subsequently spreads to other dermal locations and disseminates to
other distant organs via blood. Thus, the spirochete has adapted to adjust to highly
variable environmental conditions from disparate tissues of vertebrate hosts and in the
arthropod. The change in tissue environments, including temperature, pH, nutrition, and
immune conditions, can initiate a global change in its transcriptome that ultimately
dictate its survival strategy. In its life cycle, the pathogen is adapted to persist in extreme
stress conditions, such as in metabolically quiescent conditions of unfed ticks' lumen,
which is devoid of nutrients that are stored intracellularly within the gut epithelium

(Kung et al., 2013).
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Figure 1. Life cycle of B. burgdorferi (Little et al., 2010).

1.3 General features of the causative agent Borrelia burgdorferi

B. burgdorferi is a complex microbe that is perpetually maintained between
vector and host. It is a highly motile pathogen of 0.2 - 0.5um diameter and 10 - 30pum
length with a spiral shape and is microaerophilic (Goldstein et al., 1994; Johnson et al.,
1984). Without a stain, the gram-negative bacterium is only visible by a specialized
microscope, differential interference contrast (DIC) microscope, also known as the
Nomarski microscope. The helical structure separates it from other eubacteria (Barbour &
Hayes, 1986). B. burgdorferi can be differentiated from other pathogenic spirochaetes,

such as Leptospira and Treponema, based on the number of periplasmic flagella,



presence or absence of hooks, cell coil wavelength, and pole shape (Wang et al., 2014).
The varying section of the 16S rRNA gene is compared for species differentiation (Cyr et
al., 2005; Lee et al., 2010). More than 40 species of Borrelia have been identified, out of
which 20 belong to the LD group, Lyme Borrelia (LB) B. burgdorferi sensu lato, and the
other 20 belong to the relapsing fever (RF) (Margos et al., 2011; Stanek & Reiter, 2011).
In the B. burgdorferi sensu lato group, five species are the most frequent cause of the
disease; B. burgdorferi sensu stricto in North America and Europe, and B. garinii, B.
afzelli, B. baverensis in Eurasia and B. speilmanii in Europe (Casjens et al., 2011;
Mannelli et al., 2012b; Marques et al., 2021; Wang et al., 2014). Diseases like RF and
southern tick-associated rash illness (STARI) are caused by different factions of Borrelia,
such as B. hermsii, B. miyamotoi, and B. lonestari (Herman-Giddens, 2012; Krause et
al., 2015) although precise etiology of STARI remains as a subject of contention. Recent
reclassification has divided the Borrelia genus between Relapsing fever and Lyme
disease groups to Borrelia and Borreliella, respectively (Adeolu & Gupta, 2014; Barbour
etal., 2017; Margos et al., 2017), although traditional classification is still being used in

the mainstream literature.

B. burgdorferi features an atypical genome encompassing a liner chromosome
and 14-21 various sizes (5 — 56 Kb) linear or circular extrachromosomal DNA elements
called plasmids. The chromosome (~0.9 Mb) lacks several factors required for classical
biosynthetic and metabolic pathways, rather features a series of membrane transporters
encoding a unique proteome that exploits the host for its maintenance, contributing to the
pathogenesis of LD (Fraser et al., 1997). B. burgdorferi is an obligate parasite that

requires a vector and a host for survival but can also be grown in a lab in highly
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sophisticated and serum-enriched media called BSK-I1. The growth of spirochetes in
vitro is optimal at 34 °C, 1.5% CO., with a regeneration time of 12 - 18 hours in the

laboratory conditions.

The spirochete cell has a unique organization with an outer membrane (OM),
periplasmic space featuring bundles of endoflagella, peptidoglycan layer (PG), inner
membrane (IM), and enclosed cytoplasmic contents (Johnson et al., 1984; Kudryashev et
al., 2009). The OM functions as a barrier from the environment and has several porins or
receptors for the uptake of nutrients (Cullen et al., 2004; Nikaido, 2003). The membrane
is distinct from other gram-negative bacteria as it lacks classical lipopolysaccharide
(LPS) and phosphatidylethanolamine but contains low molecular weight glycolipids,
which have immunogenic properties that the patient's serum can recognize (Belisle et al.,
1994; Hossain et al., 2001; Stibs et al., 2009; Takayama et al., 1987). The membrane
contains a low density of transmembrane-spanning proteins, making it more fragile
during centrifugations and more susceptible to detergents than other gram-negative
bacteria (Radolf et al., 1994; Walker et al., 1991). In contrast, OM contains many
surface-exposed lipoproteins (Brandt et al., 1990). The Borrelia genome encodes at least
127 lipoproteins which are 7.8% of total open reading frames (ORFs), two-thirds of
which are thought to be localized on the surface (Setubal et al., 2006a). Of 39 periplasmic
proteins, 31 are speculated to be attached to the IM, and only eight are anchored to the
OM on the periplasmic side. The lipoproteins act as significant components for
immunogenicity and function as ligands to several host receptors (Brandt et al., 1990;

Dowdell et al., 2017).



OM lipid rafts are microdomains highly studied for eukaryotes and have
cholesterol and sphingolipids. Some prokaryotes like Borrelia and Bacillus also have the
domain. The microdomain in Borrelia lacks sphingolipids. The major proteins present in
the rafts are outer surface proteins A and B (OspA and OspB) although possibly there are

additional proteins that are likely to be present (LaRocca et al., 2013).

The peptidoglycan (PG) layer in B. burgdorferi is situated between IM and OM
and comprises N-acetyl Glucosamine (GIcNAc) and N-Acetyl Muramic Acid (MurNAc)
cross-linked by a short peptide. The PG structure is closely located with the 1M, and the
composition differs from other bacteria at the third position of the peptide stem. B.
burgdorferi contains L-ornithine in the third position, whereas most gram-negatives have
Diaminopimelic acid (Beck et al., 1990; Vollmer et al., 2008). Therefore, the PG layer is
atypical in B. burgdorferi. It is multilayered at the poles, unlike other gram negatives,
which are single layered (Jutras et al., 2019). Flagella functions as the cytoskeletal feature
instead of the rod-like PG, which pushes through the filaments and is elastic (Charon et
al., 2012; Jutras et al., 2016). Enzymes required for PG recycling are absent, and forty-
five percent of the muropeptides are shed outside the cell in each generation. The
released PG has immunomodulatory properties and is implicated in the development of

Lyme arthritis, including ones in humans (Jutras et al., 2019).

The flagella are responsible for the flat wave structure and are situated between
the PG layer and periplasmic space. About 7 - 11 flagellin fibers on both subpolar ends
are attached to the protoplasmic cylinder by motor and hooks. The fibers from both ends
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overlap in the middle and are responsible for the corkscrew fashion movement (Jutras et
al., 2016; Motaleb et al., 2000). Deletion of an essential flagellar gene shows that the
periplasmic flagella (PF) are not only responsible for motility but also for holding the
spiral architecture and cellular integrity during external stress (Kumar et al., 2017;

Motaleb et al., 2000).

Periplasmic space is a versatile environment where mechanisms like protein
maturation, folding, and degradation occur. Periplasm houses several candidates with
diverse functions in protein secretion, oxidation, lipoprotein translocation, metal
transport, osmoregulation, proteolysis, protein folding, cell division, and flagellar rotation
(Miller & Salama, 2018). Recent articles show that in the case of E. coli, the periplasm's
size correlates to the bacteria's environmental sensing (Asmar et al., 2017). The
periplasmic space of Borrelia is not well understood, but several studies show that it
houses multiple essential proteins of unknown structure or functions, including BB0323,
BB0238, and BB0104 (BbHtrA), which also interact and confer essential functions in
spirochete biology and infectivity — elucidation of their biological significance constitute
the focus of our current study (Kariu et al., 2015; Ostberg et al., 2004; Ye et al., 2016a;

Zhang et al., 2009).

Metabolism in B. burgdorferi

B. burgdorferi has limited de-novo biosynthetic capabilities. The relatively small-
sized genome of Borrelia houses a limited number of genes, leading to the restricted
biosynthetic and metabolic capacity, making it an obligate parasite, unable to survive

outside the hosts except for in highly enriched media. It requires to uptake of nutrients

9



from its environment for energy generation, metabolism, and survival. The borrelial
genome encodes a large repertoire of transporter proteins, many of which have a broader
binding affinity range. The phosphoenolpyruvate phospho-transferase system (PEP: PTS)
uptakes carbohydrates such as glucose, maltose, fructose, and chitobiose. An ATP-
binding cassette system uptakes ribose, which cannot be used for energy production but

for nucleic acid synthesis (Lackum & Stevenson, 2005).

Carbohydrate

B. burgdorferi encodes all the genes required for glycolytic but none of the
tricarboxylic acid cycle (TCA) or oxidative phosphorylation pathway, which leads to
relatively less ATP production and a slower growth rate (Barbour, 1988; Fraser et al.,
1997). It can survive in various environmental conditions by utilizing alternate carbon
sources, such as maltose, fructose, mannose, N-acetylglucosamine (NAG), glycerol, and
chitobiose instead of glucose (Lackum & Stevenson, 2005). In the case of ticks, NAG, a
primary component of chitin, can be converted to fructose 6- phosphate and enter

glycolysis (Fraser et al., 1997).

Lipid

B. burgdorferi speculated avoiding fatty acids as an energy source (Fraser et al.,
1997; Johnson, 1977). It lacks the genes responsible for fatty acid synthesis, chain
elongation, and cholesterol synthesis (Fraser et al., 1997). It acquires fatty acids and
cholesterol from the environment and synthesizes glycolipids, phospholipids,

lipoproteins, membrane lipids, etc., through many membrane transporters (Boylan &
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Gherardini, 2008; Crowley et al., 2013). Notably, B. burgdorferi is known to influence
the host cells to alter their lipid metabolism and increase the level of phosphatidylcholine

in serum, which the bacteria could access (Fitzgerald et al., 2020).

Metal

Iron is an essential cofactor of many enzymes used for various functions in
transcription, translation, oxidative phosphorylation, DNA metabolism, carbon
metabolism, and gene regulation (Kronstadt & Caza, 2013). Most microbes need iron as
an essential co-factor for their survival, and thus, hosts generally sequester iron
availability as a well-known anti-bacterial defense strategy. Surprisingly, B. burgdorferi
does not encode essential iron-containing proteins and, thus, can bypass the need for iron
for its survival in the host or pathogenesis. In fact, the spirochetes could grow normally in
the presence of iron chelators (Posey & Gherardini, 2000). On the other hand, Borrelia
houses a gene BB0219, Borrelia metal transporter protein A (BmtA), a gene identified
for manganese (Mn) transfer. Mutation of the gene resulted in decreased Mn uptake by
the cells resulting in delayed growth and the inability of the bacteria to withstand
oxidative stress (Ouyang et al., 2009). Mn, along with Zinc (Zn), regulates the expression
of RpoS, a principal regulator of B. burgdorferi genes. Adding external manganese could
repress RpoS and OspC production even at a higher temperature, revealing that Mn could
be a part of the environmental sensor, supporting the spirochete infectious cycle in ticks
and mammals. In contrast to Mn, an abundance of Zn could reverse the effect and
increase the production of RpoS and OspC, displaying the regulatory impact of Zinc

(Troxell et al., 2013).
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Protein

B. burgdorferi genome encodes for relatively large numbers of membrane
transporters (Fraser et al., 1997) and has the most significant percentage of
phosphotransferase systems (Saier & Paulsen, 2000). The ATP binding cassette (ABC)
and oligopeptide permeases (opps) help Borrelia in the uptake of peptides from the
environment (Groshong et al., 2017). It has five homologs of oppA- oligopeptide binding
fraction (Wang et al., 2002); two oppB and oppC- cytoplasmic membrane domain; one
oppD- nucleotide domain; and one oppF- ATP dependent transport of peptide (Groshong

etal., 2017).

Lipoprotein translocation in B. burgdorferi

Generally, in E. coli, lipoproteins are peripherally attached to the periplasmic face
of IM or OM. The proteins reach the destination in three significant steps: Step 1 is the
transportation of preprolipoprotein through IM by a Sec-dependent or TAT-mediated
pathway to the outer face of the membrane (Hou & Briiser, 2011; Kudva et al., 2013;
Nakayama et al., 2012). Typically, the N terminals of the prolipoproteins contain a signal
peptide sequence that contains a “lipobox” with a conserved amino acid- cysteine at +1
position, whose sulfhydryl group is lapidated in Step 2, where a transfer of a
diacylglycerol group to the prolipoprotein by the action of Lgt enzyme occurs.
Sequentially, the prolipoprotein is acted by signal peptidase Il (Lsp) to cleave off the
signal peptide sequence in periplasmic space, turning it into an apolipoprotein

(Nakayama et al., 2012; Sankaran & Wu, 1994). Finally, in Step 3, an enzyme Lnt adds
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an acyl group resulting in a mature lipoprotein. Posttranslational modification by adding
lipids helps the proteins to anchor to the hydrophobic zones (Babu et al., 2006).

The bacterial signal peptide generally consists of a positively charged N-terminal
region, a hydrophobic-hinge region, and a lipobox at the C-terminal of the signal peptide
sequence (Babu et al., 2006). The lipobox consists of (LVI)(ASTVI)(GAS)(C) with
invariable cysteine at +1 position for lipid modification sequence (Babu et al., 2006;
Braun & Wu, 1994). It is a molecular signature for predicting lipoproteins in silico
(Setubal et al., 2006). With more sequences of bacterial proteins analyzed, the sequences
in the canonical lipobox have become outdated, with only residue at the +1-position
conserved (Zlckert, 2014), although there are likely to be exceptions to the rule.

The mature lipoprotein, after removal of the signal peptide, is either associated
with the cytoplasmic membrane, or is translocated to the periplasm, or get associated
with the inner face or outer face of OM. Generally, the presence of the Lol avoidance
signals or +2 sorting makes the protein unrecognizable to the Lol translocation
machinery; therefore, the proteins stay in the cytoplasmic membrane; otherwise, they are
transferred by either Type 2 secretion system (T2SS) or type 5 (T5SS) (Tokuda &
Matsuyama, 2004; Zlckert, 2014).

The components of the Sec translocase system, the enzymes required for lipid
modification, and signal peptide cleavage are detected in B. burgdorferi. In comparison
to E coli, B. burgdorferi encodes for Sec machinery (except SecB) B-barrel-assembly-
machinery (BAM) complex, and partial Lol pathway (lacks LolB) and lacks components
of T2SS (Casjens et al., 2011; Fraser et al., 1997). Also, the lipoproteins in B.

Burgdorferi lack the signals for T5SS (Oomen et al., 2004).
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Notably, B. burgdorferi does not follow the +2 sorting rule; in fact, the
localization is dependent on the disordered tether sequences present in N-terminus;
mutation of the peptide led to mislocalization of outer surface lipoproteins on the
periplasmic leaflet (Kumru et al., 2010, 2011; Schulze et al., 2010; Schulze & Ziickert,
2006). Furthermore, B. burgdorferi features a bundle of endoflagella located within the
periplasm. Understandably, the conventional methods of protein transport do not work
here, and various translocation steps are yet to be elucidated, and it is suggested that the
trafficking to OM is likely to be assisted by the action of chaperones such as sixteen
kilodalton protein (skp), survival protein A (SurA), DegP, and other holdase and flippase

enzymes (Zuckert, 2014).

1.4 Genome

B. burgdorferi, B31 strain is one of the first fully-sequenced genomes in bacteria
(Fraser et al., 1997). All the Borrelia species have one linear chromosome of ~ 0.9MB
and a variation of 7-21 plasmids ranging from 5 to 84 kbp; the B31 strain has 21- 12
linear and 9 circular plasmids. The chromosome primarily has housekeeping genes with
fewer intergenic regions. It has low GC content, i.e., 28.6%, and houses 803 genes that
encode proteins (Barbour, 1988; Plasterk et al., 1985; Casjens et al., 2002). The origin of
replication is predicted at the center of the chromosome ( Casjens et al., 2011; Picardeau
etal., 1999). The genes and proteins are named after the locus tags; the genes are
numbered from the 5” region in ascending order; for example, genes are annotated as

bb0323 and the proteins as BB0323. The gene encoded by a plasmid contains a letter
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instead of the plasmid name; for example., bba52 encodes protein BBA52, and "A"
represents plasmid Ip54 (Casjens et al., 2011). The small and compact chromosome
includes genes for conserved or housekeeping cellular functions, such as cell wall
metabolism, DNA, RNA, protein synthesis, and glycolysis, etc. However, the B.
burgdorferi genome lacks genes required for most biosynthetic pathways, including
amino acid synthesis, nucleotide synthesis, respiration, and lipid synthesis are lacking.
Therefore, the spirochete depends on its host (or cultural media when grown in vitro) for

these essentials (Fraser et al., 1997).

The plasmids of LD agents mainly encode proteins of unknown functions,
including many surface lipoproteins required for microbial virulence or host-pathogen
interaction (Fraser et al., 1997; Sadziene et al., 1993). Plasmids vary in stability; some
could be lost during passages during in vitro cultures (Byram et al., 2004; Grimm et al.,
2005). Linear plasmids are coded as "Ip" and circular plasmids as "cp," and their kb sizes
are used for their designation, such as Ip54 is a linear plasmid of 54 kb (S. R. Casjens et
al., 2011; Picardeau et al., 1999; I. Schwartz et al., 2021). Plasmids encode a variety of
genes that are essential for different stages of infection and survival in specific
environments. Most proteins are lipidated in their N-terminal and do not have
homologous counterparts outside the Borrelia genus (Dowdell et al., 2017). Elucidation
of their function has made them exceptional diagnostic and vaccine development targets
(Dowdell et al., 2017; Fraser et al., 1997; Kenedy et al., 2012). Cp26 is the only plasmid
that is stably maintained in various species of B. burgdorferi sensu lato and is vital for
spirochetal survival in vivo as well as growth in vitro. This plasmid encodes for outer

surface protein OspC, which is essential for the spirochete migration through ticks
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(Fingerle et al., 2007; Pal et al., 2004) as well as the establishment of early infection in
mammals (Byram et al., 2004; Fraser et al., 1997; Grimm et al., 2005; I. Schwartz et al.,
2021; Tilly et al., 2016). Plasmid cp26, Ip54, and Ip17 are present in all natural strains.
Lp17 houses BBD18, a regulator of alternative sigma factor Rpos (Hayes et al., 2014; 1.
Schwartz et al., 2021). Lp54 comprises various genes essential for B. burgdorferi
transmission from ticks and infection in the host. Proteins such as OspA, OspB, Decorin
binding proteins A and B (DbpA and DbpB), and BBA57 are encoded by the plasmid
(Bernard et al., 2019; Blevins et al., 2008; Caimano et al., 2019; Kenedy et al., 2012; Pal
et al., 2004; Tilly et al., 2016). Lp28-1 contains the variable primary protein-like
sequence Expressed, the VISE gene, which is essential for antigenic variation inside the
host (Norris, 2014). The Ip36 plasmid encodes various genes, such as bbk13, bbk32, and
bbk46, necessary for host association or immune evasion (l. Schwartz et al., 2021).
Plasmids Ip56 and Ip25 are involved in the restriction modification system, the removal
of which increases the transformation efficiency of exogenous DNA in the spirochete
(Lawrenz et al., 2002; Rego et al., 2011). These represent only a few examples of many
spirochetes genes that are encoded in specific plasmids and support B. burgdorferi

biology and infection.

Overall, the Borrelia genome is small and highly segmented, harboring clusters of
paralogous genes. The chromosome mainly carries the housekeeping genes with known
functions, whereas proteins encoded by plasmids are responsible for enigmatic molecular
function yet are essential for spirochete infection contributing to host-pathogen

interaction and microbial immune evasion. Advanced technologies and high throughput
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methods are broadening our knowledge of the structure and functions of encoded

proteins.

1.5 Gene expression and regulation in in B. burgdorferi

LD is an enzootic disease that encompasses the acquisition of the spirochete by a
naive Ixodes tick vector, persistence within the tick, and then transmission back to a
vertebrate host. The spirochete persists in extremely distinct environmental conditions in
terms of temperature, pH, level of oxygen and carbon dioxide, transient metals, nutrients,
osmolarity, and host factors (Bontemps-Gallo et al., 2016; Boyle et al., 2019; Brooks et
al., 2003; Carroll et al., 2000; Hyde et al., 2007; Seshu et al., 2004). Spirochete harbors
two major gene regulatory systems to adapt successfully in varied tissue environments in
ticks and mammals, which are, 1) BosR/Rrp2/RpoS/RpoN pathway, herein referred as
RpoS/RpoN alternative sigma factor cascade, 2) the two-component system (TCS)
comprising Hk1/Rrpl, and RelBbu and DksA mediated stringent response (Samuels et
al., 2022). Transcription of the Borrelia gene is carried out by the RNA polymerase,
structurally similar to the other bacterial holoenzyme, but requires manganese instead of
magnesium for the activity (Browning & Busby, 2016). The enzymatic activity of RNA
polymerase is highest at 37°C and pH 7.5 (Boyle et al., 2019). In contrast to E. coli,
which has seven sigma factors, Borrelia harbors genes for three sigma factors, rpoD,
rpoN, and rpoS (Burgess & Anthony, 2001; Caimano et al., 2019) RpoD is a primary
sigma factor that initiates transcription in the logarithmic phase of the cell cycle
(Burtnick et al., 2007; Hibner et al., 2001; Samuels et al., 2022). RpoS/RpoN, alternative

sigma factor cascade activates the genes required during the transmission and infection
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establishment in a host and represses those which are essential for the survival of
spirochetes in ticks with help from rrp2- a transcription activator (Arnold et al., 2018;
Fisher et al., 2005; Grove et al., 2017; Hubner et al., 2001). In addition, a transcription
regulator, BosR- Borrelia oxidative stress regulator - a metalloregulator, acts both
transcriptionally and post-transcriptionally in response to pH and carbon dioxide (Saputra
et al., 2020). A transcription repressor of RpoS, Borrelia Host Adaptation Regulator
(BadR), activates in the environment with a low carbohydrate environment mimicking
unfed ticks (CMiller et al., 2013) RpoN recognizes the promoter sequence of RpoS,
which is different from the promoter, recognized by RpoD (Studholme & Buck, 2000).
RpoS generally activates stress responses in other bacteria (Hengge-Aronis, 2002). Still,
in the case of B. burgdorferi, the activation is in response to the enzootic phase when the
genes responsible for disease transmission are expressed instead of genes of the general
stress response, and the genes required for survival inside ticks, regulated by RpoD are
repressed (Caimano et al., 2007, 2019; Schwartz et al., 2021). Overall, in the RpoN/RpoS
cascade, after activation of RpoS, several lipoproteins, such as DbpA, OspC, and BBk32,
are upregulated (Caimano et al., 2007). OspC is essential in establishing infection but not
for persistence (Tilly et al., 2008). It facilitates the invasion of the spirochete into salivary
glands following feeding (Pal et al., 2004, 2022; Tilly et al., 2016). BBk32 is essential in
the adhesion of spirochete in the extracellular matrix (ECM), and DbpA is crucial in
binding host ligands such as decorin, heparin, and dermatan sulfate (Caine & Coburn,
2016). B. burgdorferi spends most of its time in the gut of unfed ticks until the start of the
next feeding in the subsequent stage. Once B. burgdorferi are acquired in ticks from an

infected host, and after the spirochete reaches the gut, the change in temperature and pH
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initiates the changes in the outer surface proteins of Borrelia. Here, OspC is
downregulated, and OspA- one of the significant antigens, is upregulated. OspA interacts
with a tick receptor for B. burgdorferi called TROSPA, facilitating spirochete
colonization of the tick gut (Pal et al., 2004). OspA has an affinity for plasminogen and
helps in its conversion to plasmin- which down-regulates the production of complement-
related proteins (Fuchs et al., 1994). The OspA also protects the spirochete from
antibody-mediated actions (Kung et al., 2013; Kurokawa et al., 2020; Pal et al., 2004).
Additionally, RpoS represses the expression of vector phase proteins in vertebrates
(Grove et al., 2017).

The two-component signal transduction system (TCS) Hk1/Rrpl and its
secondary messenger c-di-GMP, as the second regulatory mechanism, are potentially
activated by exogenous amino acids and their derivatives (Caimano et al., 2015). The
TCS mainly functions in the tick phase of the cycle and the BSK-II medium. It
upregulates the utilization of glycerol, expression of chitobiose, and protection from
vector complement factors, among others (Caimano et al., 2011; Samuels et al., 2021).

In unfed ticks, alarmones guanosine pentaphosphate and guanosine
tetraphosphate, known as ppGpp, are the major regulating factors in response to stringent
factors (Caimano et al., 2016). The levels of ppGpp are altered by the enzyme Relgny
(Drecktrah et al., 2015; Samuels et al., 2021). The alarmones bind to the RNA
polymerase and alter the transcription of related genes (Gaca et al., 2015; Gourse et al.,
2018; Liu et al., 2013). The activity of ppGpp is usually coordinated with the response of
DnaK suppressor protein (DksA) with a distinct regulon. RelBbu facilitates glycerol

uptake by enhancing glycerol kinase (gk) and glycerol uptake facilitator (glf). It also
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upregulates the expression of BBK32 and DbpA/B, which is potentially important in
spirochete survival in nutrient-deficient locations in vertebrate hosts, such as joints
(Drecktrah et al., 2015). In addition to gk and glf, DksA regulates other tick-specific
proteins globally, including OspA and Lp6.6 (Boyle et al., 2019). Overall, these signal
transduction systems' independent contributions, their interplay, coordination, and other
factors, such as small regulatory RNAs, chaperones, and 6s RNA, allow B. burgdorferi to

survive and persist in dramatically distinct environmental conditions.

1.6 Immune response against B. burgdorferi

B. burgdorferi activates both innate and adaptive immunity in hosts, although
without antibiotic treatments, neither response can fully eradicate the spirochete from an
infected host (Sidman et al., 1992; Wang et al., 2005). Upon entry inside the host dermis
via tick bite, innate immunity is activated and helps to suppress the spirochete population.
Langerhans cells (LC) are one of the first cells to respond, followed by
macrophages/dendritic cells (DC) and neutrophils (which can occur within 4 hours)
(Nestle et al., 2009; Xu et al., 2007). However, spirochete motility and chemotaxis can
facilitate the evasion of host cellular immune responses. For example, the spirochetes are
estimated to move 300 times faster than the macrophages and 40 times faster than the
neutrophils (Malawista & de Boisfleury Chevance, 2008; Park et al., 2018). Therefore,
most bacteria disseminate to other tissues even though these sentinels capture some

spirochete cells (Lazarus et al., 2006).
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Amongst other innate immune responses, TLR-2 receptors are most relevant in
LD pathogenesis, activated by the presence of lipoproteins (Hirschfeld et al., 2000). In
the presence of diacylated lipoproteins and peptidoglycans, the TLR2 heterodimerizes
with TLR6 and, to bind with triacylated lipoproteins- TLR2 heterodimerizes with TLR1
(Alexopoulou et al., 2002; Bockenstedt et al., 2020), which lead to an anti-bacterial
response.

B. burgdorferi is an extracellular organism and inhibits complement activation to
facilitate its survival in a host (Bockenstedt et al., 2020). A collection of proteins called
complement regulator-acquiring surface proteins (CRASP) are produced by B.
burgdorferi and are known for the inactivation of complement activity in the host. Five
CRASP proteins are identified in B.burgdorferi (CRASP 1- 5) (Kraiczy et al., 2001,
2003, 2004; McDowell et al., 2003). The CRASP proteins (CRASP 1 and CRASP 2)
bind with H factors in serum; thus, by inhibiting complement protein, that results in C3b
accumulation. This, in turn, decreases the phagocytosis and membrane attack complex
(Bockenstedt et al., 2020; Lin et al., 2020). Additional spirochete proteins, such as erpP,
erpC, erpA, OspE, OspF, and ELp, also bind to the factor H leading to the inhibition of
the complement cascade (Alitalo et al., 2002; Dulipati et al., 2020; Hellwage et al., 2001,
Kraiczy et al., 2004). The outer surface protein OspC binds to a C4b, an opsonizing agent
that also forms a complex with C2a to make C3 convertase, an enzyme required to
convert C3 to C3a and C3b (Caine et al., 2017; Dulipati et al., 2020). In addition, another
lipoprotein, BBK32, binds to the C1 complement complex and prevents the classical

complement pathway (Garcia et al., 2016).
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Adaptive immunity against B. burgdorferi comprises both T and B cell responses.
Unconventionally, lipids and glycolipids such as glycolipid diacyl glycerol (BbGL-I1) are
presented to the invariant Natural Killer T cells (iNKT) (Kinjo et al., 2006). The activated
iINKT cells produce INFy (Dustin, 2008; Olson et al., 2010). In addition, studies have
also shown yd T cells make INFy in response to B. burgdorferi infection (Bockenstedt et
al., 2003) and the action of ap T cells in response to spirochetal protein exposure leading
to the production of TNFa and INFy. The activation and differentiation of TH-1 cells
upon infection by Borrelia lead to a high level of IL-14 and IFN-y. On the contrary, IL-
10 production might offer the host protective effects without proper pathogen clearance
(Bockenstedt et al., 2020). The T-cell response is also implicated in developing
autoimmunity in chronic Lyme disease. However, CD8+ cells have shown protective
action against the condition (Singh & Girschick, 2004).

B cell activity is critical during LD resolution as humoral immune responses
constitute the primary host defense against B. burgdorferi; in fact, early B cell response is
second to antibiotic therapy in clearing the infection rapidly (Blum et al., 2018). The
antibodies produced against the spirochetes are bactericidal by killing in a direct or
complement-dependent manner (LaRocca & Benach, 2008, pp. 64-88) and assisting in
the opsonization of the microbe (Modolell et al., 1994). However, the seroconversion
takes longer time; with only 50% of the patients possessing antibodies at the time of
presentation of initial skin lesion (erythema migrans); in mice, the seroconversion may
take up to 14 days from the time of pathogen exposure (Aguero-Rosenfeld et al., 2005;
Steere et al., 2008; Tunev et al., 2011; Wormser et al., 2008). The up and down-

regulation of OM proteins and antigenic variations of proteins such as VISE results in
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different populations of spirochetes such that they are unrecognizable by the previous
generation of antibodies (Norris, 2006, 2014). Altogether, B cell response is robust in
chronic LD, and the antibodies produced are specific; the protection is incomplete, and

re-infection can occur (Bockenstedt et al., 2020; Elsner et al., 2015).

Immune response in ticks:

The Ixodes tick is a highly evolved hematophagous vector. The tick’s adaptation
to avoid the host immunity during acquisition of a blood meal benefits the B. burgdorferi
in transmission (Bonnet & Boulanger, 2017; Frischknecht, 2007). During feeding, the
tick spits a pool of saliva in the feeding pit of the dermis, which contains several
pharmacologically active substances to prevent host immunity and wound healing and
cause vasodilation (Ribeiro et al., 1985, 2006; Bernard et al., 2017), which provides
adequate time and an appropriate environment for the pathogen from an infected host to
be acquired by the ticks (Nuttall, 2019). Here, within a tick environment, OspC is
downregulated, and OspA is upregulated. An in vitro study showed that a salivary
protein, Salp15, binds to OspC, shielding the bacteria from the antibody-mediated effects
(Ramamoorthi et al., 2005).

In ticks, B. burgdorferi spends most of its time in the lumen of the gut (until the
start of the next feeding). After the spirochete reaches the gut, the biotic and abiotic
factors, such as the change in temperature, pH, etc., initiate a change in the outer surface
proteins of B. burgdorferi. For example, OspC, which is a temperature and pH-regulated
gene, is downregulated, whereas OspA transcripts are increased. The antigen has an

affinity for plasminogen and helps in conversion to plasmin- which, in turn, down-
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regulates the production of complement-related proteins and is also found to protect the
spirochetes from antibody-mediated actions (Kurokawa et al., 2020).

Ticks feature major innate immune pathways, such as Toll, IMD, and JAK/STAT
pathways; these pathways are not thoroughly studied yet, although initial studies suggest
their critical roles in the control of tick-borne bacterial pathogens, including B.
burgdorferi (Kitsou & Pal, 2018; Rana et al., 2022; Shaw et al., 2017; Smith et al., 2016).
Duox and peroxidase genes mediate the formation of the Dityrosine Network (DTN) in
the ticks, forming a barrier on the gut epithelium, down-regulating immune activation,
and favoring the survival of the bacteria (Rana et al., 2023; Smith & Pal, 2014).
Complement inactivating factors in tick saliva, such as Salp20, also favors for protection
of the pathogen (Kurokawa et al., 2020). B. burgdorferi also protects itself from free
radical nitrogen inside the tick environment due to the presence of nucleotide excision

repair gene uvrB (Bourret et al., 2016).

1.7 Pathogenesis and clinical manifestation

Pathogenesis

The bacteria do not contain any toxins that could directly harm or destroy the host
tissues. The inflammatory responses incited upon entry and colonization of B.
burgdorferi in susceptible hosts can cause severe pathological outcome (Steere et al.,
2016). Upon an infected tick bite, the spirochetes transmit through saliva to the hosts. A
percentage of spirochetes is cleared by the host immune cells, such as by langerhans
cells, neutrophils, and macrophages (Xu et al., 2007). The bacteria can disseminate

through lymphatic ducts, dermis, and blood. Following the initial entry within the host
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dermis, the spirochetes can take 7-10 days to reach and colonize the other internal organs.
Despite a strong anti-bacterial response, the immune system cannot completely clear the
infection (Bolz et al., 2004; Troy et al., 2013; Wooten et al., 2002). The spirochete can
adapt to the new environment, evade the immune responses, multiply, and persist in the
tissues. The inflammatory reactions damage the residing tissues and display the related

symptoms (Coburn et al., 2022).

Clinical manifestations

Transmission of the spirochetes by the ticks to hosts can result in a multi-system
illness that can be clinically classified in three stages of LD. Febrile symptoms, such as
fever, chills, fatigue, and flu-like symptoms, characterize the early localized stage (Stage
1). 70-80% of the cases present with a typical rash featuring bull's eye rash, called
erythema migrans (Steere, 2001). Motile and spreading bacteria can attract immune cells,
causing the characteristic skin lesion to clear in the center of the tick bite (Radolf and
Samuels, 2021; Nadelman, 2015; Wormser et al., 2006). Almost 20% of these patients
could have a secondary rash (Wormser, 2005). In addition, the patients may display
various symptoms, including swollen lymph nodes, pain in joints and muscles,
conjunctivitis, cough, and sore throat (Steere et al., 1987), amongst other symptoms. If
not treated at this phase, LD could progress to the subsequent phase, the early
dissemination stage (Stage 2). Spirochetes invading the central and peripheral nervous
system could elicit complications of Lyme neuroborreliosis, characterized by severe
headaches, facial palsy, neck stiffness, and cognitive disorders (Steere et al., 1987,

Radolf et al., 2022). Around 1% of the cases have cardiac involvement featuring
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atrioventricular shunt and acute myopericarditis, resulting in palpitations, shortness of
breath, and, sometimes, sudden death (Forrester & Mead, 2014; Marx et al., 2020). The
patients could continue to experience musculoskeletal discomfort in this stage. If not
addressed timely, the disease could progress to a late stage (Stage 3) - chronic Lyme
disease ensues several months to years after infections. It is generally associated with the
musculoskeletal and nervous systems, including Lyme arthritis (LA), which is a severe
outcome of LD affecting especially large joints like the knee resulting in swelling and
effusions (Arvikar & Steere, 2015; Radolf et al., 2022). Appropriate antibiotic therapy is
often successful in resolving Lyme arthritis, but some patients could experience post-
treatment, antibiotic-refractory Lyme arthritis (Radolf- et al., 2022; Steere & Angelis,
2006). Several speculations on the etiology of persistence have been made. Jutras et al.
have shown that peptidoglycan debris in the synovial fluid can initiate chronic
inflammation (Jutras et al., 2019). In addition, excessive production of Th1l-type
cytokines, the inability of T cells to downregulate the response of TH1, and imbalance in
synovial tissue repairment are linked with dysregulated inflammation (Lochhead,
Arvikar, et al., 2019; Lochhead, Ordofiez, et al., 2019; Vudattu et al., 2013). Despite
appropriate antibiotic treatment, usually 6 months to a year after antibiotic therapy, about
10-20% of the patients continue to have symptoms such as fatigue, cognitive disorders,
and fibromyalgia, which does not respond to further antibiotic therapy; these conditions
are termed as Post-treatment Lyme disease syndrome (PTLDS) (Berende et al., 2016).
The syndrome's etiology, diagnosis, and treatment are still unknown and are further

discussed in the subsequent sections.
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1.8 Diagnosis, prevention, and treatment

Diagnosis

Diagnosis of LD is often complicated as its symptoms vary and resemble many
other febrile diseases. The history of tick bites on a subject residing in an endemic area is
a critical aspect of diagnosis. The development of a skin rash (EM) is the most noticeable
first sign of LD, but its appearance and size are not universal and vary greatly amongst
affected individuals. LD symptoms in general are vague, so a differential diagnosis is a
must. The identification comprises two major strategies: a direct method that detects B.
burgdorferi and an indirect way that detects the antibody produced against the bacteria.
The direct methods include culture of organs and fluids (cerebrospinal fluid, synovial
fluid), PCR assays, xenodiagnoses, and histopathology (Marques, 2008). However, these
methods have limited usage for detecting LD in humans. The CDC recommends a two-
tiered system for LD clinical diagnosis. It comprises an Enzyme immunoassay (EI1A)
against B. burgdorferi as the first step. The second step is performed in case the EIA is
positive. Immunoblotting or Western blotting (WB) is performed against the whole cell
antigen and developed either against Immunoglobulin M or G (IgM or IgG) depending

upon the stage of the disease (Branda & Steere, 2021; Marques, 2015).

The diagnosis of LD lacks effectiveness in the early stages of the disease,
resulting in subsequent delays in treatment. And again, the current diagnosis modalities
do not discriminate between active or inactive forms, and the antibody persists for an

extended period (Marques, 2015). This leads to confusion in the accurate diagnosis of the
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disease and delays the treatment, which might result in more serious episodes of the

disease. Thus, developing a better diagnostic tool remains a top priority in LD research
efforts. Recently, in 2019, FDA approved a modified two-tiered system (MTT), which
includes a second EIA in place of a western blot. It is expected to be more sensitive and

streamlined than the conventional system (Mead et al., 2019).

First test Second test
Positive or Signs or
. Enzyme equivocal symptoms > _lgM and IgG
immunoassay (EIA) e <30 days immunoblot
OR _
Immunofluorescence z
assay (IFA) : igns or lgG
Nfgsal};;/ . symptoms —» | immunoblot
>30 days only

'

Consider alternative diagnosis
OR
If patient with signs/symptoms consistent
with Lyme disease for <30 days, consider
obtaining convalescent-phase serum

Figure 2. Conventional two-tiered serologic testing protocol for diagnosing Lyme

Borreliosis (Branda & Steere, 2021).

Prevention of LD

The vaccine is one of the primary defenses in preventing infectious diseases, but

we currently lack one for LD in humans. Intensive research throughout the late 1990s to
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early 2000, vaccines were developed using outer surface protein A (OspA) as an
immunogen. Three shots of the vaccine in humans provided 76% efficacy. The antibody
produced in the host against OspA blocked the transmission of Borrelia from feeding
ticks (Fikrig et al., 1992; Steere et al., 1998) ), thus the vaccine was characterized as a
“transmission-blocking vaccine” (A. M. de Silva et al., 1996). LY Merix, developed by
SmithKline Beecham (SKB, now GlaxoSmithKline, GSK), was approved by FDA in
1998. Despite initial enthusiasm, due to immunological side effects perceived by the
public, sales of dropped substantially, and the vaccine was subsequently retracted from
the market. (Nigrovic & Thompson, 2007). However, subsequent Vaccine Adverse
Event Reporting System (VAERS), which is a U.S. national vaccine safety surveillance
program co-sponsored by FDA, did not find major adverse effects associated with the
vaccine administration. There are ongoing studies on identifying other proteins such as
OspB, OspC, DbpA, BbK32, and the next generation of OspA-based vaccine candidates

(Gomes-Solecki et al., 2020).

In addition, other ecological factors to consider for preventing LD are the
reduction of vector and reservoir hosts and the reduction of pathogen prevalence in them.
Avoiding tick bites, such as wearing protective clothing and tick repellents outdoors in

endemic areas, is highly recommended in case of tick bites. (CDC, 2021).

Treatment

Early diagnosis and timely treatment of LD are highly warranted to prevent more

serious conditions. Guidelines published by the Infectious Disease Society of America
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suggest treatment involving antibiotics (CDC, 2022; Lantos et al., 2020). Single-dose
doxycycline as a prophylactic agent is only recommended when the tick is recognized as
Ixodes sps and attached for more than 36 hours in an endemic area. For the early stage of
the disease, in the case of EM, doxycycline (10 days) and amoxicillin or cefuroxime (14
days) is usually recommended. Seven days regimen of azithromycin is indicated in cases
where doxycycline or Beta-lactam antibiotics cannot be used. In the cases of neurological
and cardiac involvement, an initial intravenous infusion of ceftriaxone or cefotaxime
followed by oral antibiotics such as doxycycline is indicated. Lyme arthritis requires
more prolonged treatment of up to 28 days. Antibiotic therapy of more than eight weeks
is not deemed valid, and in case of persistent symptoms, secondary treatment strategies,

including corticosteroids, are expected to provide aid (Lantos et al., 2020).

1.9 Novel Therapeutic target against Lyme disease

As mentioned above, most clinical cases of LD are adequately cured by
antibiotics. However, as discussed earlier, up to 20% of people may experience persistent
symptoms such as pain, fatigue, and mental unclarity, which can initiate six months to a
year after completion of the treatment known as PTLDS (CDC, 2022). The exact reason
for the development of this condition is unknown; however, many speculations have led
to the general belief that it might be due to the persistence of a population of spirochetes
in the hosts, which might occur due to the stress exerted by the antibiotics during the
treatment (Embers et al., 2012; Lewis, 2008, 2010; Preac Mursic et al., 1990). As

presented by CDC, B. burgdorferi-induced “autoimmune” response or persistent but
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difficult-to-detect infection could also be a cause of PTLDS, while others believe that
conditions are unrelated to the B. burgdorferi infection. Additionally, some studies
suggested an association between immune dysregulation and PTLDS (Wong et al., 2022).
Immune mediators like CCL19 and IL-23 were found to be elevated in the case of
cohorts with confirmed LD in acute cases and were likely to increase later in patients
with PTLDS symptoms; Notably, these patients were negative for B. burgdorferi culture,
and the antibody response decreased over time, confirming, absence of active infection
(Aucott et al., 2016; Strle et al., 2014; Wong et al., 2022). An in vitro study has showed
an increment in proinflammatory cytokines associated with microglial cells in exposure
to dead bacteria instead of live ones (Greenmyer et al., 2018). Additionally, Positron
emission tomography (PET) scanning of the brains of patients with PTLDS showed
microglial activation that could be linked with cognitive symptoms (Coughlin et al.,
2018). However, these results are preliminary and hence remain inconclusive. Some
studies provide evidence of the elevation of inflammatory markers, such as C-reactive
peptides or immune response against autoantigens, Endothelial growth factors (EGF),
that could be linked with PTLDS (Drouin et al., 2013; Uhde et al., 2016). However, the
improvement of symptoms in 40% of the placebo groups of patients with PTLDS-
without immunity-related treatments shows that it is unlikely to be autoimmunity
mediated (Klempner et al., 2001; Wong et al., 2022). Overall, there is inadequate data to
confirm that PTLDS is due to autoimmunity.

Generally, the immune system is significantly influenced by its relationship with
microbiota. The symbiotic relationship between the host and its microflora helps to

modulate and train immunity, the imbalance of which has been linked to developing
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immune diseases (Belkaid & Hand, 2014; Morrissette et al., 2020). Gut microbiome
studies done with a group of people with PTLDS showed a significant increase in the
population of Enterobacteriaceae and Blautia species (Morrissette et al., 2020). These
species of bacteria are associated with multiple immune-related ailments such as IBD,
Multiple Sclerosis, and Alzheimer’s disease (Chen et al., 2016; Vogt et al., 2017; Zeng et
al., 2017). Notably, the study also showed depletion of Bacteroides, which are associated
with maintaining a healthy immune system (Arpaia et al., 2013; Furusawa et al., 2013;
Morrissette et al., 2020). One of the probable reasons for the dysbiosis of the microbiome
is the extensive use of antibiotics in the conventional treatment of LD, which can give
rise to the post-treatment appearance of symptoms (Morrissette et al., 2020). Therefore, it
is imperative to investigate novel therapeutic targets for the treatment.

Recent investigations on potential antibiotics for LD have presented two main
targets, Azocillin and Hygromycin A (Leimer et al., 2021; Pothineni et al., 2020).
Azocillin is an antibiotic that can Kill the persister cells produced by doxycycline in vitro
and clear the infection in vivo; however, it has broad-spectrum activity and cannot be
used for patients with sensitivity against f-lactam antibiotics (Pothineni et al., 2020).
Although a promising target, Hygromycin A also might have a non-targeted effect on
commensal spirochetes (Leimer et al., 2021). Overall, the exact etiology for the
development of PTLDS is not confirmed yet, and the unavailability of proper diagnostic
tools and an array of non-objective symptoms further aggravates the situation. The
above-presented studies suggest the syndrome might be due to extensive antibiotic usage,
which could result in a disbalance in host microflora and immune dysregulation or the

induction of antibiotic-tolerant cells that can persist, although the precise etiology of
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PTLDS remains unknown. Given that the current antibiotic treatment of LD is not
complete, the development of novel therapeutic strategies for comprehensive

interventions against B. burgdorferi remains an important future goal.

Review of BB0323 Complex as potential targets for LD Treatment

Borrelia comprises several protein complexes essential for cellular metabolism,
transmission, persistence, or infection (Yang et al., 2011).These interactions support the
spirochete biology and infection throughout the enzootic life cycle (Bernard et al., 2019).
A deeper understanding of such events is highly warranted not only for a deeper
understanding of B. burgdorferi biology but also for identifying novel therapeutic agents
and vaccine targets against the disease. One such protein complex involved the BB0323
protein. BB0323 is a membrane-associated immunogenic lipoprotein expressed
throughout the tick-host phase and is essential for infection in murine hosts (Zhang et al.,
2009). The protein is conserved in the sensu lato complex and has a vital function in
outer membrane organization and stability as well as supporting spirochete infection; the
knockout mutant cannot segregate the OM and presents with huge blebs (Stewart et al.,
2004; Zhang et al., 2009). The protein at the C-terminal region features a known motif
called the Lysin Motif domain (LysM), which is a peptidoglycan binding motif (NCBI,
2022). The LysM is present in all life forms except archaea (Mesnage et al., 2014; Steen
et al., 2005). This domain is known to bind the polysaccharide portion of peptidoglycan
(PG) in bacteria and chitin in fungi, mainly to the GIcNac polymer (Mesnage et al.,
2014). The domain usually contains 44-65 amino acids and is generally present in

enzymes responsible for cell division and, in some cases, host-pathogen interaction (Buist
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et al., 2008; Mesnage et al., 2014; Zhang et al., 2009). However, the BB0323 protein has
no homology to the other bacterial proteins with defined functions, but previous studies
show that it interacts with the peptidoglycan (Zhang et al., 2009). Similar to PG, ticks
possess abundant chitin, which is also a GIcNAc polymer. Thus, the possibility of
whether the BB0323 LysM domain also interacts with the tick chitin when the spirochete

resides inside the vector has yet to be explored.

The putative lipoprotein BB0323 comprises 377 amino acids with signal peptides
in the first 22 amino acids and has an expected molecular weight of 41 kDa. However,
the mature protein corresponds to a 27 kDa N-terminal and 12 kDa C-terminal containing
the LysM domain (Kariu et al., 2013). The protein undergoes a series of post-translational
processing by at least two proteases BB0104 (High-temperature requirement protease A,
BbHtrA) and BB0359 (Carboxy terminal processing protease A, CtpA) (Kariu et al.,
2013; Ostberg et al., 2004) Furthermore, the two polypeptides of BB0323 interact with
each other. The N-terminal of the protein is essential for cell division, and C-terminal is
indispensable for infection in murine hosts but is expendable in cell division (Kariu et al.,

2013).

Gene knockout studies have suggested that the function of BB0323 is analogous
to the Tol-PAL complex of E. coli (Bernadac et al., 1998). However, it has no homology
to Tol or PAL or related proteins (Kariu et al., 2013; Zhang et al., 2009). The Tol-PAL
complex is a well-conserved protein complex in gram-negative bacteria and is composed
of at least five core proteins, namely, TolA, TolQ, TolR- inner membrane; TolB, a

periplasmic and PAL- peptidoglycan associated lipoprotein- linked with the outer
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membrane. TolA, Q, and R interact in the inner membrane, and TolB and PAL form
complexes near the outer membrane. In addition to its association with the peptidoglycan
layer, PAL interacts with TolAs to connect the two membranes (Lazzaroni et al., 1999;
Lloubeés et al., 2001). The Tol-PAL knockout mutants show defects in cell division —
especially in outer membrane constriction and peptidoglycan splitting procedure, hence
forming cell chains (Bernadac, Gavioli, Lazzaroni, Raina, & Lloub¢s, 1998; Kowata et
al., 2016; Szczepaniak et al., 2020; Yakhnina & Bernhardt, 2020). The mutation also
increases the cell sensitivity to antibiotics and detergents (Bernadac, Gavioli, Lazzaroni,
Raina, & Lloubes, 1998; Szczepaniak et al., 2020; Yakhnina & Bernhardt, 2020).
Mutation of another abundant lipoprotein, Murein peptide/lpp, in E. coli forms a bleb in
the outer membrane (Asmar & Collet, 2018; Cascales et al., 2002). Lpp tethers the OM
with the PG layer in gram-negative bacteria (Gerding et al., 2007). However, this

globular protein has no structural similarity to BB0323 (Brangulis et al., 2019).

Crystal structure of the N-terminal domain of BB0323 (22-202 amino acids)
revealed a rod-like structure of a member of the spectrin family similar to EzrA protein, a
member of cell membrane divisome complex in bacteria (Brangulis et al., 2019). Cell
division in bacteria is controlled by the tubulin homolog FtsZ. Polymerization of this
protein in the mid-cell region forms a Z-ring. The Z-ring with actin homolog FtsA
recruits other essential proteins to form a divisome complex (Gamba et al., 2009; Osawa
et al., 2008; Szwedziak et al., 2014). EzrA, an inhibitor of the polymerization of FtsZ,
one of the first proteins to be recruited in the mid-cell area, helps correctly assemble the
Z-ring. Deletion of Ezra results in delayed cell division and improperly shaped and

irregular-sized cells (Jorge et al., 2011; Steele et al., 2011). BB0323 is a periplasmic
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protein containing two spectrin repeats in contrast to 5-100 repeats of cytosolic EzrA.
The spectrin repeats have cytoskeletal properties and act as linkers between the cell
structures. The distance between the peptidoglycan layer and OM in B. burdorferi cells is
11-12 nm approximately, and in the crystallized structure, the N-terminal of BB0323
(BB0323 22202, not including the first 41 amino acids) is 10.5 nm long, which shows that
the N-terminal domain can reach out to PG and OM layer, and possibly act as a linker
between cell components and may have a cytoskeletal property (Brangulis et al., 2019).
However, the C-terminal domain containing the Lysm domain is essential for interaction
with the PG layer. C - terminal mutation shows no issue with cell growth and fission,
whereas N-terminal does not associate with the PG layer (Kariu et al., 2013).
Interestingly, m-cherry fusion at the C-terminal of BB0323 shows its accumulation in the
central cell area initially, in the 1/4™ and 3/4™ positions- as the cell grows, representing
the future cell division sites, and at the poles after cell division (Takacs et al., 2018); this
area fascinatingly coincides with a region of active peptidoglycan synthesis which has a

higher concentration of PG and may act as an anchor for the protein (Jutras et al., 2016).

BB0238

Previous attempts of coimmunoprecipitation (Co-1P) and LC-MS/MS approach
disclosed multiple interacting partners of BB0323, mainly a HtrA homolog and BB0238
(Kariu et al., 2013). BB0238 is a 27 kDa protein, annotated by NCBI database as a
hypothetical protein containing one tetracopeptide repeat (TPR) domain at N-terminal
(Groshong et al., 2014; Kariu et al., 2015; NCBI, 2022). The conserved protein is present
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throughout the enzootic cycle and follows the expression pattern of BB0323. Notably, it
exists in periplasmic space and interacts with the N-terminal of BB0323. The levels of
both terminals of BB0323 are diminished in spirochetes deficient in BB0238. However,
the N-terminal of B0323 is produced enough to support OM fission, but the infection in
mice is impaired. Conversely, the level of BB0238 completely diminished in isolates
devoid of BB0323, although mRNA levels remain unchanged. Thus, BB0323 and
BB0238 mutually stabilize each other post-translationally. BB0238 interacts directly with
BB0323 N-terminal, with its epitope mapped between 120-130 amino acids. The TPR
domain, which is generally involved in protein interactions, is not involved in this case.
Deletion or alanine substitutions of the 11 amino acids in BB0238 encompassing the
BB0323 binding site lower the level of the latter protein over time and render the
spirochete non-infectious in mice (Kariu et al., 2015; Thakur et al., 2017). The PPI
between BB0323 and BB0238 is vital for the transmission and persistence of LD. In
following chapters, we have utilized the knowledge to discover small molecules that can

be further explored as novel therapeutics against the disease.

BbHtrA

High temperature requirement A (HtrA), a serine protease, also known as Deg-
Degradation of periplasmic protein, is a highly conserved protein found in all domains of
life, including bacteria and humans (Clausen et al., 2002; Song et al., 2022; Spiess et al.,
1999). The heat shock-induced protein is mostly envelope associated. HtrA mainly
functions as a protease and/or chaperone and is a critical factor for homeostasis and
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quality control of other proteins in ATP independent manner (Clausen et al., 2011;
Harkness et al., 2021). HtrA family members comprise a serine protease domain and at
least one C terminal-associated PDZ domain involved in PPI. It stays as a trimeric unit
fundamentally and oligomerizes as a hexamers-resting stage, 12 mers, and 24 mers,
forming a funnel/cage-like structure, with protease domain at the top and PDZ domains
extending out to bind substrate and translocate them to the protease zone (Song et al.,
2022). The height of the cage is maintained to exclude the entry of well-folded protein
(Clausen et al., 2002). E coli contains three homologs of HtrA, namely, Deg P, Deg Q,
and Deg S (Clausen et al., 2002; Hansen & Hilgenfeld, 2013; Kim et al., 2011). Deg P is
responsible for deleting misfolded periplasmic proteins and guides the unfolded protein
to the membrane (Sawa et al., 2011). It comprises an N-terminal protease domain and
two C-terminal PDZ domains (Song et al., 2022). Deg Q, a homolog, has high sequential
and functional similarity to Deg P. Both proteins consist of two PDZ domains with
protease and chaperone functions (Clausen et al., 2002; Waller & Sauer, 1996; Wrase et
al., 2011); however, the LA loop- essential in maintaining hexameric structure, is
significantly shortened in Deg Q (Song et al., 2022). Deg S protein is attached to the
membrane by N-terminal and has one PDZ domain. Upon accumulation of unfolded
proteins, Deg S activates, resulting in a cascade of events ensuing in the upregulation of
quality control proteins, such as Deg P (Chaba et al., 2011; Hasenbein et al., 2010). The
function of DegP switches from a chaperone -refolding proteins at a lower temperature to
proteolytic machinery at a high temperature, possibly due to the presence of more
substrates during increased temperature. Binding of a substrate by PDZ domain, due to

surface exposed hydrophobic region of a substrate, or due to recognition of conserved C-
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terminal domain of activator results in a structural and conformational change of HtrA,
converting into a multimeric structure with an active catalytic triad (Clausen et al., 2002;

Jones et al., 2002; Song et al., 2022).

The proteolytic activity of HtrA results from a catalytic triad composed of amino
acids Serine, Aspartate, and Histidine (Ser-Asp-His) (Clausen et al., 2002; Song et al.,
2022). Ser is a principal actor, which attacks the peptide bond of the substrate, where
Histidine acts as a proton acceptor at the beginning and a donor at the end of the
enzymatic action. Asp stabilizes the His and holds it in correct confirmation. Upon
activation, Ser attacks the peptide bond of the substrate, releasing H*; His accepts the
proton and is stabilized by Asp. Ser forms a covalent bond with the substrate. This
tetrahedral structure is stabilized by an "Oxyanion hole" made from an amide group of
Ser. His transfers a proton to the amine leaving group, yielding the acyl-enzyme, which
is, in turn, attacked by water with His assistance, releasing the substrate's C-terminal
fragment. His now donates the proton to Ser, as it leaves the N-terminal of the substrate

resulting in peptide bond hydrolysis (Hedstrom, 2002).

B. burgdorferi genome encodes a single HtrA homolog, BB0104, designated Deg
Q family serine endoprotease by NCBI database, named BbHtrA (Coleman et al., 2013;
Kariu et al., 2013; Russell & Johnson, 2013). BbHtrA can form a trimer without
substrate, has caseinolytic activity in increased temperature conditions (Coleman et al.,
2013), and maintains both proteolytic and chaperone activity in vitro (Ronzetti et al.,
2022). In addition, the protease is present in both soluble and membrane fractions, is

secreted out, and degrades extracellular matrix (ECM) fibronectin and aggrecan,
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promoting tissue invasion (Coleman et al., 2013; Russell & Johnson, 2013). Among
others, BbHtrA is responsible for the processing of a periplasmic protein-BB0323,
bacterial membrane protein D-BMPD, an outer membrane protein-LMP1, a chemotaxis
protein-Chex, and a porin- P66, thus has a diverse function in OM stability, host-
pathogen interaction, immune evasion, chemotaxis, and motility, consequently, has a
deleterious effect upon gene deletion (Coleman et al., 2013; Russell & Johnson, 2013; Ye
et al., 2016; Zhuang et al., 2018). Spirochetes devoid of BbHtrA show defects in growth
and morphology at 37°C, forming huge blebs and significantly reducing the ability to
infect hosts. Notably, it also results in a diminished level of mature N-terminal of
BB0323 with elevated full-length protein in higher temperatures (Ye et al., 2016). The
interaction and proteolytic processing of BB0323 by the action of BbHtrA is deemed a
crucial event. In the following chapter, we have characterized the importance of BbHtrA-

mediated precise proteolysis of BB0323 for its optimal function and infection in murine.
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Figure 3. A model displaying BbHtrA mediated processing of BB0323 and its
interaction with BB0238 in periplasm of B. burgdorferi. The BB0323 protein cleaves
into N and C termini by the action of BbHtrA. Both terminals interact with each other.
The LysM domain of C-terminal interacts with the PG layer. BB0238 interacts with the

N-terminal.

2.0 Research objectives

The spirochetes deficient of BB0323 (in null mutants) cannot divide normally and
are non-infectious to murine hosts (Zhang et al., 2009). Full-length BB0323 processing is
impaired in BbHtrA deletion mutants, displaying the importance of BbHtrA in the
physiology of BB0323 (Ye et al., 2016). However, the exact cleavage site remains
undetected. In this study, we focus on elucidating the position of cleavage of the N and C
terminus of BB0323 by the action of BbHtrA and explore the biological significance of
such proteolytic cleavage. We intend to expand our knowledge on the significance of this
cleavage in the growth of B. burgdorferi and its ability to sustain in the tick-vertebrate
enzootic cycle and maintain the infection. Elucidation of the importance of this
phenomenon will help provide opportunities for exploring novel therapeutic targets.

The PPI between BB0323 and BB0238 was studied to divulge that this interaction
is critical to the physiology of both proteins and their post-translational stability (Kariu et
al., 2015; Thakur et al., 2017). Identifying small molecules that inhibit this interaction
will render spirochete non-infectious. We speculate that blocking PPI, essential for

infection, is a novel mode of therapeutic strategy to combat B. burgdorferi. Unlike
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conventional antibiotics that target housekeeping functions and thus can generate a stress-
induce response in microbes (Mitosch et al., 2017), the PPI blocking approach targets
borrelial virulence and help bypass the side effects of existing therapeutics. It is also
possible that these alternate (PPI blocking) approaches will lead to a complete cure and
prevent the emergence of PTLDS in the host if used as an antimicrobial. While other
functions of BB0238 are being further explored, we are intrigued to identify the inhibitor
of the interaction with BB0323, which is essential for infection. Here, in collaboration
with National Center for Advancing Translational Science (NCATS), NIH, our lab has
established a high throughput small molecule screen assay based on Amplified
Luminescent Proximity Homogenous Assay (Alpha) screen technology for the
identification of PPI inhibitors of BB0323 and BB0238. The compounds identified by the
assay-utilizing recombinant proteins as specific and potent inhibitors are further tested for
the effect in native proteins inside the B. burgdorferi cells. The secondary, cell-based
assay selected the compounds with confirmed activity in cells for further studies.

The in vitro assay explained above is inadequate to evaluate the small compounds'
effects as therapeutic agents against B. burgdorferi, especially in an animal model. Thus,
suitable candidates with proper Minimum Inhibitory Concentration (MIC) were identified
and were further used for in vivo testing in a tick-borne murine model of LD. These
compounds selected from a series of prior experiments, including primary alpha assays,
TrueHits assays, and cell-based secondary assays, short-listed candidates, are further used
in infected mice to reduce the number of spirochetes in tissues. Several preliminary

experiments are performed to standardize variables and establish a protocol for animal
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testing. Factors such as the injection time, route, and dosage of the compounds are
considered.

Pharmacokinetics, a study of the biochemical and biophysical effect of the body on
drugs, is an essential tool to determine the drug profile after administration (Yamashita &
Hashida, 2013). Distribution of the compounds in the organs is crucial to prevent the
colonization of pathogens in the tissues; therefore, it is essential to measure the
concentration of the drugs inside the concerned tissues of mice at various time points.
Here, this study presents the pharmacokinetic analysis of the selected compound in mice
tissues and its analysis by LC-MS/MS.

In conclusion, we herein detailed our efforts to elucidate the biological significance
of a protein complex in B. burgdorferi essential for infection and presented proof-of-
concept evidence that targeting PPI using small molecule therapeutics could be a novel

approach to combat LD.

43



Chapter 2: Materials and methods

2.1 B. Burgdorferi, mice and tick

The spirochetes of the B31-A3 background were used in the study. Stocks of B.
burgdorferi were kept in cryovials at -80°C freezer in a 70-80% sterile glycerol for long-
term storage. The isolates were grown at either 33°C or 37°C in BSK-H media. The
bb0323 deleted mutants were previously produced in the lab; the details of the generation
of the mutant are described in a published paper (Zhang et al., 2009). The egg mass of I.
scapularis ticks was obtained from a tick-rearing facility at Oklahoma State University.
The larvae feed on naive or infected mice placed in a tick-feeding cage with a wire mesh
and water at the bottom. Vaseline was applied on the walls of cages, and the lids
contained filters; the cages were also placed on sticky papers so that no ticks could
escape the area. The fed larvae were collected from the water around three days after tick
placement. The collected ticks were incubated in an environmental chamber at 25°C for
molting, and subsequent stages were maintained in the lab (Daniel E. Sonenshine, 2013).
C3H/HEN mice of four to six weeks of age were purchased from Charles River, and all
the experiments on the animals were performed according to guidelines of the
Institutional Animal Care and Use Committee (IACUC) and Institutional Biosafety

Committee (IBC) of the University of Maryland College park.
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2.2 RNA isolation, cDNA synthesis, and quantitative PCR

Total RNA was isolated from ticks and murine tissues using TRIzol Reagent
(Invitrogen) and treated with DNase | (NEB). The tissues stored at -80°C were
homogenized by mortar and pestle, cooled with liquid nitrogen, and resuspended with
TRIzol. 200l of chloroform was added to every 1 ml of TRIzol reagent for phase
separation. The tubes were mixed evenly and centrifuged at 12,0009 for 20 minutes at
4°C. The top aqueous phase containing RNA was separated and added with 500ul of
isopropanol for 1 hour/overnight at -20°C for precipitation. The tubes were centrifuged
again at the abovementioned conditions, the supernatants were discarded, and the RNA
pellets were washed with 70% ethanol. The samples were centrifuged at 7500g for 5
minutes at 4°C. The RNA pellets were air-dried for 10 minutes and resuspended with
RNase-free- ultra-pure water containing DNase | and DNase buffer. After incubating at
37°C and 75 °C for 10 minutes each, the samples were stored at -80 °C until further use.
cDNA was transcribed from RNA using the SuperScript Vilo cDNA Synthesis Kit. The
primers used in quantitative PCR (gPCR) are listed in Table 1. The primers were
designed to amplify PCR products between 75-200 bp and Tm of 55-60°C using
OligoPerfect Primer Designer (ThermoFischer Scientific). The cDNA was analyzed by
gPCR using Bio-Rad thermocycler using SYBR select master mix (ThermoFischer
Scientific). flaB cDNA copies were measured and normalized to tick or mouse f-

actin levels to quantify spirochetes.
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2.3 Site-directed mutagenesis

Bacterial protein expression vector pGEX-6P-1 and pET28-b were used to
express BB0323 full length and BB0323-terminus spanning 22-242 amino acids
(BB0323-N) as previously described (Kariu et al., 2013, 2015). The plasmids were
double Alanine substitution mutagenesis templates at N236™ and L237" positions. The
mutagenic primer for double amino acids substitution was designed by mismatching at
the center of primers. The primers contained at least ten nucleotides of plasmid at the 3’
end. The forward and reverse primers listed in Table 1, had overlapped and proceeded in

opposite directions (https://www.neb.com/fags/2013/01/28/how-do-i-design-primers-to-

use-with-the-q5-site-directed-mutagenesis-kit). The template DNA was mixed with Q5

Host Start Master Mix and primers and transferred to a thermocycler for Polymerase
Chain Reaction (PCR). The PCR product was incubated at room temperature for 5
minutes with Kinase, Ligase, and Dpnl (KLD) enzyme mix. This step phosphorylates-
ligates the new product, and the Dpnl enzyme degrades the template DNA

https://www.neb.com/products/m0554-kld-enzyme-mix#Product%20Information. The

KLD mix was transformed into NEB competent cells, and the clones grown in selective
plates were isolated and sequenced for the desired mutation. The clones, grown in Luria-
Bertani (LB) broth, were mixed with 70-80% sterile glycerol, and stored in a -80°C

freezer.
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2.4 Generation of recombinant proteins

2.4.1 For cleavage mutation studies

Plasmids from correct clones were isolated from DH5a cells using PureLink
Quick Plasmid Miniprep Kit (Invitrogen). The plasmids were transformed into BL21 E.
coli competent cells, plated in agar plates with ampicillin for pGEX-6p1 and Kanamycin
for pET-28-b vector, and incubated at 37°C overnight. The clones were grown overnight
in 5ml LB media containing appropriate antibiotics. The culture was used as a starter for
500ml LB in the morning and placed in a shaker at 37°C until ODeoo reached 0.5. The
recombinant protein was induced at 25°C by adding 0.25-0.5 mM Isopropyl -D-1-
thiogalactopyranoside (IPTG) for 3-4 hours. The cell pellets were centrifuged and stored
at -80°C until further use. Purification of the recombinant proteins that are either fused to
Glutathione S-transferase (GST) or without any fusion after removal of the GST tag was
performed according to the manufacturer's instructions (GE Healthcare). The pellets were
resuspended in 20ml PBS with 1% TritonX-100 added with 1mg/ml lysozyme. The
suspension was incubated for 30 minutes in ice, vortexed every 10 minutes, and then
sonicated for 5-10 minutes. The lysate was centrifuged at 12,0009 for 15 minutes at four
°C. The supernatants were incubated in Glutathione Sepharose 4B beads containing a
pre-equilibrated column for 1 hour at four °C. The unbound protein in the mixture was
drained and washed with 1XPBS 7-10 times. After adequately washing, the beads were
incubated with a digestion buffer containing 50mM Tris-Hydrochloric acid (HCI) pH 7.5,
150mM Sodium Chloride (NaCl), 1mM Ethylenediaminetetraaceticacid (EDTA), 1ImM

Dithiothreitol (DTT) with precision protease, overnight at 4 °C. The proteins were
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collected the following day at 2ml for five elutions. The genes were also cloned into
plasmid pET-2-8b. The proteins were expressed in E. coli cells and purified with 6x His
tag using HisPur Cobalt (Thermo Fisher Scientific). The pellets were mixed in a
resuspension buffer containing 20mM sodium phosphate, 300mM sodium chloride, and
5mM imidazole pH 7.4 with 1mg/ml lysozyme. After sonication, the soluble protein
supernatant was collected and incubated with equilibrated beads in a column for 1 hour at
4°C. As mentioned, the beads were washed with the sodium phosphate buffer with 15
mM imidazole. The proteins were isolated by increasing the imidazole concentration to
150mM. The collected proteins were subjected to appropriate buffer exchange and

checked for purity in 12% SDS page gel.

2.4.2 For therapeutic studies

Recombinant proteins GST-BB0238, His-BB0238, GST-BB0323, and His-
BB0323 were obtained from previous studies (Thakur et al., 2017; Kariu et al. 2015,
2013). All proteins were expressed in E. coli BL21 with either pET28a, pGEX-6P-1, or
PET303 expression vectors. Standard expressions were performed with one mM IPTG at
25°C for 4 hours. PET28a and pET303 HIS-Tag proteins were isolated using the
manufacturer's instructions using Nickel Beads from Pro Bond. PGEX-6P-1 GST fused
proteins were isolated following the manufacturer’s instructions (GE Healthcare). Elution
with tags was done using imidazole and reduced glutathione as per the manufacturer's

protocol. Dialysis of proteins to remove imidazole or reduced glutathione was performed
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in dialysis membrane chambers (Sigma) over 24 hours. Proteins were concentrated via

Amicon Ultra Centrifugal Filter units.

2.5 Generation of antisera

Mice were injected subcutaneously with at least 10 pg of BB0323 proteins in PBS
mixed with complete Freund’s adjuvant (CFA) 1:1 (SIGMA). The cloning and isolation
of proteins used for antibody production in this study are described elsewhere (Kariu et
al., 2013, 2015). The animals were boosted after ten days with the protein and incomplete
Freund’s adjuvant. On the 21st day, the mice were re-boosted, and sera were collected on
the 28th-31st day. The anti-BB0323 murine antisera was used to detect recombinant full-
length and N-terminus BB0323, processed N-terminus in BB0323 in B. burgdorferi
extracts and used in Far Western assays. The antisera could not detect the C-terminus, so
we obtained an aliquot of antibody against the terminus raised in chicken from Dr. Philip

Stewart at NIH.

2.6 Protease cleavage assay and N-terminal sequencing

In vitro, protease cleavage assay of full-length BB0323 by BbHtrA has been
described (Kariu et al., 2013). Briefly, 5ug of recombinant full-length wild type or
mutated BB0323 (BB0323"N) was incubated with 500 nanograms (ng) of recombinant
wild-type BbHtrA in 20 pl buffer (50 mM Tris-HCI pH 7.0, 1 mM EDTA, 150 mM
NaCl, 1 mM dithiothreitol) at 37°C. The reactions were added with sample buffer at the

indicated times. Digests were analyzed by western blotting using BB0323 or BbHtrA
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antisera, western and far-western blotting (for detection of cleaved C-terminus) using N-
terminal BB0323.

Edman degradation technique was used for N-terminal sequencing (Besant &
Attwood, 2010). The digested products were transferred to a nylon membrane and stained
with amido black. The membrane was cut in size corresponding to C-terminus and was
modified with phenyl isothiocyanate (PITC). The terminal amino acid is cleaved off as
phenylthiohydantoin (PTH) derivative, thus leaving a new a-amino group and the
following amino acid available subsequent PITC reaction. The protein sequence was

thereby analyzed for its amino acid compositions.

2.7 Triton X-114 phase partitioning assay

Triton X-114 is a nonionic detergent helpful in separating proteins in different
phases. The detergent separates into aqueous and detergent phases above 20°C (Sigma).
The assay in this study is applied to check if the mutation of BB0323 protein at N236™
and L237" would alter the localization. The biphasic extraction was performed as the
protocol described elsewhere (Zhang et al., 2009). The spirochetes were grown until the
late log phase and were centrifuged at 8000g for 15 minutes at 4°C. The pellets were
washed with ice-cold 1X Phosphate-Buffered Saline (PBS) (pH 7.4) four times to remove
the remnants of the BSK buffer. The spirochetes are then resuspended in 800 pl PBS. The
mixture was sonicated and extracted with 2% Triton X-114. The mix was centrifuged to
obtain aqueous and detergent phage and precipitated separately using ice-cold acetone.

Centrifugation at 13,0009 for 15 minutes at 4°C pelleted down the proteins, resuspended
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them in PBS, and used for SDS PAGE separation and western blot analysis. The location

of NL mutated BB0323 was determined using FlaB and OspC as controls.

2.8 Western blotting and Far-Western blotting

The western blotting and far-western blotting analyses were performed, as
described (Kariu et al., 2013, 2015; Zhang et al., 2009). The spirochetes growing up to
the late log phase were centrifuged and washed four times with ice-cold 1XPBS. The cell
pellets were resuspended in 1X laemmli buffer with -mercaptoethanol (BME) and
boiled at 95°C for 10 minutes. The lysates were separated in 12-15% SDS PAGE gel in
100v for 2 hours and transferred in a 0.45uM polyvinylidene (PVDF) membrane 20V for
20 minutes. The membrane was incubated in Ponceau S staining buffer to visualize
protein bands and confirm equal loading. The membrane was blocked with 3% skim milk
in PBST (0.05% Tween 20) for 1 hour at room temperature. For detection of protein
levels by western blot, the membrane was incubated to the related antibody (1:3000)
overnight and then with the horseradish peroxidase (HRP) labeled secondary antibody
(1:10,000) in PBST for 1 hour. The protein levels were visualized using an Enhanced
Chemiluminescent HRP substrate (Thermos Fischer). To detect the C-terminus, the
lysates were separated in 15% SDS PAGE gel for far-Western blotting and transferred to
a membrane. The blot was incubated with recombinant BB0323-N and detected with an
antibody against BB0323-N. To check the proper loading between the wells, the
membranes were stripped and blotted against FlaB. ImageJ software measured The

protein bands and analyzed them by GraphPad Prism 5.
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2.9 Growth analysis of spirochetes

The growth of wild-type, bb0323 deletion mutant, and bb0323N- spirochetes was
assessed in vitro. Spirochetes were grown at 34°C in BSK medium to early log phase and
passaged (10° spirochetes/ml) into fresh medium. The spirochetes were cultivated in
triplicates at 34°C and 37°C and counted every 24 hours with a Petroff-Hausser cell

counter under a dark-field microscope as described.

2.10 Labeling of peptidoglycan in B. burgdorferi

B. burgdorferi Wild type (Bb"T), bb0323 deletion mutant (BbP*%*2%), or mutant
harboring cleavage site mutated bb0323 (BbP%323\Ly complemented spirochetes were used
in the study. The cultures were grown at 37C in BSK medium until the mid-log stage.
Fluorescent blue D-amino acid for labeling of peptidoglycans, HADA - 3-[[(7-Hydroxy-
2-0x0-2H-1-benzopyran-3-yl) carbonyl] amino]-D-alanine hydrochloride was used for
the labeling purpose (Jutras et al., 2016). All three strains were incubated with 0.2mM
HADA re-suspended in 1% DMSO (Final concentration). The Borrelia treated with only
DMSO was used as a control. The samples were spotted on 1% agarose
(weight/volume)/PBS pads and imaged in a fluorescence microscope at room
temperature. Observer Z1 Motorized Epifluorescence Microscope was used for imaging.
The exposure time for epifluorescence imaging ranged from 50ms to 2s, and phase

contrast was made at 150ms. The pictures were analyzed using ImageJ software.
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2.11 Genetic manipulation of B. burgdorferi

A bb0323 DNA was inserted in a plasmid pXLF14301 to complement a bb0323
deletion mutant spirochete previously generated in the lab (Zhang et al., 2009). Plasmid
pXLF14301 is a suicide vector with streptomycin as a selective marker. The vector is
targeted for homologous recombination at position bb0445 and bb0446 via Allelic
exchange. To create mutants with amino acid NL replaced with AA at 236" and 237"
amino acid positions. The pXLF14301 vector carrying bb0323 complementary DNA was
used as a template for substitution double point mutation. The mutagenesis was
performed according to the manufacturer’s protocol, Q5 Site-Directed Mutagenesis kit
(NEB), as described above. The primers used for the purpose are listed in Table 1. The
plasmid was sequenced to check the intended mutation. The positive clone was
transformed into chemically competent E. coli cells to generate enough plasmids.
PureLinkTM HiPure Plasmid Maxiprep kit (Invitrogen) obtained a highly concentrated
and sterile aliquot of plasmids from 500ml LB culture. Two 50ml tubes of bb0323
deletion mutant kanamycin borrelia at the mid-log phase were centrifuged, washed with
1XPBS, and resuspended in an electroporation solution (EPS). The mix was
electroporated and incubated at 37°C overnight without antibiotics. The culture was
plated in 96 well plates with fresh BSK, streptomycin, and kanamycin (Kariu et al., 2013;
Samuels et al., 1994; Zhang et al., 2009) out of two clones that showed improper

processing of BB0323, one clone designated as BbP*%323Nt was chosen for further studies.
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2.12 Infection studies using mice and ticks

2.12.1 Infection by subcutaneous injection

To assess the persistence of spirochete in murine hosts, groups of C3H/HeN mice
(three animals/group) were injected intradermally with an equal number (10° cells/per
mouse) of Wild type (Bb"T), bb0323 deletion mutant (Bb°°*2) or mutant harboring
cleavage site mutated bb0323 (BbP%%23\Ly complemented spirochetes (Zhang et al., 2009).
The mice were intradermally injected with the spirochetes. After two weeks of infection,
sera were used to assess immunological response against whole cell lysates from wild-
type Borrelia. Samples of skin, heart, bladder, and joints were isolated 14 days after
infection. The level of the spirochetes was measured by analysis of levels of flaB
transcripts normalized against mouse S-actin gene using gRT-PCR. The mice tissues
were also cultured in BSK media at 33°C and examined under dark field microscopy for

the presence of Borrelia (Kariu et al., 2013; Zhang et al., 2009).

2.12.2 bb0238AIM animal infection studies

To assess the effect of disruption of BB0323 and BB0238 in long-term infection,
mice (3 mice/ group) were injected with 10° cells intradermally with Wild type (WT),
bba57 deletion mutant or b60238AIM-complemented spirochetes. The procedure of
bba57 deletion and bb0238AIM-complemention is detailed elsewhere (Thakur et al.,
2017; Yang et al., 2013). Immune response against the cell extracts of B. burgdorferi
(WT) was assessed with serum collected two weeks after the injection to confirm the
establishment of infection, at least by positive controls. Eight weeks after injection, the

mice were infested with naive nymph (7 ticks/mouse). Ticks were collected after
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complete repletion and were subjected to qRT-PCR analysis to compare the levels of
acquired spirochetes. Tick g actin levels normalized levels of flaB transcripts. Tissues of
skin, heart, bladder, and joints were collected on the ninth week and processed to
compare levels of spirochete flaB transcripts normalized against mice £ actin. Some parts

of the tissues were cultured in BSK media to assess the presence of viable spirochete.

2.12.3 Infection by transmission via ticks

To perform transmission studies by ticks, naive nymphal ticks were microinjected
with spirochetes resuspended in PBS. The ticks were incubated overnight at 25°C and
were placed in anesthetized mice, five ticks/mouse, and three mice/group. The animals
were placed in tick-feeding cages provided with feed and water. The fully repleted ticks
were collected three to five days after the placement. The ticks were immediately stored
at -80°C for the future. The ticks were analyzed for spirochete burden using gPCR. The
mice tissues were collected after twelve days of tick feeding and analyzed as detailed
above. Tissues were also cultured in BSK to observe the presence of spirochetes (Kariu et

al., 2013; Zhang et al., 2009).

2.13 Circular dichroism

Circular dichroism (CD) was performed on the proteins after dialysis into 10 mM
KPO4 buffer at pH 7.6. The concentrations of the proteins were determined using A280
and specific extinction coefficients. BB0323 had extinction coefficients of 65,320 M

cmt, while BB0323 NL-N and BB0323-N had extinction coefficients of 27,390 M cm™.
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CD spectra were collected using a Chirascan CD spectrometer from Applied
Photophysics LTD, with a 0.1-mm demountable quartz cell. The spectra were recorded in
the wavelength 188 to 280 nm at 25°C, with 1-nm steps and 3-s averaging per data point.
Multiple scans showed consistent results. The CD data was converted to mean residue
molar ellipticity (degrees per square centimeter per decimole) after subtracting the
baseline signal from the buffer. To estimate the secondary structure content, the CD data
were analyzed in CDNN deconvolution program, provided by Gerald Bohn in 1977 at the
Institut fir Biotechnologie, Martin- Luther Universitat Halle-Wittenberg, distributed with

Applied Photophysics software.

2.14 Microscale thermophoresis (MST)

Microscale thermophoresis assay was performed at NCATS, NIH, using a
Monolith NT instrument. The interaction affinity of BB0238 with either BB0323-N or
BB0323N:-N was measured. 10nm of HST-tagged proteins BB0323 were mixed with
NanoTemper Red-tris-NTA dye diluted in PBS-T buffer and incubated with 12 points 1:1
serially diluted GST-BB0238. The mixtures were analyzed at 10% LED and 40% MST
power. MO analyzed data from three biological replicates— affinity analysis software-
presented by GraphPad Prism 9.

Target engagement of the drug by MST was performed to identify the binding
partner of the small molecule compounds. The proteins HST-BB0323 N-terminal and
HST-BB0238 were labeled with NanoTemper Red-tris-NTA dye. The methodology for
preparing the proteins is detailed elsewhere (Kariu et al., 2013, 2015). Proteins at

concentrations of 3nM were mixed with compounds at 1:1 dilution series of 12 points.
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After incubation, the mixture was loaded in capillaries and placed in the MST instrument.

Data recording and analysis were done as mentioned above.

2.15 Biolayer interferometry (BLI)

The Biolayer interferometry assay was performed at IBBR. Briefly, His tagged
BB0323FL, BB0323-N, and BB0323N--N were diluted in a series to final concentrations
of 5.5 nM to 0.7 uM. The Anti-Penta-HIS biosensors containing penta-HIS-antibody
were equilibrated in Kinetics Buffer (KB). The results were analyzed with a global fit and

a 2:1 heterogeneous ligand-binding model.

2.16 B. burgdorferi cellular assay

The wild type B. burgdorferi (strain B31, isolate A3) was grown to the mid-log
phase. 100pl of 1x10° cells/well were seeded in each well. 2 pl of drugs (Stock -
10mM)/well, to make the final drug concentration 200 uM, were added to the cells. The
culture was incubated at 37°C for 16-18 hours. 10mm DMSO (2ul/well) was used as a
control. After incubation, 1 pl of culture was added to fresh 200 pl of BSK to observe the
re-growth of B. burgdorferi after 4-6 days. The rest of the culture was pelleted, and the
cells were treated with 20 pl PBS with 1% TritonX100 and vortexed while incubating in
ice for 30 minutes. A dot blot assay was performed with 1 ul of the cell lysate. Anti-
BB0323 antibody was used as a method of detection of the protein. The assay was

performed thrice with at least three technical replicates each.
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2.17 Dot blot assay

1 ul of the compound-treated cell lysate was dotted in pre-wetted (1X PBS) and
semi-dried nitrocellulose membrane of 0.45uM pore size. The dots were allowed to dry
for 10 minutes. The membrane was blocked with 3% milk in Phosphate-buffered saline
pH 7.5 with 0.05% Tween 20 (PBST), followed by incubation with antibody against
BB0323 N terminal protein overnight (The procedure for the production of antibody
against BB0323 N terminal protein described elsewhere) and HRP conjugated anti-mice
antibody. Immunoblot was developed using enhanced chemiluminescence. The densities

of the blots were further analyzed by ImageJ 2.1.0 software.

2.18 Validation of the cellular assay with a dose-response kinetics

The cellular assay explained above was used for the dose-response effect on PPI
inhibition. Serially diluted drugs, 200 uM, 100 uM, 50 uM, 25 pM, 12.5 uM, 6.25 UM,
3.125 uM, 1.56 pM, 0.78 uM, 0.39 uM, 0.19 uM, 0.097 uM and 0 uM were used for the
purpose. The compounds were diluted in DMSO, and 2 pL of the compounds were added
to 100pl of culture and incubated at 37°C for 18 hours. As stated above, the cells were
subjected to dot blot and regrowth analysis. The assay was performed at least three times

with at least three technical repeats.

58



2.19 Validation of the efficacy of the compounds in mice model of LD

The mice were infested with spirochete-infected nymphal ticks. Five mice per
group were used for the experiment. Treatment with the compounds, ceftriaxone, or
control started after the final tick fall (4-5 days). The treatment was continued for 21
days, once or twice daily, depending on the dose regime. The effect of the treatment was

checked by tick acquisition, serology, tissue culture, and gRT-PCR.

2.20 Enzyme-linked immunosorbent assay (ELISA)

96-well plates (Nunc) were coated with 500ng of Borrelia B31 lysates overnight
at 4°C and blocked with 1%BSA in PBS for 1 hour at room temperature. The wells were
incubated with the Borrelia-infected serum at 1:3000 concentration and incubated for 1
hour at 37°C, followed with HRP-conjugated goat anti-mouse IgG, 1:10,000, and was
incubated for 1 hour at RT. The signal was developed with TMB peroxidase substrate
reagents, stopped with 0.1N Hydrochloric acid, and read at 450nm. The assay was done

in triplicates at least two times.

2.21 Formulation of compounds

Compound NCGC00687633/VCH-222/Lomibuvir
5mg compound in a clear vial was added with 50 uL of NMP and

sonicated/vortexed to get a clear solution. 550 uL PEG300 was added to the mix and
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sonicated to mix well. Furthermore, 400 uL of water was added and mixed well using

sonication for a clear solution.

2.22 Pharmacokinetics study

A total of 18 mice 3/data points were selected for the study. The animals were
injected with 10° cells of B. burgdorferi B31, resuspended in 1X PBS, subcutaneously.

The treatment regimen started immediately.

The animals were injected with 15 mg/kg of small molecules/day for 21 days. The
injections were done intraperitoneally. The optimal dose was decided based on previous
animal studies of the compound. The route of administration and dose rate was

standardized through all mice to warrant consistent results.

The samples were collected on days 0,3,6,9,15,21. Three mice were sacrificed at
each data point. The tissues were collected 24 hours after the last injections. Blood was
drawn by the submandibular vein and cardiac puncture (non-survival). The whole blood
was placed in a Vacutainer tube containing Heparin. The contents were mixed
thoroughly, placed in ice, and centrifuged. The collected plasma and other organs were

stored at -80°C until further analysis.

Tissues were analyzed at ChemoGenics Biopharma, NC. The samples were
homogenized and analyzed by LC-MS/MS method to determine compound
concentrations in mice tissues. Sciex API 5500 (MDS Sciex, Ontario, Canada) Agilent 1260

with thermostat and CTC PAL autosampler were used for the procedure.
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Plasma preparation- 45 uL of plasma was precipitated with 3X acetonitrile, vortexed, and
centrifuged.

45 uL of plasma were taken in centrifuge tubes, then spiked with the standard solutions
and vortexed. 70 uL of the supernatant was transferred into vial inserts and injected into the
LC/MS/MS system.

Other tissue samples- Sterile PBS were added to the tissues, four times their weight,
and subjected to homogenize with an Omni Bead Ruptor instrument. The 50 pl tissue
samples were kept in a 96-well plate, where 150 pl of acetonitrile was added. The plate was
sonicated for 30 seconds and centrifuged. The supernatant was collected on a clean plate.

Five microliters of the samples were injected into the LC-MS/MS system at 50 °C. Data

analysis: Analyste software (Version 1.7.1) was used to capture the data and further analysis.

2.23 Small molecule library

The small molecules were synthesized and obtained from NCATS, NIH. One of
the studies was also performed with the compound purchased commercially (MedChem

Express).

2.24 Statistical analysis

All the results are presented in mean + standard error of the mean (SEM).
GraphPad Prism software, version 4.0-9.0, was used to measure the significant difference

and which was evaluated using student’s t-test or ANOVA.
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Table 1. Oligonucleotide primers used in this study

Sequence (5°— 3)

Purpose

CAGTCACTTAGCCGCTTTAAATACTAATAAAGACACTTATC

Forward primers for
N236A/L237A site-directed
mutagenesis

TTTCTTTCTTTAATGAATGCTCTAC

Reverse primers for
N236A/L237A site-directed
mutagenesis

TTGCTGATCAAGCTCAATATAACCA

Forward primer B.
burgdorferi flaB gqRT-PCR

TTGAGACCCTGAAAGTGATGC Reverse primer B.
burgdorferi flaB gRT-PCR
AGAGGGAAATCGTGCGTGAC Forward primer mouse (-
actin qRT-PCR
CAATAGTGATGACCTGGCCGT Reverse primer mouse -
actin qRT-PCR
GGTATCGTGCTCGACTC Forward primer tick -actin
gRT-PCR
ATCAGGTAGTCGGTCAGG Reverse primer tick S-actin

gRT-PCR
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Chapter 3: Post-translational processing of BB0323 and its

biological significance

Abstract

BbHtrA mediated cleavage of BB0323 is previously characterized in vitro.
However, the biological significance, particularly the relationship between proteolysis
and its effect on the physiology and pathogenicity of the spirochete remained unknown.
To elucidate the significance of the phenomena, we have identified the BbHtrA-mediated
N- and C-terminal cleavage site of BB0323 through N-terminal Edman sequencing of the
C-terminus produced in vitro by the action of the protease. The cleavage site was
identified as Asparagine, N (position 236) and Leucine, L (position 237). A mutated
BB0323 recombinant protein with the altered cleavage site - N-236 and L-237 (NL) to
Alanine-Alanine (AA) was generated , which became resistant to proteolysis by BbHtrA
in vitro. Surprisingly, unlike BB0323 null mutants that display fission defects, severe OM
blebbing and growth impairment, spirochetes carrying mutated BB0323 protein display
normal growth and morphology. In fact, the mutant Borrelia produced N-terminus
BB0323 protein, albeit in a lower level, but with at least two lower aberrant bands. This
could be due to the nonspecific activity of BbHtrA in other NL sites present in the
sequence of BB0323 in the absence of the conventional location. Notably, despite a
certain degree of BB0323 processing and normal growth and morphology, the cleavage
site mutated spirochetes still could not infect mice. The results demonstrate that precise
cleavage of BB0323 into N and C termini at N236 and L237 amino acid positions is

63



essential for the maintenance of infectivity in the murine host, and prevention of this

cleavage can be appropriate for the establishment of novel anti-Borrelial targets.

3.1 Introduction

As detailed in Chapter 1, the vaccine for LD is currently unavailable for humans,
and although effective antibiotic treatment is available, in about 20% cases later
complications of PTLDS develops. Usually, the efficacy and better outcome of antibiotic
treatment depend on timely diagnosis and prompt treatment initiation (Mead, 2015).
However, a precise and reliable diagnostic for LD, especially one that can detect early
diagnosis is lacking. This warrants the discovery of novel strategies and microbial targets
for prevention, diagnosis, and treatment. Several studies have elucidated the bacteria's
biology, physiology, and pathogenicity, but the mechanism is vastly unknown. Several
proteins are studied for their structure and function during the establishment of spirochete
infection, although in most cases their precise molecular functions remain enigmatic
(Radolf et al., 2012). One such gene product is BB0323, an immunogenic protein
increased in the tick-mouse phase, which is indispensable for B. burgdorferi infection.
The protein primarily exists as a subsurface protein in spirochetes and is consistently
expressed in the skin, heart, and joints during the mammalian infection. The expression is
more in early-stage cells than in the late-stage ones grown in vitro. BB0323-deficient
spirochetes could not be transmitted by the ticks, and the mice were not infected even via
injections (Zhang et al., 2009).

A GST-pulldown assay displayed that GST-BB0323 coupled with Glutathione
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Sepharose could pull down BbHtrA. Notably, in the spirochetes, BbHtrA is also present
in the periplasmic compartment as BB0323, even though the exact subcellular location
where BB0323-BbHTtrA interacts remains unknown. Incubation of full-length
recombinant BB0323 (rBB0323FL) with recombinant BbHtrA (rBbHtrA) at 37°C results
in a gradual increment of N-terminus at 35kDa molecular weight (MW) region; in
addition, C-terminus fragment corresponding to 15KDa also increased over the time. In
contrast, incubation with BbHtrA devoid of catalytical activity, in which a serine present
at the 226™ amino acid position is mutated to alanine (rBbHtrA S226A), did not result in
discernible lower fragments of BB0323 (Kariu et al., 2013).

Herein, the current study underscores the importance of precise BbHtrA-mediated
processing of BB0323 protein during maturation and its importance in forming an
optimal complex with BB0238, underscoring the PPI function in spirochete infectivity.
The results displayed by the following experiments also present the gene products as vital

therapeutic targets to thwart LD.

3.2 Results

3.2.1 Proteolytic cleavage of recombinant BB0323

For the identification of the cleavage site in BB0323 protein by the proteolytic
effect of BbHtrA, we performed an in vitro digestion assay. The full-length BB0323
recombinant protein was incubated with BbHtrA at 37°C. The digested product was

separated in 15% SDS PAGE gel, transferred to a nylon membrane, and stained with an
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amido black stain. A prominent band between 11 and 17 kDa molecular weight,
corresponding to the size of the C-terminal (Figure 4A), was excised, and processed for
the N- terminal sequencing by the Edman degradation method. Sequencing shows that
the first six amino acids matched BB0323 residues LLNTNK, covering sites 237 — 242
(Figure 4B-C), indicating that the C-terminus originated from the 237" residue of
BB0323. These results show that the probable cleavage site in BB0323 by the action of

BbHtrA are asparagine 236 (N236) and leucine 237 (L237) amino acids.

A B c

BB0323 Edman Sequencing BBO323 full length
] MNIKNKLISLLIVVAISFIACKTPPESRESKNAKI
Jo & | Amino acid | AQPDNKNFQLRDIKDIKNELIRERGHLFY SKEF
s NEAERLEEAMKQSFSKKKAIEGNEIALKVLER
o 1 | L/S/G/T/M YKTIIRETREKKEKTNYLKENIEKYLNDAEANE
3 (. — 2 L/N AYIWIPLEIDEVNNLYFEATRKYKNYDLDNAL
- 2 N DMYSKAFNRAQQAAKNAKEAKALKETDERM
25— . 2 : YKQLKALEAASNLPIYSNNKLIKPSPWNGRAFI
17 (. 4 T KERNSHLNLLNTNKDTYLLGEAEISIPIVLAYE
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AKNVKNFRLANELFLESARYLEAYQSNASSEL
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Figure 4: Identification and localization of BoHtrA mediated cleavage site in
BB0323 protein. (A) Digestion of full-length BB0323 by BbHtrA. Full-length BB0323
was incubated with BbHtrA in a digestion buffer at 37 °C for 2.5 h. The digested product
was boiled, separated in 15% SDS PAGE gel, and transferred to a nylon membrane. After
incubation with Amido black, a prominent band between 11 and 17 kDa corresponding to
the size of the C-terminal (indicated by an arrow and a box) was excised and processed
for N-terminal sequencing. (B) N-terminal sequencing of C-terminal. The N-terminal
sequencing of the C-terminal by the Edman degradation method. The sequence of the
first six probable amino acids of the C-terminal. (C) Localization of the amino acids in
full-length BB0323 protein sequence. The amino acid residues composing the cleavage
site are underlined and highlighted (Yellow).

3.2.2 Mutation of the cleavage site affects BB0323 proteolysis

In silico analysis of BB0323 protein using I-Tasser on high-performance
computing systems available at the National Institutes of Health (NIH), based on the

available crystallized section of the N-terminal, predicted the surface availability of the
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N236 and L237 residues (Figure 5 A- B). The figure shows probable surface exposure of
the cleavage site (Figure 5B). Site-directed mutagenesis was performed to confirm
further the cleavage site involving amino acids. Alanine substituted the amino acids at
positions 236 and 237. The mutated protein was named BB0323N" (Figure 5A). Alanine
being polar, hydrophobic, aliphatic, and possessing a similar isoelectric point (PI) as that
of asparagine and Leucine, is expected to produce the least untargeted effects (Gray et al.,
2017; Lefevre, 1997).To examine whether the mutation of the residues affected the
cleavage of BB0323 by proteolytic effects of BbHtrA, the BB0323N: protein was
subjected to a digestion assay as stated in the method section and described elsewhere
(Kariu et al., 2013). The recombinant wild-type BB0323 and BB0323N" were incubated
with recombinant BbHtrA protein in a digestion buffer. The samples were collected at
various time points, separated in a 15% SDS PAGE gel, and transferred to a
nitrocellulose membrane. In the case of the wild-type BB0323 panel, the band of N-
terminal detected with antibody produced against BB0323 N-term was observed at
around 35 kDa MW, with increased intensity over time, along with decreasing levels of
the full-length protein (Figure 5C, right panel). As expected, we also observed elevated
levels of C-terminal, detected by far-western blotting with BB0323-N term protein and
antibody produced against it (Toru et al., 2013). In contrast, the incubation of BbHtrA
with BB0323N at 37°C in the digestion buffer could not produce N and C termini
(Figure 5C, left panel).

Notably, an aberrant polypeptide slightly lower than 35 kDa was present in
mutant B. burgdorferi cell (Figure 5C, left panel, arrow). To confirm that the unusual

peptide, which co-purifies with the mutated full-length protein, is not the N-terminus
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protein produced by the action of BbHtrA; here, we have used a mutated version of

BbHtrA (does not have protease activity-HtrA SA) to incubate with BB0323N\ protein

(Figure 5D). The recombinant BB0323N- was incubated with recombinant BbHtrA

S226A(SA), and the cleavage was tested at various time points. As expected, we

observed that irrespective of the presence of HtrA SA, the aberrant peptides were present

at all the time points, as shown in the previous figure. The density of full length did not

decrease over time, and there was no appearance of C-terminus protein (Figure 5D,

middle panel), confirming that the aberrant peptide was not produced due to the action

of BbHtrA.

Overall, the digestion assays showed that the mutation of BB0323 protein at the

236" and 237" position to double Alanine prevented the protein's cleavage by the

protease's action. This is the position for the primary division of BB0323 into mature

polypeptides.
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Figure 5. Site-directed mutagenesis of BB0323 and confirmation of the cleavage site.
(A) Representation of wild-type and cleavage site mutated BB0323 full-length proteins
without signal peptide sequences. Replacement of asparagine (N) at 236" and Leucine
(L) at 237" position by double Alanine (AA), shown in the lower panel (red band). (B)
The BB0323 model predicted by I-TASSER highlights the position of the BbHtrA-
mediated cleavage site, N236 and L237. Additionally, the model showcases homology-
guided five N-terminal alpha-helices. (C) The proteolytic processing of BB0323 is
hindered by cleavage site mutation. The incubation of full-length BB0323 and BB0323N:
at 37°C was carried out for the specified time points. The samples were separated in 15%
SDS PAGE gel and were immunoblotted using specific antibodies. BB0323 full-length,
N-terminal (arrow, upper panel), and C-terminal (arrow, middle panel) were detected.
The amount of protease used in the assay was determined using an anti-BbHtrA antibody
(arrow, bottom panel). In the digestion of BB0323Nt, there was no detectable presence of
N or C-termini, except for the abnormally reactive polypeptide. (D) Digestion of Full-
length BB0323N- with HtrA SA. BB0323": protein was incubated with BoHtrA SA
protein at 37°C over indicated periods. SDS PAGE separated the samples, transferred
them to a nitrocellulose membrane, and probed with either BB0323 N-term or C-term
BB0323 or BbHtrA antibody. The aberrant peptides were present at all the time points,
the density of full-length BB0323 does not decrease over time, and there is no appearance
of C-terminus protein.

3.2.3 Characterization of mutated BB0323

To assess if the mutation in the protein altered the binding affinity of BB0323 and
BbHtrA. We performed a far-western assay. The full-length BB0323 protein is difficult
to purify, so we did further in vitro analysis using N-terminal protein containing 22-242
residues, BB0323-N; NL to AA mutated version at 236" and 237" position of this protein
is termed as BB0323N--N. To determine if the mutation changed the secondary structure
of the protein BB0323N:-N, we employed Far-UV circular dichroism (CD), as detailed in
the previous chapter for the methods section. We found that the a-helicity and B-turn of
full-length BB0323 protein and 2% and 11%, for BB0323-N and 12% and BB0323"--N
was 62% and 13%, respectively. The results confirmed that the secondary structure of

BB0323N:-N protein was not altered and was comparable to BB0323-N (Figure 6A-B).
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We further performed the far-western assay, which displayed that the mutated protein
still interacted with the BbHtrA protein. Recombinant proteins BB0323-N, BB0323N:-N,
and BbHtrA were separated in SDS page gel and transferred to a nitrocellulose
membrane. The first set (Figure 6C) was incubated with BbHtrA protein, and the second
set was with PBS only. After washing the membrane with PBST, a western blot was
performed with an anti-BbHtrA antibody. The production details of anti-BbHtrA
antibodies are described elsewhere (Ye et al., 2016a). The PBS panel was performed to
confirm that BbHtrA antibodies do not nonspecifically probe BB0323-N and BB0323NL-
N proteins incubated with only PBS instead of BbHtrA and probed by antibody against
BbHtrA. The assay showed that the interaction between the proteins was specific.

To determine the difference in affinity between the wild-type truncated BB0323-N and
mutated BB0323N--N proteins with BbHtrA, we used Bio Layer Interferometry (BLI).
The results showed a highly tight affinity of Full-length protein (Kp~15 nM ), while the
truncated protein BB0323-N had (Kp~70 nM). The Kp value of the BbHtrA interaction
with the cleavage site mutated protein BB0323N--N was substantially higher than the
wild-type proteins, i.e., 145 nM, displaying a significant decrease in the binding affinity

(Figure 6D).

70



A B
Nass Logr N i o ™\ E?ggggg'“ N
BB0323 22 | LysM | 577 3; \ ——— BB0323-N
N = 20000
O~
N235 L237 ;‘l §
[
BB0323-N 22( 242 82 , \ JEDSU—.
Agzs Azsr =
S -2000 \———A
BB0323"-N 2 [ 242 £
150 2

D A (nm)
C BB0323 BB0323-N
& & s
U g & °
Mo S & @“ﬁw & o on
kDa ®° & & VT @ gl os
45 - — o /2 LLE g o
357 ‘ far-Western mi' - o | .
25— — Anti-BbHIrA) o] ; o=
)
— = BB0323"-N
65 =
45 - - Proteins Ko (M) koo (1/Ms) x 104 ke (175) x 104
35 -
BB0323 | 14.8+ 1.52| 292+ 0.05 | 430+ 0.44
5" - - Ponceau S BB0323'-N |145.0 + 3.62| 1.76 + 0.04 |25.50 + 0.3
BB0323-N | 689+ 1.59| 274+ 0.04 |18.90+ 0.36

100

Figure 6. Compared to BB0323 with native cleavage sites, the mutated BB0323 N-
term exhibits a lower binding affinity to BbHtrA. (A) A diagram representing the
BB0323- N term (22-242 amino acids) and the full-length proteins. The native cleavage
site of BB0323 is shown in both full-length and truncated N-terminal proteins. The
bottom panel presents the mutation of the cleavage site BB0323-N designated as
BB0323N--N. The double Alanine (AA) mutation residues at N236" and L237" positions
are indicated (red band). (B) The mutation in cleavage sites does not impact the
secondary structure of the BB0323 protein. The circular dichroism technique was
employed to analyze the protein structures. The BB0323-N and BB0323N-N proteins
contained comparable percentages of a and B helices. (C) Far-Western analysis of
BB0323-BbHTtrA interaction. The recombinant N-terminal BB0323 protein carrying the
native BbHtrA cleavage site (BB0323-N) and its mutated version BB0323\:-N, were
separated by SDS-PAGE, and transferred to a nitrocellulose membrane, incubated with
recombinant BbHtrA (left panel) or PBS(Right panel), and probed with anti-BbHtrA
antibodies. (D) Depiction of BB0323-BbHtrA interaction using Biolayer Interferometry
(BLI) sensorgrams. The BLI findings indicated that the BB0323N--N had weaker
interaction with BbHtrA than the proteins with native cleavage sites. The blue lines show
the experimental data, and the smooth red lines indicate the fitted model for each protein
and ligand concentration. The chosen model was selected for the best fit for all data
rather than the individual ones. The red dotted lines represent the breakpoint between the
120-second association and 120-second dissociation, as detailed Materials and Methods
section. The table summarizes the kinetic and thermodynamic interaction parameters
between BB0323 proteins and BbHtrA.
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3.2.4 Proteolytic cleavage of native BB0323 in B. burgdorferi and impact on

spirochete fission or growth in vitro

To investigate the significance of cleavage in BB0323 mediated by BbHtrA, a
cleavage site mutant B. burgdorferi was produced. Site-directed mutagenesis in the
px1f14301 plasmid containing the bb0323 gene was performed and was electroporated in
the bb0323 deleted spirochete and was denoted BbP*%23\L (Figure 7A ). The mutant is
expected to produce BB0323" instead of the wild-type protein. The plasmids analysis
displayed that the BbP°?323NL jsolates retained all the essential plasmids (Figure 7B). In
addition, BbP?®323NL showed no defects in growth at both 35°C and 37°C (Figure 7C).
The spirochetes under a dark field microscope had no discernible clumping effect or

fission defects as the bb0323 deletion mutants (Fig. not shown).
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Figure 7. Mutation of the cleavage site in BB0323 does not impact Borrelial cell
fission. (A) The vector construct, pXLF14301-bb0323", used to introduce mutation, is
illustrated in the diagram. This construct was created by introducing double-point
mutations in the bb0323 gene and was electroporated inside bb0323 deleted spirochetes
resulting in the Borrelia that produces bb0323N" protein, designated as BbPP%323NL jsolates.
(B) Plasmid analysis of BbP%323NE mytants. The BbPP%323NL possesses all but Ip5, a non-
essential plasmid. Specific primer sets were used to conduct polymerase chain reaction
(PCR) on the genomic DNA samples taken from the mutant isolates. (C)The BpPP0323Nt
mutants exhibit normal growth patterns in vitro compared to wild-type spirochetes.
Borrelia cells diluted to 10°/ml were incubated in BSK-H media at 34°C and 37°C. The
cultures were enumerated once every 24 hours using a Petroff-Hausser cell counter under
a dark field microscope. Compared to other isolates, the bb0323 deletion mutant
(BhPb932%) exhibited significant growth abnormalities.

3.2.5 Mutating the cleavage site in BB0323 in B. burgdorferi generated

abnormal polypeptides

Unexpectedly, the cleavage site mutants produced the mature 27-kDa N-terminal
and at least two abnormally processed polypeptides of slightly lower molecular weights.
The anti-BB0323 antibody probed the lower polypeptides and was present in cells grown
at 25°C, 34°C, and 37°C (Figure 8A). The exact reason for the presence of the lower two
bands is unknown; however, there are two other pairs of Asparagine and Lysine at 147-
148 (Blue) and 207-208 (Red) that could be nonspecifically cleaved (Figure 8B). The
results show that producing a mature band at 27 kDa size by the cleavage site mutant was
enough to support average cell growth and morphology, irrespective of the lower two
polypeptides. Additionally, the mutation did not alter the localization and membrane
association of BB0323 and BB0238 (an interacting partner). The phase partitioning assay
by Triton X-114 displayed that Bb?P%323N- was present in the detergent as the wild-type

(Figure 8C).
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Figure 8. Mutation of the cleavage site in BB0323 results in unusual processing of
the N-terminal domain without impact on localization. (A) Production of N-terminal
polypeptides in B. burgdorferi isolates. Temperatures ranging from 25°C to 37°C were
used to grow wild-type (Bb"T), bb0323" mutant (Bb°°%3%%), bb0323 complement
(BhPbo323com) “and cleavage site mutant (BhP9323N) | After growth, the spirochetes were
centrifuged and lysed, and the resulting lysates were subjected to SDS PAGE separation
and transferred onto a nitrocellulose membrane. The blot was probed with antiserum
targeting BB0323 N-term (upper part), and even loading was confirmed with FlaB (lower
part). The image reveals the presence of mature N-term at 27kDa MW /(arrow upwards)
and the polypeptides with slightly lower MW (arrow downwards). (B) The amino acids in
Full length BB0323 sequence that make up the primary cleavage site at N236" and
L237" positions (underlined and highlighted yellow), and other probable sites where the
cleavage can occur after mutation in the primary site, NL (147-148) (Blue), NL (207-
208) (red). (C) Localization of BB0323 N-term proteins in detergent soluble fractions.
Phase partitioning assay of the spirochetes using Triton X-114 separates the membrane-
bound and soluble proteins into aqueous and detergent phases. The separated portions
were boiled at 95°C in Laemmli buffer, subjected to the SDS PAGE separation, and
transferred onto a nitrocellulose membrane. Antibodies against BB0323 N-term, BB0238,
and FlaB were used to check the localization of the proteins.
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3.2.6 A precise BB0323 proteolytic cleavage in B. burgdorferi is required to

support microbial infectivity in mammals

To assess the effect of cleavage site mutation of BB0323 in the infectivity of
Borrelia, mice were subcutaneously injected with 10° spirochetes of either wild-type,
bb0323 deletion mutant or BoPP0323NL jsolates. After fourteen days of injection, the
animals were euthanized, and several organs were collected. The antibody response
generated against Borrelia was detected by immunoblot analysis, where wild-type lysates
were separated in 12% SDS PAGE gel and probed with the sera collected from the mice.
The blot displayed that comparable to bb0323 deletion mutants, the cleavage site mutants
BbPPO323NL did not produce any antibodies against the bacterial proteins. In contrast, the
antibody production in mice infected with wild-type was robust (Figure 9A). In addition,
the tissues cultured from the mutant groups did not have any detectable spirochetes in
contrast to the wild-type group (Figure 9B). Mice tissues such as skin, heart, and bladder
were tested for spirochetes; qPCR analysis was performed to check the flaB load per -
actin of mice tissues. The levels of Borrelial burden in both the mutant groups were
mostly indiscernible, unlike the wild-type infected groups (Figure 9C). Overall, the
results indicate that the same cleavage of BB0323 at the N236th and L237th positions is

crucial to maintain the infectivity of the Borrelia in the murine hosts.
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Figure 9. Cleavage of BB0323 by the action of BbHtrA is a crucial factor for
spirochete infectivity in mice. (A) Examination of serological response of infected mice
against the spirochetes. Mice were subcutaneously injected with 10° cells of wild-type
(Bb"T), bb0323 deletion mutants (Bb°?°32%), and cleavage site mutants (Bb?P%%23\L) Sera
were collected fourteen days after the inoculation and immunoblot was performed against
the wild-type Borrelia lysates. (B) Analysis of cultured tissues collected from the
Borrelia-infected mice. The organs (Skin, spleen, and heart) collected from mice fourteen
days after the injection of spirochetes were incubated in BSK-H media at 34°C and
checked for the presence of Borrelia under a dark field microscope at weeks two, three,
and four. (C) The levels of spirochetes in the mice's skin, heart, and bladder were
evaluated using qPCR to measure the copies of flaB. The data was normalized against
mouse S-actin to ensure an accurate comparison. In all mice tissues, there was a
significant decrease in pathogen load when infected with BbP?%323- and BhPb0323NL
compared to those infected with BoWT (*, Borrelia not detected). The data presented
show the means + SEM of four gPCR analyses. Two separate experiments were
performed.
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3.2.7 A precise BB0323 proteolytic cleavage in B. burgdorferi is required to

support the microbial transmission

To confirm if ticks can transfer the cleavage site mutant Bb°%323Nt to mice, naive
nymphal ticks were microinjected with either wild-type, bb0323 deletion mutant or
BbPPO323NL spirochetes. After overnight incubations, the ticks were allowed to parasitize
the non-infected mice (5 ticks/mice, 3 mice/ group). After their repletion and detachment,
the ticks were collected and tested for their spirochete load by gPCR analysis, which
showed that ticks in all groups contained comparable levels of spirochete cells (Figure
10A). The animals were euthanized 12 days after the last tick fell. Immunoblots were
performed, and the blot was consistent with the infection studies; the mice infested with
the mutant microinjected ticks did not produce antibodies against the Borrelia lysates
(Figure 10B). The organ culture incubated in BSK-H media showed that the samples
from both mutants did not grow any spirochetes (Figure 10C). Accordingly, the gPCR
analysis of the mice tissues showed that the bb0323 deletion mutants and the BpPP0323Nt
mutants could not establish comparable infection levels in the mice tissues (Figure 10D).
Altogether, the results show that the precise BbHtrA-mediated cleavage in BB0323 is
essential for transmitting Borrelia from ticks and its establishment in the mice tissues.

However, it is not vital for survival inside the ticks.
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Figure 10. Effect of cleavage site mutation in transmitting Borrelia by ticks to naive
mice. The spirochetes of Bb"t, BbP*0323- and BbP%323NL groups were microinjected in
naive nymphal ticks. After overnight incubation, the ticks were allowed to parasitize on
naive mice. Two weeks after tick repletion, samples of blood, skin, heart, spleen, bladder,
and joints were collected. (A) Level of spirochetes in the ticks. The ticks used for the
spirochete transfer were collected and processed further by gPCR analyses. The results
displayed that those ticks microinjected with Bb?®%%2%-and Bb?%323NL retained comparable
Borrelia burden to ticks containing the Bb"tgroup after completion of feeding. (B) The
collected sera were used for immunoblotting against the wild-type Borrelia lysates
separated by SDS PAGE and transferred to a nitrocellulose membrane. The immune
response produced by the mice infested by the ticks with mutants Bb?%323-and BpPP0323NL
was indiscernible compared to the Bb™group. (C) Culture analysis of the organs
collected from the mice. The organs collected from mice infested with the ticks
microinjected with Bb"t, BbP%323- and BbPP%23NL groups were incubated in BSK-H media
at 34°C. The spirochetes were visualized under dark field microscopy after two, three,
and four weeks. (D) Determination of Borrelia burden in the mice tissues. The organs,
skin, heart, joint, and bladder, collected two weeks after the ticks fall, were processed for
gPCR analysis. Levels of flaB mRNA were normalized by mice g-actin. The results show
a significant reduction in spirochete burden in the animals infected with Bb®*%%3-and
BbPPO323NL compared to the Bb™ group (*, P < 0.05). Overall, The results exhibit that the
ticks cannot transfer the cleavage site mutant sufficiently to establish the infection in
murine hosts. The data presents the average of four gPCR analyses obtained from two
animal experiments.
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3.3 Discussion

BB0323 is a membrane-associated lipoprotein that goes through a series of
proteolytic events to produce mature 27 kDa N and 12 kDa C-terminal polypeptides from
42kDa full-length protein (Kariu et al., 2013). These products support various aspects of
biology and infection of B. burgdorferi. The full-length protein is processed by at least
two proteases, primarily BbHtra, followed by CtpA (Ostberg et al., 2004; Ye et al.,
2016a). The whole phenomenon of the maturation of BB0323 still needs to be completed.
Still, this study demonstrates that BbHtrA-mediated protein cleavage is crucial and a
potential therapeutic target to thwart Lyme disease. Point mutation of BB0323 protein at
positions Asparagine, N236 and Leucine, L237 to double Alanine (A236 and A 237)
made it resistant to the BbHtrA mediated cleavage in vitro and also non-infectious in the
murine model.

Previous studies have shown the role of BbHtrA in processing various gene
products of Borrelia, such as Lmp1, BmpD, cheX, and p66, modulating the functions of
the proteins (Coleman et al., 2013a; Russell et al., 2016). Additionally, some in vitro
studies have demonstrated that BbHtrA degrades some parts of the extracellular matrix
(ECM), such as fibronectin, and also stimulates the production of cytokines (Russell &
Johnson, 2013). The present study has given additional evidence that the protease of the
HtrA family plays a critical role in controlling the processing of microbial pathogenic
determinants. Gene deletion studies of BbHtrA results in defects in fission, and the
spirochetes cannot infect the murine host; additionally, there are pleiotropic effects on the
multiple aspects of Borrelia cells such that it is difficult to figure out its one-directional

effect on BB0323. However, deleting the HtrA gene disrupted the production of mature
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N-terminal protein (Ye et al., 2016a). It is interesting to note that BbHtrA or BB0238
deleted mutants, similar to Bb?®323NL_ cleavage site mutants, could still produce basal
amount of mature BB0323 N-terminal that was sufficient for OM division. Therefore,
blocking BB0323 interaction and proteolytic processing, such as in the cleavage site
mutant, although didn’t impose growth or morphological abnormalities, still rendered
spirochete non-infectious, which create new possibilities for therapeutic drugs
development.

Our research indicates that BB0323 has a multifaceted role in the biology and
pathogenicity of the spirochete. The production of N-terminal BB0323 and its function
depend on interaction with BbHtrA as well as, as shown before, with another spirochete
protein BB0238 (Kariu et al., 2015). The cleavage of BB0323 at a specific site by the
action of BbHtrA is essential in producing optimal levels of N-terminal to support the
infection in murine hosts.

Interestingly, as we have shown here in case of LD agents, a controlled
proteolysis of transcription factors and sigma factors of Vibrio cholerae helps the bacteria
adapt to environmental changes (Pennetzdorfer et al., 2019). Similarly, mutation studies
of a cleavage site of cytosolic protein RIN4 of a plant, Arabidopsis thaliana, which is
acted and cleaved by a putative serine protease of Pseudomonas syringae, AvrRpt2,
shows the importance of molecular characterization of protease substrate interaction, not
only within the bacteria but also in host-pathogen interface (Chisholm et al., 2005).
Overall, we conclude that BB0323 is a Borrelial protein that participate in multiple PPI
events essential for spirochetal biology and infectivity and, subjected to regulated

proteolysis. The complete process of post-translational processing of the spirochetal
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proteins is still unclear, and a better understanding of the maturation of various
pathogenic determinants, such as BB0323, BB0238, and BbHtrA, remain as a subject of
future investigation. However, the actual phenomena by which the cleavage site mutant
was non-infectious is enigmatic and is further explored in the next chapter. Overall, these
findings will increase our understanding of Borrelial biology and bring us a step closer to
identifying new targets for new treatments of LD. Another probable aspect would be
identifying the area at which BbHtrA interacts with BB0323 protein; specific disruption
of this complex, such as via small molecule inhibitors, would also provide an exciting

target of potential new therapeutics.
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Chapter 4: BB0323:BB0238 interaction and their

stoichiometry: a key mechanism to infection establishment

Abstract

The study in the previous chapter demonstrates the inability of the cleavage site
mutants of BB0323 to establish infection in murine hosts. We make efforts to understand
the molecular mechanism of why cleavage site mutants became non-infectious in mice.
We have previously shown that N-terminal and C-terminal BB0323 proteins can interact.
Herein, we found that the level of mature N-terminal BB0323 protein was significantly
lower in BhPP9323NL jsolates. However, C-terminal BB0323 was produced compared to the
wild-type, and the interaction between N- and C- terminal BB0323 was undisturbed.
Additionally, The immunogenic profile of the cleavage site mutant was altered. Notably,
in spirochete cells, the N-terminal BB0323 produced in low amounts could only recruit
less BB0238 protein. Altogether, these results suggest, the failure of the cleavage (NL
site) mutants to infect mice is likely due to less abundance of mature N-terminus and its
availability to form BB0323:BB0238 complex. Overall, these studies highlight the
significance of the precise processing of a critical virulence determinant and underscore
the importance of studying essential PPI events and their stoichiometry in LD

pathogenesis.
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4.1 Introduction

The protein-protein interaction (PPI) is a fundamental process in many organisms,
including pathogenic bacteria, and thus its optimal levels is likely required to perform
vital cellular functions such as gene regulation and signal transduction in cells (Feng et
al., 2015; Snider et al., 2015). The PPI can involve between the same protein (homomers)
or different protein molecules (heteromers) (Marsh & Teichmann, 2015). The
stoichiometry of a PPI refers to the number and arrangements of subunits of protein
molecules in a complex, which can affect the complex’s binding affinity, specificity, and
functionality (Taggart et al., 2020). Therefore, it is essential to study the stoichiometry
balance/dosage balance, as their disturbance via small molecules could be a novel
strategy for development of antimicrobials.

In eukaryotic cells, fine-tuning optimal protein levels is achieved by various
mechanisms, including regulations at the transcriptional levels by controlling the
transcription, mRNA production rates, and removal of excess production post-
translationally (Taggart et al., 2021). The levels of protein synthesis are either
coregulated by the same regulon or the relative rates are fine-tuned after transcription
(Sampson et al., 1988; Sastry et al., 2019; Schmid & Roth, 1987). After translation, for
protein homeostasis, excess proteins and the subunits which fail to dimerize (unstable
orphan proteins) are degraded and removed (Juszkiewicz & Hegde, 2018; Taggart et al.,
2021).

Studies on extensive process protein level maintenance are ongoing in bacteria.
One example of the requirement for tight regulation of protein complexes is FtsZ

regulation in the cell divisome machinery complex of E coli. Production of optimal levels
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of FtsZ in the complex is essential. A lower level of FtsZ resulted in filamentous forms of
cells being unable to divide, whereas mini nucleoid-free cells are formed if the
production of FtsZ and FtsA is above the threshold (Dai & Lutkenhaus, 1992; Ortiz et al.,
2016).

Additionally, different domains of the FliF protein of Salmonella enterica in the
flagella basal body could form 34-mers and 23-mers in the assembly of the MS ring
(Kawamoto et al., 2021). It demonstrates the ability of the same protein to oligomerize in
different ratios according to the functional requirement to control the flagellar machinery
(S. Johnson et al., 2021; Kawamoto et al., 2021; Ortiz et al., 2016).

Levels of proteins in cells are widely controlled by oxidative stress, nutritional
availability, pH, and the environment of the host or vector, among others (B. Chen et al.,
2011; Wolff et al., 2014). The type of PPI stoichiometry within the complexes made by
the identical protein subunits can vary depending on the biological context. Abruption of
this relationship pattern can cause structural and functional changes and produce unstable
and unfunctional aggregates (Taggart et al., 2020, 2021).

The previous chapter showed that the mutation of the BbHtrA-mediated cleavage
site in BB0323 renders the protein being resistant to proteolytic cleavage in vitro. The
mature N-terminal was produced at a basal level, which could support the normal fission
of the spirochete. However, the mutated spirochetes were not able to infect mice. Herein,
we continued our efforts to understand biological significance of such BB0323
processing, as the cleavage site mutants lost infectivity despite retaining the production of
mature BB0323 proteins. First, we examined the mutants’ immunogenic profile in vivo.

Next, we addressed whether BB0323 distribution in spirochete cells was altered. As
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BB0323 supports bacterial fission and binds peptidoglycan, we particularly address
possible altered localization of the peptidoglycan layer due to deletion or mutation in
BB0323 protein. Finally, we assessed the BB0323:BB0238 complex, particularly whether
suboptimal level of production of BB0323 N-terminal influence the complex

stoichiometry.

4.2 Results

4.2.1 Cleavage site mutants display distinct immunogenic profiles

Although the cleavage site mutant retained its mature N-terminal, it could not
infect the murine host. Here, we aimed to investigate any alteration in the spirochetes'
immunogenic profile. The lysates of Bb"t, BbP*%2% and BhP%32NL groups grown at 37°C
were transferred to a nitrocellulose membrane, and an immunoblot was performed using
an anti-outer membrane antibody. The results displayed observable increments in at least
three bands of proteins (Figure 11A). In addition, a western blot was performed using the
serum collected from wild-type infected mice to probe the proteins of Bb"{, Bb”*%2- and
BbPPO323NL jsolates. The blot displayed a change in the mutants' immunogenic protein
profile (Figure 11 B). Overall, the results demonstrated that the mutation of the BbHtrA-
mediated cleavage site in BB0323 led to a change in the immunogenic profile of the

spirochetes.
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Figure 11. Immunogenic profile of cleavage site mutant. (A) The cleavage mutant
displays an altered outer membrane protein profile in vitro. Borrelia Lysate grown at
37°C to check the difference in protein expression between Bb"™, Bb?%%?% and
BbPP9323NLgroups (arrow). Immunoblots display the difference in the levels of outer
membrane proteins in the cleavage mutant compared to the wild-type. In the upper panel
(left), the blot displays Bb"T, BbPP%323- and BbPP9323NL |ysates, probed with anti-Borrelia
outer membrane (OM) antibodies. The upper panel (right), serving as a negative control,
was incubated with PBS instead of an anti-OM antibody. The lower panel shows the blot
stained with Ponceau S. as a loading control. (B) The immune profile of the cleavage
mutant is modified in vivo. Compared to the wild-type, the bb0323 mutants exhibit
alteration in the immunogenic proteins. The cells of Bb"T, BbP?%323- and BhPb0323NL
spirochetes were lysed and separated in SDS PAGE and transferred to a nitrocellulose
membrane. The blot was probed with the serum samples obtained from the mice infected
with the wild-type Borrelia (upper panel). The distinct bands are highlighted with arrows.

4.2.2 Unaltered peptidoglycan layer organization in Cleavage site mutants

Previous studies have shown that the BB0323 protein interacts with the
peptidoglycan layer (PG), which has a role in the pathogenesis of LD (Kariu et al., 2013);
here, we checked if the mutation in BB0323 proteins altered the localization of the active
zones of PG layer. Localization of PG with the fluorescent D-alanine analog 7-
hydroxycoumarin-amino-D-alanine (HADA) demonstrated the cellular distribution of PG

similar to the wild-type (Figure 12). The results obtained from fluorescence microscopy

86



displayed that despite the mutations in BB0323 proteins, the localization of PG was

comparable to the wild-type spirochetes.

BHWT BhpoIz- Bhpo0IZINL

Figure 12. Labeling of the peptidoglycans in the spirochetes. The upper panels
display the HADA-labelled spirochetes. The spirochetes from Bb"™!, Bb?®%2% and
BbPP9323NLgroups grew to mid-log phase and were incubated with 0.2 mM HADA and
were incubated at 37°C for two hours. The cells were centrifuged, resuspended in PBS,
and spotted in a slide with 1% agarose. A fluorescent microscope was used to record the
labeling in the cells. The lower panel shows pictures of the spirochetes of different
groups by phase contrast microscopy.

4.2.3 Cleavage site mutant produces lower levels of mature N-terminal

BB0323

To understand the potential mechanisms behind the inability of the cleavage site
mutants to establish the infection in murine, we performed a densitometric analysis of the
mature BB0323 N-terminal protein produced by the Bb®%%23\t jsplates compared with the
wild-types. Western blot probed with anti-BB0323 -N terminal antibody showed that the
mature N-term polypeptide, 27kDA molecular weight, was significantly lower in
BbPPO323NL mutants (Figure 13A). It was previously established that Borrelia requires the

C-terminal to maintain infectivity (Kariu et al., 2013). We performed western blotting
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(using an anti-C-terminal antibody) and far-western blotting (incubation with BB0323-N
term protein). Here, we confirmed that the level of the C-terminal of BB0323 is unaltered
in BbPP0323NL mutants (Figure 13B), and the interaction between N and C- termini of the

cleavage site mutant was comparable to the wild-type isolates (Figure 13C).
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Figure 13. The cleavage site mutants produced reduced quantities of mature
BB0323-N terminal proteins. (A) Densitometric analysis displayed that the level of the
mature N-terminal polypeptide produced by BbP*%323N- was significantly lower than Bb"™
spirochetes. After separating the lysates produced from Bb"™t, Bb?0932% and BhPP0323NL
groups using SDS PAGE, the gel was transferred to a nitrocellulose membrane and
incubated with anti-BB0323 N-term antibody (Upper panel). The level of FlaB was
demonstrated using an anti-FlaB antibody as a loading control (Middle panel). Using
ImagelJ software, the densities of the proteins were measured and normalized against the
levels of FlaB. The results presented by GraphPad Prism 9 showed that the mature N-
terminal protein is significantly reduced in the cleavage site mutant compared to the wild-
type (*, P <0.05). (B) The amount of BB0323 C-terminal fragment produced in
BhPb0323NL s similar to Bb™! isolates. Bb™!, Bb?%%2% and Bbbb0323NL groups were
separated through 15% SDS PAGE and transferred to a nitrocellulose membrane. The
blot was probed with an anti-BB0323 C-terminus antibody (upper panel, arrow). Anti-
FlaB antibody was used to probe FlaB as a loading control (Middle panel, arrow). The
densitometry analysis using ImageJ displayed the comparable level of C-terminal in both
BbPPO323NL and Bb™ isolates (Lower panel). (C) Interaction between BB0323 C terminal
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and rBB0323 N-terminal remains unaffected. The spirochetes were lysed, separated as
described above, and transferred to a nitrocellulose membrane. The blot was incubated
with recombinant BB0323-N terminal protein in PBST. The bound N-terminal protein
was probed with a ti-BB0323 N-terminal antibody (Upper panel). The level loading in the
blot is displayed by Ponceau S stain (Middle panel, the row represents the band selected
for normalization). The densitometric analysis displaying a similar level of biding in

Bb" and BbPP%23NL gpirochetes was done by ImageJ (Lower panel).

4.2.4 Optimal levels of BB0323:BB0238 interaction complex are required to

support microbial infectivity

A previous study with BB0323:BB0238 interaction has demonstrated that
spirochete isolates producing mutant BB0238 protein unable to interact with BB0323,
cannot infect the mice, and the interaction between the proteins is essential for the post-
translational stability (Kariu et al., 2015; Thakur et al., 2017). However, the BB0238
level in BbPP?323NL mutants was comparable to the wild-type (Figure 14A). Far-western
analysis showed that BB0238 only interacts with the 27 kDa polypeptide of BB0323 but
not with the lower two bands (Figure 14B). Notably, the interaction complex in
BbPP0323NL mutants was significantly lower than the wild-type isolates. Additionally, MST
(Figure 14C) analyses with recombinant BB0238 with BB0323 N-term and BB0323N--N
proteins demonstrated cleavage site mutation in the BB0323 did not alter the binding
affinity and specificity to the BB0238 protein. Altogether, these findings underline the
importance of precise cleavage of BB0323 at positions N236'" and L237" and
maintaining an optimal level of mature N-terminal polypeptides to preserve the
proportional makeup of BB0323:BB0238 complex, an imbalance of which can render the

spirochete non-infectious.
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Figure 14. The diminished N-terminal BB0323 produced by Bbbb0323NL recruits
lower BB0238 protein to bind in the BB0323:BB0238 complex. (A) The mutation in
the cleavage site of BB0323 did not alter the BB0238 levels. The lysates of Bb™, Bp?0323-
and BhPPO323NL jsolates were run in the SDS PAGE and transferred to the nitrocellulose
membrane. The level of BB0238 protein was probed by using an anti-BB0238 antibody.
The level of FlaB protein was used as a loading control (Upper panel). The densities of
the bands analyzed by ImageJ software and presented by GraphPad prism (Lower panel)
show similar levels of BB0238 in BbP*%323\L a5 in Bb" isolates. (B) Recombinant BB0238
interacts only with mature N-terminal BB0323 and not with the lower aberrant
polypeptides. The lysates of Bb"t, BbP*0323- and BhPP9323NL spirochetes were separated by
SDS PAGE and transferred to a nitrocellulose membrane. Next, the blot was incubated
with recombinant BB0238 protein and probed with an anti-BB0238 antibody. The mature
N-term BB0323 could bind the BB0238 but not the lower polypeptides (Upper panel);
FlaB was probed using an anti-flaB antibody and used as a loading control (Middle
panel). Densitometric analysis of the blots (Lower panel) demonstrates a significantly
lower level of BB0238 recruited for the interaction by N-terminal BB0323 in BpPP0323Nt
isolates (*, P< 0.05). (C) The cleavage site mutation in the BB0323 protein did not alter
the binding affinity with BB0238. Microscale Thermophoresis Assay measured the
binding kinetics of recombinant BB0323-N and BB0323NL-N with BB0238; the results
showed that kD values between both groups were similar.
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4.3 Discussion

It has been previously established that interaction between BB0323 and BB0238
is essential to maintain Borrelial infectivity (Thakur et al., 2017). Size exclusion
chromatography and crosslinking assays showed that these proteins interact in a ratio of
1:1 or 2:2 (Thakur et al., 2017). The study above was performed by altering the cleavage
site, which BB0323 protein displays that the resulting mutant has altered its
immunogenic profile in vivo. The NL site mutant spirochetes produced decreased
amounts of mature N-terminal, but the level of C-terminal was maintained. Interestingly,
despite the level differences between the two termini, their interaction in the cleavage site
mutant was still comparable to the wild-type.

The diminished level of N-terminal could not recruit a similar amount of BB0238,
even though the affinity between the recombinant proteins was unaltered, displayed by an
MST assay. It suggests that the decrement in the level of one of the interacting partners
could disrupt the stoichiometry of the complex and have perturbed the function of the
animal infection.

Several studies addressed the functions of the ratio balance of protein complexes
(Dai & Lutkenhaus, 1992; Feucht et al., 2001; Jensen et al., 2005). One of the relevant
examples is the protein subunits FtsZ and FtsA involved in forming the Z-ring divisome
complex in E. coli. The ratio of FtsZ and FtsA inside E. coli and B. subtilis is 5:1 (Feucht
etal., 2001; Jensen et al., 2005). Maintenance of this ratio is essential as overexpression
of either of these proteins hindered cell division and produced filamentous cells. The flaw
could be corrected by simultaneous over-expression of the other protein (Dai &

Lutkenhaus, 1992).
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This study showed the decreased formation of the BB0323:BB0238 complex,
displaying that the proper ratio of these two proteins might be essential to maintain the
infectivity in mice. The result is consistent with the infectivity of the spirochetes with
either of the genes deleted (Kariu et al., 2013, 2015; Zhang et al., 2009). However, the
mechanism behind the altered immune response is still unclear. The questions regarding
the increased production of Outer membrane proteins in vitro and diminished response
against some proteins in vivo hint at the role of either the N-terminal BB0323 protein or
the complex in immune response inside the host. Similarly, the study that demonstrates
the significance of the interacting complex and the feature of its stoichiometry is yet to be
done.

Overall, our studies underscore the biological significance of BB0323 complexes,
including one involving BB0238. While additional research is needed to fully unravel
the mechanistic details of how these PPl or BB0323 complexes support spirochete
biology and infectivity, our results clearly shown blocking the BB0323-BB0238
interaction renders spirochetes non-transmissible through ticks and non-infectious in a
mammalian host. There, as a proof-of-concept, we have explored the possibility of the
BB0323:BB0238 complex as a target for new therapeutic development against LD, as

detailed in the following chapters of this dissertation.
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Chapter 5: Assessment of BB0323:BB0238 complex as a novel

therapeutic target against LD

Abstract

Identification of novel and more efficient therapeutic agents against LD is not
only essential to develop a complete treatment strategy but also to limit the current usage
of antibiotics. This effort can prevent the occurrence of PTLDS, associated with the
current use of antibiotic treatment. In this study, we explored the prospect of blocking
BB0323: BB0238 PPI as a new drug target against the persistence of B. burgdorferi in
mouse hosts. Herein, we assessed whether blocking BB0323-BB0238 PPI prevents long-
term persistence of B. burgdorferi in murine hosts. We show that, unlike wild type or
other B. burgdorferi mutants, bb0238AIM mutants (that are impaired in BB0323-BB0238
PPI despite producing the proteins), are unable to persist in murine hosts in long term.
While ticks fed on various mouse groups ingested wild type or control mutant spirochetes
from respective infected animals, bb0238AIM mutants could not be acquired in ticks. An
AlphaL.isa assay was developed for a quantitative high-throughput gHTS screening of
various small molecule libraries (with over 8000 small molecules) using resources and
expertise at NCATS. The short-listed HITs molecules were further confirmed using a

secondary B. burgdorferi cell-based assay, as detailed in the next chapter.

93



5.1 Introduction

Antibiotic discovery is one of the most significant achievements of humans.
However, over the years, excessive usage of antibiotics has resulted in developing
resistance, such as Methicillin-resistant Staphylococcus aureus (MRSA) or other
Multidrug resistant (MDR) bacteria (Belete, 2019; Czaplewski et al., 2016; Michael et
al., 2014). The emerging situation warranted need for new interventions and provides a
clear opportunity to search for compounds that treat the infections without exerting
evolutionary pressure on the organism (Gwynn et al., 2010). Novel molecular targets
specific to the bacteria, such as anti-virulence agents - targeting virulence factors of a
bacteria, such as adherence, invasion, LPS, and toxins, instead of killing causes less stress
in the bacteria (Belete, 2019).

Identification of a valid target is the first step in drug development. Targets refer
to the biomolecules such as proteins, DNA, RNA, or peptides where the drugs bind and
provide therapeutic efficacy (Santos et al., 2017). Databases are crucial in drug
discovery; Drug banks, Therapeutic target databases, ChEMBL databases, and
comparative toxic genomic databases are a few examples of these resources (Shangguan,
2021). The records comprise the molecules’ structure, function, and potential interaction
pattern, making it easier to find the related targets. Several biological assays are
performed to identify and analyze biological functions. Functional genomic or genetic
assays such as RNA interference, Gene knockout, Gene transfection, DNA microarray,
and RNA sequencing allow the functional analyses of the molecule and its relevance as a
drug target (Hughes et al., 2011; Schenone et al., 2013). Machine-based methods can be

utilized to simulate and predict the binding of the target to a drug in silico, reducing time
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and cost in the drug discovery process. The method also involves sequential and
structural analysis of the target to a pre-established receptor and predicts a druggable
target (Dara et al., 2022; Duch et al., 2007; Hughes et al., 2011). The analyses could be
done either based on the structure, such as structure-based drug discovery or ligand, such
as ligand-based drug discovery (Shaker et al., 2021; Vamathevan et al., 2019).
Additionally, approaches to drug discovery include a conventional approach or bottom-
up strategy, which involves screening several thousand molecules against specific assays
which reflect the function of the disease target, and a rational approach or deconvolution
method, which consists in finding out the structure of the target first and designing a drug
to fit the space. (Rick NG, 2016; Shangguan, 2021).

Once a target has been identified, validating its effects and functions is crucial.
The early-stage validation comprises in vitro or cell-based assays and in vivo
experiments, usually in animal model to confirm a target's biological functions upon a
ligand's activity (Rick NG, 2016). For example, mutation of the interacting interface of a
protein of a bacteria might predict the results expected from using a molecule to prevent
this PPI. Using an animal model that mimics the human model of the disease is of utmost
importance (Embers et al., 2013; Herrmann, 1995; Vandamme, 2014).

In a conventional method of drug discovery, following target identification and
validation, it is essential to develop assays that can reflect the functions (Gwynn et al.,
2010). Early-phase assay development incorporates a potential drug's enzymatic or
physiological effect on the target (Hughes et al., 2011; Rick NG, 2016). HTS-compatible
Assays such as ELISA, fluorescence polarization, fluorescent resonance energy transfer,

and bead-based assays such as AlphaL.isa platforms are utilized. The acronym "Alpha"
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stands for amplified luminescent proximity homogeneous assay. Orthogonal assays that
use different principles and modalities than primary assays should be applied to confirm
the results (Arkin MR et al., 2012).

Sequentially, the assay is miniaturized for a gHTS or ultra gHTS and used to
screen small molecule or drug libraries. Additionally, Fragment-based screening, focused
screening, structure-aided drug design, Virtual screening/Docking, and Physiological
assays could be used for screening purposes (Boppana et al., 2009; Hughes et al., 2011;
Mclnnes, 2007).

The HTS assays significantly reduce time and cost in compound screening. Using
robotics, liquids are dispensed in nanoliters to Picolitres volumes (Rick NG, 2016).
Several thousand molecules are screened using different libraries, using 1536 microwell
plates. A hit is a molecule that produces the expected result in the assay when tested
multiple times (Fox et al., 2006; Hughes et al., 2011). The series of HIT molecules should
be further screened for the structures and activities. The compounds should display
competitive behavior in dose-response assays. Tissue/cell-based assays should be
additionally performed. Furthermore, several in vitro assays are performed to investigate
the compounds' Absorption, Distribution, Metabolism, and Excretion (ADME) properties
(Arkin MR et al., 2012; Fox et al., 2006; Hughes et al., 2011). The compounds which
display the expected biological activity are selected as Leads (Hughes et al., 2011; Rick
NG, 2016). Lead optimization involves modifying the compounds to retain the desired

property and remove other flaws (Hughes et al., 2011).
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As mentioned in the previous chapters, previous work from our lab has confirmed
that the N-terminal of BB0323 forms a complex with another periplasmic protein
BB0238. This interaction is vital for the infectivity of B. burgdorferi in mice and its
transmission from ticks. These two proteins also depend on maintaining their mutual
post-translational stability in vitro (Kariu et al., 2015; Thakur et al., 2017). Furthermore,
disturbances in the stoichiometry also make the spirochete non-infectious (Previous
chapter).

BB0323 and BB0238 both are conserved proteins in the B. burgdorferi sensu lato
complex and do not have any homology to other bacteria (Kariu et al., 2013, 2015; Zhang
et al., 2009). So, identifying these two proteins as targets for developing novel
therapeutics against LD that are likely to have no or minor effects on other bacteria
population is highly imperative. A previous study has shown that the interaction can be
saturated or inhibited (Thakur et al., 2017), which indicates that the complex is an
appropriate candidate. This chapter confirms that the BB0323:BB0238 complex is
required for long-term infection establishment in mice and is a druggable target.
Furthermore, a description of the development and usage of the Alphalisa assay is
provided. The assay was used to screen over 8000 small molecules. Overall, this chapter
shows the target validation and utilization of Alpha assay to screen four different
compound libraries. The qHTS facilitated the discovery of the HIT series. Finally, the

PPI activity of these compounds is confirmed and tested in upcoming chapters.
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5.2 Results

5.2.1 Impaired BB0323 and BB0238 interaction diminishes the ability of B.

burgdorferi to persist in mice

Previous studies have shown that the interaction of BB0323 and BB0238 is vital
for the virulence and persistence of spirochete in the enzootic cycle for the early stages of
infection (Thakur et al., 2017). Here, we sought to assess whether this interaction is also
essential for long-term persistence. We used the bb0238AIM mutant that produces
BB0238AIM protein devoid of interaction motifs; hence the association of BB0238 and
BB0323 is disrupted. The mutant protein lacks 11 amino acids, i.e., 120-130 amino acid
residues in BB0238. The generation of the isolates, and initial infection results are
detailed elsewhere (Kariu et al., 2015; Thakur et al., 2017). To examine whether
bb0238AIM mutants have defects in long-term survival in mice, we used bba57- mutants
as an appropriate control. BBA57 is an outer membrane protein essential in early but
dispensable for late infection in murine. The levels of bba57- mutants in the mice are
significantly lowered in the first and second week, but it becomes comparable to the
wild-type from the third week onwards. Generation of the bba57- mutant is detailed in a

previously published paper from our lab (Yang et al., 2013).

To assess the effects of disruption of BB0323 and BB0238 in long-term infection,
in vivo experiments with murine hosts (3 mice/ group), injected with 10° cells
subcutaneously with wild-type (WT), bba57" deletion mutant or b660238AIM-
complemented spirochetes were performed. We sought to investigate whether the

bb0238AIM isolates could persist in the mice for long time, when compared to wild type
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or bba57°. After nine weeks of injection, immunological responses against B.
burgdorferi lysate were observable with serum from mice infected with wild-type and
bba57-mutant but not in mice infected with bb0238AIM isolates (Figure 15A). No viable
spirochetes were recovered from bb0238AIM mutant infected tissues, whereas wild-type
and bba57- mutants were easily observable (Figure 15B). Unlike the wild-type and
bba57-mutant, bb0238AIM mutant burdens in the tested murine tissues were mostly
indiscernible (Figure 15C). The results clearly demonstrated that the association
between the two proteins was essential in maintaining long-term B. burgdorferi infection

in murine hosts.
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Figure 15: Impaired BB0323 and BB0238 interaction diminishes spirochete ability
to persist in mice for the long term. A: Serological responses in infected murine. Mice
were infected with equal numbers of wild-type, bb0238AIM, or bba57- mutant spirochetes
via subcutaneous inoculation. Immunoblot analysis was performed against B. burgdorferi
cell lysates with sera collected nine weeks after injection. B: Infected skin, heart, joints,
and spleen. The organ cultures in BSK were incubated for two weeks at 34°C and
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observed under dark field microscopy for the presence or absence of the spirochetes. C:
Assessments of spirochete level in mice skin, heart, joints, and bladder. The differences
in the level of spirochetes were evaluated by measuring flaB transcripts levels using
gPCR, and levels of mouse S-actin were used to normalize between groups. Borrelia
burden was significantly reduced in all mice tissues infected with b60238AIM, compared
to wild type and bba57- mutant (*P < 0.05, **, P< 0.01,***, P<0.001). The results were
derived from two animal experiments. Bars represent the mean = SEM of four g°PCR
analyses from two biological repeats.

5.2.2 BB0323 and BB0238 interaction is necessary for acquiring the

spirochetes by naive ticks

Treatment of infected mice with antibiotics like doxycycline or ceftriaxone clear
B. burgdorferi in the animal. However, spirochetes can persist in low levels where B.
burgdorferi could not be detectable in an antibiotic treated hosts. Surprisingly, ticks fed
on these mice apparently cleared of B. burgdorferi, can acquire the spirochetes —a mode
of microbial detection called xenodiagnoses (Bockenstedt & Radolf, 2014; Marques et
al., 2014). It has been shown in some studies that the animals which have B. burgdorferi-
negative tissue culture are still able to transfer it to a naive tick (Bockenstedt & Radolf,
2014; Marques et al., 2014). Thus, we next sought to examine whether the ticks could

acquire the bb0238AIM mutant upon ingesting blood from the spirochete-injected mice.

Naive nymphal ticks (7 ticks/mice) were allowed to parasitize the mice eight
weeks after the Borrelia injection. The gRT-PCR analysis showed that the repleted ticks
could not acquire spirochetes in bb0238AIM mutant infected mice in contrast to the other
two groups, such as either wild type or bba57- mutants that were readily present in fed

ticks . These results suggest that the interaction of BB0323 and BB0238 is essential for
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the persistence of B. burgdorferi for a longer term in murine hosts and also for the

acquisition by the ticks (Figure 16).
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Figure 16. Acquisition of spirochetes by ticks from Borrelia-injected hosts. After
eight weeks of Borrelia injection, ticks were allowed to parasitize the mice. CDNA from
fully repleted ticks were collected and assessed for spirochetes using gRT-PCR. The
spirochete level was significantly reduced in ticks fed on mice injected with bb0238AIM
compared to wild type and bba57- mutant. (*P < 0.05).

5.2.3 Confirmation of the BB0323:BB0238 complex as a target of therapeutic

development

In order to examine the inhibitory action of a potential small molecules against
LD by targeting BB0323-BB0238 PPI, we have used a bead-based qHTS compatible
assay called AlphaL.isa, in collaboration with NCATS/NIH. The Amplified Luminescent
Proximity Homogeneous Assay (ALPHA) assay consists of two latex-based beads coated
with hydrogels (PerkinElmer, 2023). The donor bead, as the name suggests, upon

illumination at 680nm, can convert ambient oxygen to excited singlet oxygen molecules.
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The bead is coated with a photosensitizing molecule, phthalocyanine, which causes the
conversion. This singlet oxygen can move to a distance of up to 200nm and can transfer
the energy to Acceptor beads. On the other hand, these beads are coated with Thioxene
derivative, which causes illumination at 615nm upon receiving the energy. The donor and
acceptor beads contained Glutathione and Nickle, respectively, to bind with the proteins
with appropriate tags (Arkin MR et al., 2012; PerkinElmer, 2023). The recombinant
proteins HST-BB0323 N-terminal and GST-BB0238 were used for the PPI interaction
examination (Figure 17). The assay was initially developed in our lab using 96 well
followed by 384 well plates using a volume of 100 and 340 pl, respectively. Finally, it
was miniaturized at NCATS lab to a 6 pl reaction to use in the qHTS compatible 1536
well plates. The assay was highly specific to the interaction of BB0323 and BB0238, as
evaluated by a series of competitive inhibition assays, where non-tagged BB0238 protein
could inhibit the signal output in a dose-dependent manner, and assays with non-
interacting proteins such as a non-specific tick protein did not have any signal output
(figure not shown). The experiments, such as development, optimization, and
miniaturization of Alpha assay, were performed at UMD by our previous lab members

(Unpublished).
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Figure 17. A Schematic representation of the Alphalisa assay. Alpha assay with GST-
BBO0238 protein binding to anti-GST conjugated beads as a donor bead and HST-tagged
BB0323 N2 protein attached with a Nickle chelate acceptor bead. The donor and acceptor
beads are kept close, within a 250nm diameter distance, by the interaction between
BB0238 and BB0323-N2 proteins. Upon excitation at 680nm, a singlet oxygen molecule
is transferred to the ambient acceptor bead, thus emitting light at 615 nm.

As mentioned earlier, the assay was developed in our lab and further
standardization and utilization to screen the molecules were conducted at NCATS. The
PPI assay was miniaturized and optimized to a 1536-well-plate format to enable
automated high-throughput screening via robotics platforms. Subsequently, qHTS used
the final and optimized Alphalisa BB0323/BB0238 PPI inhibition assay. A total of 8,988
compounds from several approved drug libraries from NCATS, which included
investigational drugs with known mechanisms of action, and natural products that were
screened. The qHTS assays often non-specific inhibitors; in most cases they bind non-

competitively and have a nonspecific affinity. It could be due to colloidal aggregation,
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some may contain privileged structure for binding, and others might alter fluorometric or
calorimetric aspects of the assay, altering the final readout (Jadhav et al., 2010;
McGovern et al., 2002). Accordingly, compounds with interfering and nonspecific
properties were removed from the list after applying filters (Jadhav et al., 2010;
McGovern et al., 2002, 2003). Two hundred sixty-nine compounds were selected for
follow-up experiments based on the potency (half maximum inhibitory concentration
(ICs0) below 30 uM) and efficacy (> 60%). The compounds were retested in dilution
series using AlphaLisa PPI inhibition assay, and 163 compounds were further selected
with confirmed inhibitory activity. Furthermore, the primary Hits were subjected to
TruHits assay (PerkinElmer) that screens out false positives such as oxygen and color
guenchers, among others. Also, another counter screen which comprised a His-tagged
GST protein in an identical assay format, screened out the compounds which could act by
inhibiting the binding of tags to the beads (data not shown). Finally, 84 compounds were

selected for further orthogonal cell-based assessment.
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~8,988 compounds screened in primary
AlphalLISA BB0323/BB0238 PPI assay
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269 compounds were selected based on the
following criteria:

+ 1C50 < 30 pM
- Efficacy = 60%
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Figure 18. A chart displaying the drug development process from screening small
molecules by qHTS. (Obtained from NCATS by courtesy of Dr. Bolormaa Baljinnyam).
Discovery flow chart for small molecule inhibitors of BB0323: BB0238 PPI. The chart
shows the key stages of drug screening, including primary screening- performed by HTS-
AlphaLisa assay, selection of 160 compounds based on their IC50, and Efficacy. The
next stage comprised of counter screening with TruHits assay and HST-tagged GST
counter screen. 84 compounds were selected from around 8988 small molecules.

5.3 Discussion

This chapter presents the initial stage of the drug discovery process against LD by
evaluating the BB0323:BB0238 PPl complex as a potential therapeutic target. As
confirmed by the serology, qPCR, and organ cultures in BSK media, the impairment in
the interaction of the BB0323:BB0238 complex blocked the ability of the spirochete to
persist in mice for an extended period. Additionally, the xenodiagnoses experiment

displayed that the ticks feeding on the mice injected with the mutants could not acquire
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the Borrelia, indicating impairment in disseminating the disease, as ticks are the sole
transmission mode.

The PPI inhibitor screening used the AlphaL.isa assay with HST-BB0323 and
GST-BB0238 proteins. This bead-based assay was initially developed 96 well plates and
optimized for 384 well plates at our Lab. Furthermore, the miniaturization and screening
of the libraries were performed at NCATS/NIH. The gHTS assay facilitated the screening
of the molecules with predefined activities and natural products. After applications of
several screening techniques, filters, secondary assays, and counter screens, 84
compounds were selected as HIT series. Further testing of these compounds using
secondary assays is essential for confirming the inhibitory effect of these compounds and
selecting Lead molecules.

The potential of BB0323: BB0238 complex as a drug target is also supported by
previous studies in our lab. In short-term studies, the b60238AIM isolates could not
establish the infection in murine models (Thakur et al., 2017). The same study
additionally used a luciferase-based assay and demonstrated that BB0323: BB0238
binding was saturable and could be inhibited by anti-BB0323 antibody or the
recombinant partner proteins.

In conclusion, validating BB0323 and BB0238 PPI complex as potential
therapeutic target provides a new avenue in the drug discovery process against LD. The
use of the AlphaL.isa platform expedited the process of screening several thousand
molecules. The small molecules which could prevent the interaction identified by the
assay were processed through several filters, controls, and counter assays, which

presented 84 promising compounds which are further studied in the following chapters.
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Chapter 6: Development of a cell-based assay to screen small

molecule inhibitors against BB0323:BB0238 complex

Abstract

The drug discovery process requires the usage of appropriate assays, including
cell-based assays that can select for cell permeable compounds, for example, and provide
essential functional readouts of the expected effects of compounds on disease targets.
We have performed a primary screen and identified a cohort of small molecule inhibitors
that inhibit interactions between recombinant forms of BB0323 and BB0238. Our goal is
to further short list the compounds with cell permeable properties, and that can inhibit
interactions between native BB0323 and BB0238 within a spirochete cell. In this study,
we have developed a Borrelia cell-based assay using a dot blot assay format coupled with
a regrowth assay, that identifies the desired shortlisted hit molecules, and we opted to
use the AmershamTM Protran Premium NC membrane (Hybond). Pre-charging the
membrane with 1XPBS and drying before pipetting the dots made the dot sizes more
consistent. A reliable and reproducible dot blot assay was established by changing and
optimizing several parameters, that included optimal processing of B. burgdorferi cell
lysates, membrane type used for blotting the lysates, and development of a semi-HTS
screening using the dot blot assay, using anti-BB0323N antibodies. The assay principle
was based on the fact that the prevention of interaction of BB0323 and BB0238, herein

with selected cell permeable inhibiters, would result in the degradation of the proteins
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over time. The optimized assay subsequently analyzed the 84 compounds selected from
the primary Alphalisa screen. Two compounds were selected based on their PPI
inhibitory activity and least impact on the growth of B. burgdorferi cells. Finally, one of
the small molecules with the molecular formula C2sH3sNO4S, Lomibuvir, was further
analyzed by a dose-response assay based on the dot blots and the ICso value. Therefore,
in the current chapter, we detailed our efforts to successfully develop a cell based assay,
which can be a reliable tool for identifying cell permeable inhibitors that can impact

protein stability, likely by impairing selected PPI.

6.1 Introduction

Drug development against a disease or an infection is a rigorous, time-consuming,
and highly costly enterprise (Hughes et al., 2011). The process involves several essential
steps: target identification, target validation, hit discovery, leads selection, and
optimization, and if applicable medicinal chemistry to enhance efficacy. The effort
entails identifying an aspect of a disease that could be targeted to prevent or treat an
infection. The selected hits from the screening outcome are further confirmed by
biological assays predictive of the principle of the disease targets. It is necessary to
ensure the bioactivity of the compounds, the molecules that can enter the cellular
architecture and reach the target are valid candidates for further development as potential
therapeutics.

Herein, we describe our efforts to develop a B. burgdorferi cell-based assay to

screen the molecules with PPI inhibitory effects in two native proteins: BB0323 and
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BB0238. The first part of the assay was checking the functional impact of the compounds
on the protein stability, as inhibition of BB0323:BB0238 interacting reduces their
stability. The second part was to ensure whether those compounds did not have toxic
impact on the B. burgdorferi cells. We thus optimized a dot-blot assay to measure
functional outcome of protein stability and used a regrowth assay to examine any
cytotoxic effects of the compounds.

Dot-blot (DB) is a highly dynamic, adaptable, and cost-effective technique to
study the interaction of immune complexes (Rupprecht et al., 2010). Here, the antigens
bind to a nitrocellulose membrane which can be detected by applying antibodies against
it, and work in similar principles of ELISA. The DB is a highly sensitive technique and
can be used conveniently for large sample sizes (Helbing et al., 2022; Rupprecht et al.,
2010; H. O. Silva et al., 2021; Tsukazaki et al., 1998). The assay removes the need for gel
electrophoresis as done in Western blotting.

Herein, we have adapted the dot blot assay for the phenotypic readout of the
activity of the small molecules on PPI of BB0323 and BB0238 inside the B. burgdorferi
cells. It effectively and reproducibly detects the target cellular proteins, in this case, the
degradation of BB0323 protein level as it can not to associate with BB0238.

As detailed in the previous chapter, we used a gHTS system to examine several
thousands of small molecules and selected 84 compounds that prevented the interaction
between recombinant BB0323 and BB0238 proteins. To determine which of these
compounds can enter spirochete cells and prevent the PPI in native BB0323 and BB0238,
we have developed and standardized a spirochete cell-based dot-blot assay to further

select HIT compounds. Furthermore, the assay is also used for the dose-dependent
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confirmation of the action and ICso of a lead compound, Lomibuvir. Sequentially, we

selected the compound for in vivo studies in an animal model of LD.

6.2 Results

6.2.1 Standardization of dot blot assay

We sought to develop a dot blot assay in order to identify cell permeable
compounds and their effect on inhibiting the BB0323:BB0238 complex, by measuring
the decrease in the level of BB0323 protein. Our published protein turnover assay show
that, in spirochete cells, BB0323 is unstable in the absence of BB0238 (Kariu et al.,
2015). The result was also similar in the presence of BB0238 protein devoid of
interaction motifs, so it cannot interact with BB0323 (Bernard et al., 2019; Thakur et al.,
2017). Here, we utilized the principle and developed a Borrelia cell-based assay to
measure the effects of small molecules on the interaction of BB0323: BB0238 and their
post-translational stability. We initially used a basic protocol comprising lysis of wild-
type Borrelia cells as described below, standardized, and optimized the parameters to use

the assay for drug response studies.

Basic protocol

The cultures were grown until the mid-log phase. Wild-type, 10° spirochetes in
100ul of cultures were centrifuged at 12,0009 for 5 minutes at 4°C. The experiment was
performed in triplicates, and at least three biological repeats were performed. The cell

pellets were resuspended with 1XPBS with 1% triton X-100. The mix was vortexed for
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15 seconds three times in 10 minutes. The sample was centrifuged for 10 minutes at
12,000g at 4°C, and the supernatant was used for the assay. 1 pl and 2 pl samples were
dotted on nitrocellulose membranes. The samples were air-dried overnight. The following
morning the blots were blocked with 5% skimmed milk in PBST and processed for
immunoblot by anti-BB0323 antiserum. The results from the assay were not ideal, and

several discrepancies were noted. We further standardized the assay as follows:

6.2.1.1 Standardization of the dot blot assay

As BB0323 and BB0238 are abundant in B. burgdorferi periplasm (Kariu et al., 2013,
2015; Zhang et al., 2009), we initially used the soluble fraction of B. burgdorferi cells for
the dot-blot assay. However, during the standardization process of initial blotting of
soluble protein fraction in the NC membrane, we realized there was an inconsistency in
the amounts of antigens bound by the membrane, even between the samples extracted in
the same experiment. We sought to explore if the inconsistency is due to the variable
dislodgement of the cell lysates from the NC membrane at any processing stage. Hence
the loading sample on NC membrane had a varied amount of protein, as visualized by
Ponceau S Staining. Therefore, we compared the consistency in the amount of antigen
that can be used for the loading with different cell fractions, after solubilizing the cellular
proteins (Figure 19A). The samples containing cell supernatant were extracted after
centrifugation and separation of the lysates, and as expected, variable protein levels were
detected in supernatant and pellet fractions. However, the whole cell lysates displayed
fairly even and consistent loading profiles throughout the blot, as shown by the Ponceau

S staining, which were further used for the rest of the assays.
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Additionally, we optimized the level of detergent to lyse the cells. Here, we used
Triton X-100 in 1XPBS for its effective cell (membrane) lysis and non-ionic properties.
We inspected the effect of varying concentrations of Triton X-100 in the cell lysis and the
level of protein binding with the nitrocellulose membrane (Figure 19B). And to
determine the optimal amount of sample to load onto the nitrocellulose membrane in the
dot-blot assay, wild-type B. burgdorferi lysates were applied in 1 uL and 2 uL volumes.
The membrane was probed with an anti-BB0323 antibody (1:3000) followed by an anti-
mouse HRP-labelled secondary antibody (1:10,000). The result shows a sequential
increase in intensity with the increase in the blotted volume (Figure 19C). However, the

lower volume of 1 uL still had significant detectable output signal.
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Figure 19. Standardization of dot-blot. (A) Inconsistencies in dot blot loading from
different cell fractions. The figure displays Ponceau S staining of one of the first
experiments performed. The wild-type B. burgdorferi lysates grown at 107 and seeded at
108 cells were centrifuged and lysed by 1XPBS Triton X-100. The lysates were
centrifuged at 12,0009 for 10 minutes, and (left) The supernatant was used for the dots.
(right) The whole cell lysate was used for the dots. (B) Ponceau S staining of the B.
burgdorferi samples extracted by different concentrations of Triton X-100. The
nitrocellulose membrane with the antigen dots was incubated with Ponceau S for several
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minutes and washed with water to remove excess dye. The resulting image shows the
presence of protein dots corresponding to the samples, with varying concentrations of
Triton X-100, i.e., 1%, 2%, or 3%. (C) Comparison of B. burgdorferi lysate signal
intensity with different sample volumes on a dot blot. A representative image shows the
difference between 1 uL and 2 uL samples applied on a nitrocellulose membrane, and the
blot was developed using an anti-BB0323 N-terminal antibody (1:3000) and an anti-mice
secondary HRP-labelled antibody (1:10,000). The signal intensity in the blot increased
with the sample volumes.

Table 2. Optimized Dot-blot protocol for protein detection in B. burgdorferi lysates.

S.N Steps

1.

N

10.

11.

12.

13.

14.

Culture wild type Borrelia burgdorferi (A3) to mid-log phase. Adjust B.
burgdorferi concentration to 1x 107/ml.

Seed 100ul of B. burgdorferi to 0.6ml Eppendorf tube (1x10° cells/well)

Add 2 pl of drugs (Stock - 10mM)/well to make the final drug concentration 200
uM

Incubate at 37°C for 16-18 hours. Note that control well (without drug
addiction) contain a similar number of B. burgdorferi with DMSO (2ul/well)
After incubation, add 1 pl of culture to fresh 200 pl of BSK to observe the re-
growth of B. burgdorferi

Centrifuge the rest of the culture to pellet the cells. Spin at 8000g for 15 minutes.
Discard supernatant and collect B. burgdorferi pellet.

Add 20 pl PBS with 1% TritonX100 to the cell pellet. Vortex to mix and then
incubate on ice for 30 minutes. Mix the tube every 10 minutes with a vortex.
Collect the supernatant, add 20ul PBS, and mix. The solution is now ready for

dot-blot. Storing the mix at -20°C reduces the consistency of the results.

Pre-wet the nitrocellulose membrane with 1XPBS for 5 minutes and air dry for
10 minutes.

Dot 1pul of the lysate to the membrane and air dry at room temperature (RT) for
10 minutes.

Block the membrane using 5% milk in PBST for 1 hour at RT.

Add primary antibody (anti-BB0323-N terminal Antibody) at 1:3000 dilution
and incubate Overnight at 4°C. Wash three times with PBS-T (PBS with 0.05%
Tween-20)

Add secondary antibody (HRP labeled goat anti-mouse IgG) at a dilution
(1:100,000 or as appropriate) and incubate for 1 hour at RT.

Develop the dot-blot result using standard chemiluminescence procedures.
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15.  The density of each is scanned, and relative density is calculated via normalized
against control s (B. burgdorferi treated only with DMSO), using ImageJ
software.

6.2.2 Utilization of the cell-based assay to screen the small molecules

obtained from AlphaL.isa assay

Once we optimized the dot-blot assay, we tested the short-listed 84 compounds that
were selected form the primary gHTS of 8988 small molecules. We would like to test the
selected compounds’ ability to enter borrelial cell and inhibit the native interaction of
BB0323 and BB0238. The compounds were evaluated for their potential inhibitory effect
by dot-blot and re-growth assays. In the first part of the assay, the wild-type B.
burgdorferi were treated with selected compounds at 200 uM final concentration for 12-
16 hours at 37°C. DMSO-treated cells were taken as controls. Then, 1ul of the treated
cells was added to 200 pl of fresh BSK media for the re-growth. A dot blot showed the
effect of compounds on BB0323 N-terminal protein (Figure 20A, left panel); in
addition, the densitometric analysis of the blot, analyzed by ImageJ software, is displayed
as a heat map (Green to Red) (Figure 20A, Right panel). Furthermore, the results of the
regrowth assay six days after the initiation prompted the selection of the compounds with
a minor effect (Purple to Yellow) on the fitness of the spirochetes (Figure 20C). The
green circle in the left panel represents the compound selection based on low density and
the least effect on cell growth as represented by densitometric and regrowth analyses.

Two small molecules displaying the proper attributes were selected.
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Figure 20. A representative Dot blot assay and a regrowth assay for selecting Lead
molecules from the Hits series. (A) A dot blot assay was performed against the
compounds obtained from the Alphalisa assay. The green circle represents a dot produced
by a representative compound selected for further studies. (B) Densitometric analysis of the
dot blot analyzed by ImageJ. (C) Regrowth assay results were obtained secondary to the

incubation of Borrelia cells with compounds. The samples were displayed by GraphPad
Prism 9.

6.2.3 The PPI inhibitory effect of the selected small molecule-Lomibuvir

The selected compound Lomibuvir was further tested for dose-response inhibitory
effect using the cell-based assay as described above. The compound was serially diluted
(2-fold) with concentrations ranging from 0.39 uM to 200 pM incubated with Borrelia
cells overnight. The processed cell lysates were immobilized on the nitrocellulose
membrane and incubated with Ponceau S stain to visualize the even loading of the lysate
taken as a control (Figure 21A right panel). The blot was incubated with BB0323 N-
terminal antibody, and the image was developed using chemiluminescent (Figure 21A

left panel). The dot blot showed dose response to BB0323 N-terminal protein detection.
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We observed reduced signal intensity with increased concentration compared to wild-
type and DMSO controls. The signal intensity of the dot plotted as loading control
displayed that the compound dose response inversely correlates to BB0323 protein
detection (Figure 21B). This indicates increasing in compound concentration correlates
with a reduction of BB0323 target protein expression with ICsp of 1.5 uM (Figure 21B).
As shown in the regrowth assay (Figure 21C), in which the cultures were counted six
days after the re-growth assay initiation, the compound concentration beyond 6.2 uM
affected the regrowth of B. burgdorferi. This level was higher than the IC50 of the PPI
inhibitor effect; the lower concentrations did not affect cell growth. All the parameters
confirm the ability of the small molecule to inhibit endogenous BB0323 and BB0238
interaction in a dose-dependent manner. This further confirmed that Lomibuvir has an
inhibitory effect against BB0323:BB0238 interaction to suppress the expression of
BB0323.

Additionally, the effect of higher concentrations on the re-growth of the
spirochetes suggests that the compound might have an off-target impact on the spirochete

cells in addition to the PPI inhibition.
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Figure 21. Assessment of the inhibitory effect of Lomibuvir. (A) Dot blot representing
dose response of endogenous inhibition of BB0323 and BB0238 interaction in Borrelia
culture by selected inhibitor- Lomibuvir. Immunoblot developed using anti-BB0323 N
term antibody (left panel), Ponceau S stain showing even loading (Right panel). Samples
from wild-type (untreated) spirochetes are presented inside the box. (B) A Dose-response
curve. Analyses of dot blot by ImageJ software and presentation by GraphPad Prism 9.
(C) Re-growth assay. Wild-type cells, pre-incubated with different concentrations of
Lomibuvir, were used for the assay. 1 pL of the treated cells was added to the 200 pL of
fresh BSK media and was incubated at 34 °C for 4-6 days. The cells were counted under
a dark field microscope using a Petroff-hausser counting chamber. The result is

representative of three repeats.

6.2.4 Effect of Lomibuvir on other proteins

We studied the inhibitory effects of Lomibuvir in BB0238- the other partner of
the BB0323 complex. The spirochetal cell-based inhibition assay, comprised of dot blot
analysis and densitometric analysis, was performed as discussed above. We also checked
the level of another borrelial protein that is responsive to environmental changes and
display varied expression in borrelial strains (Pal, et al., 2004). The dot-blot analysis was

normalized based on a B. burgdorferi house-keeping protein, FlaB that was also unaltered
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in the dot blot. Anti-BB0238, anti-OspC and anti-FlaB antibodies were used accordingly
for the detection. The results show that the level of BB0238 protein was significantly
lower in the group treated with Lomibuvir than those treated with DMSO (Figure 22A).
However, the level of OspC was unaltered in both groups (Figure 22B). The results
suggest that Lomibuvir exerts its specific effect on the BB0323: BB0238 complex and

possibly does not affect other proteins in the cell.
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Figure 22. Specificity of the inhibitory effect of Lomibuvir on BB0323: BB0238
complex. (A)A dot blot image showing the effect of Lomibuvir on BB0238 protein. The
B. burgdorferi cells treated with Lomibuvir/DMSO were centrifuged and lysed. The
lysate was applied to a nitrocellulose membrane. The upper panel shows a dot blot
developed against anti-BB0238, the middle panel is a dot blot developed against FlaB,
and the lower panel shows the densitometric analysis of the above two blots by ImageJ.
The results are presented by GraphPad analysis. (*P<0.05). (B) A dot blot image showing
the effect of Lomibuvir on the OspC level. The upper panel shows a dot blot developed
against an anti-OspC antibody, the middle panel is a dot blot developed against FlaB, and
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the lower panel displays the densitometric analysis of the above two blots. The figure
depicts that the small molecule had no observable effect on the OspC protein level.

6.3 Discussion

The success of a drug discovery process depends on the reliability and repeatability
of the screening assay used in it. Herein, a relatively simple dot blot assay was optimized
to screen 84 small molecules obtained from the AlphaLisa screening. The blot was
developed using anti-BB0323 antibodies, and it measured the difference in BB0323-N-
terminal protein level after using a PPI inhibitor molecule (Kariu et al., 2015). Adding a
regrowth assay allowed us to select for the compounds with non-intended cytotoxic
effects. The dot blot assays, like ELISA, can accommodate more than 96 samples. It is
affordable and requires no sophisticated reaction equipment or reagents.

One of the compounds, Lomibuvir, was selected to validate the activity in the
assay described above based on its PPI effect with minimal impact on the fitness of the
spirochetes. The consistent effect of the compound on BB0238 bolsters the results of its
impact on the inhibition of BB0323:BB0238 interactions. Notably, the level of OspC was
unaffected by the use of Lomibuvir, suggesting the compound possibly does not
influence expression of other non-target proteins. Altogether, the results provide strong
evidence for the specificity of the compound on the BB0323:BB0238 complex.
Furthermore, additional studies are warranted to validate the compound’s effectiveness in

Vivo.
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Chapter 7: Evaluation of selected small molecule inhibitors in

animal model of Lyme borreliosis

Abstract

We have tested a small molecule, Lomibuvir, for its effectiveness on inhibiting
interaction of BB0323 and BB0238 in vivo, which in turn impact spirochete infectivity,
thus affording host protection against B. burgdorferi infection in a tick-borne murine
model of LD. The results indicated that the compounds could lower the infection
significantly when administered in C3H mice immediately after the tick-borne infection
with B. burgdorferi. The study aimed to confirm the safety and efficacy of the small
molecules using intraperitoneal injections for 21 days, with ceftriaxone as a positive
control and the vehicle that molecule was solubilized as a negative control. The initial
study showed a lowered infection, particularly in the skin of animals receiving the
compound. A pharmacokinetic study of Lomibuvir showed a constant rise in the
concentration of the compound in plasma and the liver. However, it was not the case in
other organs. A dose of 5,15, or 20 mg/kg for 21 days did not display toxicity in the
animals. The lowered infection level in the skin showed the efficacy of Lomibuvir in
preventing infection. However, we recognize that the probability of the off-target effect
of the compound cannot be discounted, and further studies are to be performed to confirm
the PPI inhibition activity in the other borrelial species. It is also necessary to optimize

the molecule properties and treatment strategies to enhance the therapeutic efficacy.
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7.1 Introduction

The interfaces of biomolecular interactions, including PPIs are highly diverse, yet
emerge as a viable target for anti-microbial therapeutic strategies, and the specific
compounds can be discovered that inhibit the essential interactions (Chéne, 2006). Small
molecules, peptides, and antibodies are commonly used as PPI modulators. Out of three,
small molecules have better cell permeability, metabolic stability, pharmacokinetics, and
cost-effectivity (Lu et al., 2020; Ran & Gestwicki, 2018). Over the few years, interest in
small molecules has increased. Unlike enzyme-substrate interactions, PPI interfaces are
uniquely specific making it a difficult target (Akhter & Hussain, 2020; Choi et al., 2021,
Rupprecht et al., 2010). The compounds might bind directly to the interaction site
(Orthosteric site) or Allosteric sites, causing a conformational change for the effect (Ma

& Nussinov, 2014; Nussinov & Tsai, 2012).

Using small molecules as new therapeutics has produced promising results in
cancer and autoimmune diseases (Dhanak et al., 2017; Huck et al., 2018; G. Liu et al.,
2022; Wu et al., 2022; Zhong et al., 2021). However, very few studies have been
conducted to explore these exciting therapeutic spaces targeting bacterial infections
(Carro, 2018). In this dissertation, we have explored a proof-of-principle study, whether
PPI could be a valid target as anti-B. burgdorferi therapeutic strategy. We utilized our
knowledge of virulence determinant factors of LD pathogens to identify small molecules
to intervene in the infection. The proteins involved in the interaction, BB0323 and
BB0238 are unique to the bacteria, so the molecules would be specific to it and have the

least off-target effect. The in vivo study involving infected mice displays a promising

121



effect on bacterial clearance and illustrates the proof-of-concept that the BB0323:
BB0238 complex is a potential molecular target for developing a novel therapeutic

strategy to combat LD.

7.2 Results

7.2.1 Pharmacokinetic study

Pharmacokinetics studies are essential to study concentration of the compound in
various post-injection time and at the target site (Yamashita & Hashida, 2013). The
principles were mainly focused on quantitative analysis, including drug absorption,
distribution, and excretion. The present study evaluated Lomibuvir for pharmacokinetics
properties using a murine model after successfully screening for its pharmacological
activities against B. burgdorferi. A total of 18 C3H mice were used to characterize the
pharmacokinetics of the selected drug, and the mice were administered 15mg/kg
consecutively for 21 days. The above study revealed that Lomibuvir at 15mg/kg was safe
as a therapeutic dosage without any detectable toxic effects. In general, it is crucial to
investigate the toxicological profile of any chemical substance to develop potential drug
discovery in the pharmaceutical industry. Apart from that, the selection of drug delivery
routes is another essential aspect of the animal model in pharmacokinetic studies to
maximize the biodistribution of the test drug at the target site (Kushwaha et al., 2014). In

this study, Lomibuvir at 15mg/kg was administered Intraperitoneally (IP). The
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bioavailability of the test drug was evaluated by using LCMS/MS technique at different
time points.

Three mice were euthanized sequentially at 0, 3, 6, 9, 15, and 21 days. The blood
was drawn by cardiac puncture, and the other target organs, Liver, Skin, Heart, Bladder,
and Joints, were collected. The blood and tissue samples were processed for LCMS/MS
according to the method described in Sample Preparation. The processed samples were
serially diluted in standard solution and 5pl injected into C18 5um column. The
LCMS/MS system was operated with an appropriate mobile phase with a 1.0min/ml flow
rate.

The results of the Pharmacokinetics are summarized in (Figure 23A-B). The
mean drug concentrations released during the first 3 to 21 days significantly increase in
blood plasma. Peak drug concentrations in blood were observed at 3 to 21 days. Apart
from that, the liver is the main target organ in the general screening system which can
trigger the safety dose evaluation in the early phase of drug discovery, primarily through
pharmacokinetic studies (Cho & Yoon, 2015). In this study, the liver’s drug
concentrations decreased after the initial dose at 3 to 6 days (Figure 23B). This is
probably due to the initial amount of the chemical compounds, which the active liver
enzymes may convert to inactive metabolites to protect from drug-induced liver injury.
Therefore, this may influence the biodistribution and elimination of the drug; hence, the
bioavailability of Lomibuvir declined in the liver for the first three time points. However,
the concentration of the compounds significantly increased from 15 to 21 days (Figure

23A-B).
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Figure 23. Pharmacokinetics study showing drug release profile. (A)
Pharmacokinetic effect on plasma. The figure shows the pK effect of Lomibuvir on
plasma over 21 days, the drugs were injected each day, and the sample was collected 24
hours after the last injection. (B) Pharmacokinetic effect of Lomibuvir on Liver. The data
displays the concentration of the compound on each data point.

7.2.2 Target Engagement of Lomibuvir by Microscale Thermophoresis (MST)

Target engagement is an essential aspect in a drug discovery process to identify
the molecular partner. In this study, we have used MST assay to identify the binding
partner of Lomibuvir in the target BB0323: BB0238 complex. In the MST assay, the
changes in the fluorescence in the HST-tagged protein with increasing compound
concentration were measured. The results showed that the compound was bound to
BB0238 protein with high affinity (Figure 24A). The binding affinity was further
calculated by the dissociation constant (kd). The kd value for BB0238:Lomibuvir was
7.61 uM (£ 0.67). In contrast, the compound didn’t show valid affinity towards the HST-

BB0323 protein (Figure 24B). Additionally, the compound displayed no binding
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properties toward the poly-histidine (HST) peptide (Figure 24C). Overall, the results

show a successful binding affinity of Lomibuvir towards BB0238.
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Figure 24. Target engagement of Lomibuvir with HST-BB0238, HST-BB0323, and
HST peptide. The graphs display the binding affinity of Lomibuvir with the (A)
BB0238, (B) BB0323, and (C) HST peptide, as measured by MST. The Y -axis shows
normalized fluorescence percentage values (Fnorm %), and X-axis shows the
concentration of Lomibuvir in the nano-molar unit.

7.2.3 Efficacy of Lomibuvir against B. burgdorferi in a tick-transmitted

murine model of LD

We finally assessed the efficacy of Lomibuvir against B. burgdorferi infection
using a reliable animal model of LD. A schematic representation of the disease model
and treatment regimen is shown (Figure 25A). To assess the efficacy of Lomibuvir in

the treatment of B. burgdorferi, naive nymphal ticks that infected with wild-type B.
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burgdorferi using a microinjection, were used. Seven ticks on each mouse (5
animals/group) were allowed to feed on four separate groups of C3H mice (two separate
doses of Lomibuvir, positive control (ceftriaxone) and negative control (vehicle). The
spirochete burden in fully fed ticks was analyzed using gRT-PCR analysis of copies of
the flaB gene and normalized against tick g-actin (Figure 25B). After tick feeding, the
animals were administered either of the two separate doses of the compound, antibiotic
(positive control) or vehicle (negative control): 15mg/kg of Lomibuvir/day, 20 mg/kg of
Lomibuvir alternate days, and 16 mg/kg ceftriaxone/day or with vehicle. The injections
were performed Intraperitoneally (IP) for 21 days. Serological analysis (ELISA with B.
burgdorferi lysate against antiserum from infected mice), suggested the infection was
significantly lower in compound-treated groups than in the vehicle injected mice (Figure
25C). The bacterial levels in skin and heart tissues were also significantly reduced in both
compounds treated groups compared to vehicles. In contrast, bladder and joint tissues did
not differ significantly despite the lowering trend in joints (Figure 25D) and spirochetes
were recovered from mice tissues treated with Lomibuvir (Figure 25E). As expected, no
spirochete burden was observed in ceftriaxone-treated mice Figure (Figure 25D-E).
Overall, the results show that Lomibuvir could lower the B. burgdorferi burden in the

mice, at least in a tissue specific manner.
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Figure 25. In-vivo validation of the efficacy of Lomibuvir on B. burgdorferi
clearance. (A) A schematic model of Borrelia transmission and treatment with
Lomibuvir in mice. (B) Transmission of B. burgdorferi to mice by infected ticks. Naive
nymphal ticks were microinjected with equal numbers of wild-type spirochetes. The fully
fed ticks were collected and assessed for B. burgdorferi burden by analyzing levels of
flaB gene normalized against tick g-actin by gPCR. (C) Serological response in mice
treated with Lomibuvir. Mice were infected with wild-type Borrelia by ticks
microinjected with the spirochetes. Treatment was started immediately after repletion of
ticks, either with Lomibuvir 15 mg/kg/day, Lomibuvir 20 mg/kg/alternate day,
Ceftriaxone 16mg/kg/day, or Vehicle. Sera were collected after 21 days of injections to
screen for differences with ELISA. (D) B. burgdorferi burden levels in murine skin,
heart, joints, and bladder were assessed by using gPCR. The spirochete burden was
significantly reduced in both Lomibuvir-treated groups in the skin and heart but not in
joints and bladder. Borrelia burden was not detected in Ceftriaxone treated group.
(*,P<0.05, **P<0.01,***,P<0.001). (E) Culture analysis of treated mice tissues. The
collected murine tissues were incubated at 37°C in BSK media for 2-4 weeks. The
samples were observed by dark field microscopy. The figure is representative of two
animal experiments.
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7.3 Discussion

Our results show that the compound, Lomibuvir, which has shown promising
results in vitro as an effective PPI inhibitor of the BB0323: BB0238 protein complex,
thus, we wanted to evaluate the compound’s efficacy in vivo as well as its safety and
pharmacokinetic properties. The ADME (Absorption, distribution, metabolism, and
excretion) properties of Lomibuvir are unknown in mice. Thus, we performed a pilot
pharmacokinetic study to determine the compound’s ADME properties and checked the
level of compounds in plasma and liver tissues at different treatment points, and
measured the concentration by LC-MS/MS. The levels were lower than the available data
on rats administered with the drug orally i.e., 30% bioavailability (Chauret et al., 2009). It
might be due to the fact that we had different routes of administration and delayed timing
of tissue collection.

Next, we conducted an in vivo efficacy study of Lomibuvir, including ceftriaxone
and vehicle as a positive and negative control, respectively. The ceftriaxone antibiotic is
widely used in LD treatment and in several in vivo studies (Wormser & Schwartz, 2009).
Herein, we observed a consistent decrease in bacterial load compared to the vehicle-
treated animals. Additionally, effects were also observed in the heart. However, the load
was significantly higher than the ceftriaxone-treated group in all tissues. The optimization
of the compound and the use of combinational therapy could improve the results.
Furthermore, drug trials in other species should also be performed. Target engagement
studies done by MST showed that the compound binds with BB0238 protein with the

affinity of micromolar concentrations.
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Lomibuvir is a known RNA polymerase inhibitor of the Hepatitis C virus (HCV)
(Fenaux et al., 2013; PubChem, 2023). The polymerase enzyme is present in all life
forms and is essential for gene expression and cellular functioning although there are
species-specific divergences. In eukaryotes, RNA polymerase exists in three forms: Pol I,
I1, and I11; each enzyme transcribes different types of RNA (Hsieh & Borger, 2022). In
the case of viruses, depending on the type of its genetic material, various types of
polymerase enzymes are present; namely, RNA-dependent RNA polymerase (RdRp)
found in RNA viruses, DNA-dependent RNA polymerase found in DNA viruses, and
Reverse transcriptase found in Retrovirus (Choi, 2012). Notably, in B. burgdorferi, a
single RNA polymerase transcribes all kinds of RNAs (Boyle et al., 2020; Sutherland &
Murakami, 2018). Further studies on the probability of Lomibuvir acting on B.
burgdorferi RNA polymerase should be conducted more in order to confirm its activity
as a sole PPI inhibitor. Nevertheless, an RNA polymerase inhibition treatment, as
antimicrobial strategy, is not available yet for LD and should be explored further to
identify novel treatment targets. Still, to the best of our knowledge, our study represents
a handful of earlier studies targeting PPI as an anti-microbial therapeutic strategy against
all human pathogens and constitutes the first study in the field of B. burgdorferi infection.
As we have others have identified additional PPI events in B. burgdorferi, targeting these
essential events could be exploited as novel anti-virulence therapeutic strategies to

combat LD where a more effective and complete antibiotic therapy is warranted.

129



Chapter 8: Conclusions and Future Directions

LD is complex zoonotic infection with almost half a million new estimated cases
yearly in the United States. It is caused by an atypical and highly-evolved gram-negative
bacterium, B. burgdorferi, which has unique characteristics such as the absence of
classical lipopolysaccharides or any toxins, contains endoflagella, and a structurally
distinct peptidoglycan layer. On the other hand, B. burgdorferi features a segmented
genome with a linear chromosome and up to 21 extra-chromosomal and self-replicating
genetic elements called plasmids. The bacteria produce many outer surface lipoproteins
that display little to no homology to known proteins yet are involved in the bacteria’s
entrance, adherence, colonization, and transmission. The spirochete genome encodes for
minimal biosynthetic capacities making the bacteria an obligatory parasite. It is
transmitted by ticks of Ixodes species, and the prevalence of the disease is increasing
geographically. The disease can affect multiple organs; the symptoms are shared with
many other febrile diseases, and thus the diagnosis still remains problematic. The
treatment is more straightforward if the infection is identified in an earlier phase, which is
challenging due to the unavailability of appropriate diagnostic aids. Additionally, as most
tick bites go unnoticed, patients can seek physicians’ help mainly in the later, more
serious stages of infection. The disease often progresses to the chronic phases where
extensive usage of antibiotics like doxycycline is required, including intravenous
injections or even hospitalizations. Around 20% of the cases develop a vague set of
symptoms after six months to a year after an apparently successful antibiotic treatment,
collectively called as Post-treatment Lyme disease Syndrome (PTLDS) (CDC, 2022).

The etiology of the PTLDS condition is not known yet, but theories suggest persistent
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bacteria, immune dysregulation, and the alteration of the microbiome might be the
contributing factors although a precise reason remains elusive. Some studies suggest that
these conditions arise due to the effect of antibiotic therapy, again convincing evidence is
lacking. Therefore, it is highly imperative to identify novel strategies for treatment
against LD.

In this dissertation research, we have targeted a borrelial protein complex
essential for spirochete infectivity, and explored whether it can serve as a molecular
target for novel therapeutics discovery against LD. The first part of the complex involves
PPI between BbHtrA and BB0323, which is essential for processing full-length BB0323
in smaller mature N and C terminal polypeptides. In lower temperatures, the spirochete
can produce the basal level of the N-terminal, but in higher temperatures, the proteolytic
processing by BbHtrA is required. Herein, in the first half, we investigated the necessity
of the proteolytic activity of the protease on BB0323. At first, we identified the cleavage
site of N and C termini and produced a protein with alteration in the cleavage site. This
mutated protein could not be processed by HtrA in vitro, confirmed the identity of the
cleavage site. We next produced a mutant of B. burgdorferi, which carried BB0323 with
its cleavage site mutated for BbHtrA, instead of the wild type copy of BB0323. The
cleavage mutant in the B. burgdorferi still produced BB0323 yet in a basal level along
with two other aberrant polypeptides of lower molecular weight. This could be because
there are two more areas with the same amino acid sequence in the protein where BbHtrA
might act in the absence of the primary site. Although the cleavage site mutant did not
affect the growth and fission of spirochetes, it was non-infectious in the murine host and

had a unique immune profile, highlighting the biological significance of the BB0323
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processing by BbHtrA. Additionally, as BB0323 N- and C-terminal fragments form
heteromer, we checked the level of the C-terminal protein and its binding affinity to the
N-terminal, which was unaltered. Again, we tested the level of BB0238, which was also
unaffected, and binding was comparable to the wild-type. Still, due to a lower level of
mature N-terminal, less BB0238 was recruited, leading to fewer BB0323:BB0238
complexes. Previous studies show that BB0323:BB0238 complex is essential in
maintaining infection in vivo; here, in this study, we identified that the optimal
stoichiometric balance of the complex is crucial to drive B. burgdorferi infection in a
mammalian host.

We next explored the BB0323: BB0238 complex as a target for the novel drug
discovery. In this study, we tested the prospect of BB0323: BB0238 complex as a drug
target against the long-term persistence of B. burgdorferi in mice hosts. We show that the
mutant with altered PP1 motifs for BB0323: BB0238, called bb02384IM mutants, which
produces BB0323 and BB0238, but these proteins failed to interact, are unable to
establish long-term infection in murine hosts.

We next developed a qHTS compatible test in our lab, called AlphaLisa and in
collaboration with NCATS, screened nearly 9000 small molecule compounds. Amongst
84 compounds that inhibited BB0323: BB0238 interaction, we further short listed to a
single molecule Lomibuvir, based on a B. burgdorferi cell-based secondary assay we
developed to confirm the cell permeability and activity of the compounds on native

protein within spirochete cells.
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The preliminary assessment of the molecule, Lomibuvir treatment in the mouse
infection model of LD showed a promising result, as the bacterial load in the skin of the
treated mice had a decreasing trend. The safety of the molecules at the given dose was
also confirmed by closely observing the health and well-being of the treated mice. A
pharmacokinetic study showed an increase in compound concentration in plasma and
liver over the period of 21 days. The compound’s efficacy was further confirmed by in
vivo experiments, including ceftriaxone treatment as a positive and vehicle treatment as a
negative control.

Herein we detailed our efforts to test a core hypothesis - whether a PPI event
essential for establishment of B. burgdorferi infection in a mammalian host — could be a
viable target for small molecule therapeutics against LD. Taken together, these results,
although promising as a first proof-of-concept study, could not produce a sterilizing
clearance against the infection. Thus, it might also be necessary to optimize the molecule,
via medicinal chemistry, to increase its efficacy and pharmacokinetic properties. The
prospect of using the small molecule as a combination therapy to lower the antibiotic
dose should also be explored. Additionally, as Lomibuvir is a known RdRp inhibitor of
the Hepatitis C Virus, a study of the probable effect on RNA polymerase activity of B.
burgdorferi is highly warranted. In addition to Lomibuvir, other compounds identified
by the AlphaLisa assay and confirmed by the spirochete cell-based assay could also be
studied in greater detail for their efficacy against B. burgdorferi. As our study represents
a first-hand and pioneering study of utilizing PPI as viable anti-microbial therapeutic

target, additional molecular targets, such as additional virulence determinants of LD
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pathogens, including PPI events essential for infection should be explored for

development of novel drug targets and comprehensive treatment strategies.
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