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Abstract 

Lyme disease, the most common vector-borne zoonosis in North America is 

caused by the spirochetal pathogen Borrelia burgdorferi. The telomere resolvase, ResT, 

is required for formation of covalently closed hairpin ends on the linear DNA molecules 

of B. burgdorferi and is essential for survival. It is, therefore, an attractive target for the 

development of highly-specific anti-borrelial drugs. To identify ResT inhibitors, a 

fluorescence-based high-throughput assay was developed and used to screen a library of 

27,520 small molecule drug-like compounds. Six confirmed inhibitors of ResT were 

identified with IC50 values of between 2 and 10 μM. The inhibitors were further 

characterized and grouped into three distinct classes based upon their inhibitory features. 
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Chapter One: Introduction 

1.1 Lyme Disease 

1.1.1 Identification and Emergence 

The first outbreak of Lyme disease occurred in 1975 when 51 residents of Old 

Lyme, Connecticut were tentatively diagnosed with an atypical oligoarthritis, initially 

referred to as Lyme arthritis [1]. Further analysis of the ‘Lyme arthritis’ outbreak 

revealed that it was in fact the late stage of an epidemic inflammatory disorder (Lyme 

disease) that began with a skin lesion referred to as erythema migrans (EM) and later 

progressed to chronic arthritis of the large joints, such as the knee [1].  Epidemiologic 

evidence published in 1978 suggested that the Lyme arthritis was being transmitted by 

ticks of the genus Ixodes, namely Ixodes dammini (also called I. scapularus) in the 

Northeast and Midwest, and Ixodes pacificus in the West [1]. In 1982, Willy Burgdorfer 

isolated previously unidentified spirochetes from the midgut of I. scapularis ticks and 

showed via indirect immunofluorescence that the spirochetes bound to immunoglobulins 

isolated from serum obtained from Lyme disease patients [2]. The spirochetal bacteria, 

later called Borrelia burgdorferi, were cultured from the blood of Lyme disease patients 

providing conclusive evidence that B. burgdorferi was the causative agent of Lyme 

disease [3]. 

Although the first documented outbreak of Lyme disease occurred in 1975, 

reports retrospectively show that the earliest known American case occurred in Cape 

Cod, Massachusetts in 1962 [4]. Surveillance of Lyme disease has shown that the 

number of cases in the northeastern and north central United States (US) is continuing to 
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increase [5]. Since 1991, the number of cases has increased rather steadily with 

approximately 20,000 cases being reported in 2006 [5]. No statistics are available 

regarding the number of Lyme disease cases in Canada as it is not a reportable disease. 

Lyme disease is now the most common vector-borne zoonosis in North America and 

Europe. 

Emergence of Lyme disease over the last 30 years has been greatly affected by 

various ecological and social factors. Improved diagnosis along with increased 

compliance by physicians in the reporting of Lyme disease have both played a role in the 

increasing number of cases observed [4]. In addition, major environmental changes in the 

northeastern US in the 20th century have improved conditions for the ecology of Lyme 

disease. More specifically, reforestation of large areas that were previously used as 

farmland during the European colonization of North America has provided extensive 

favourable habitant (i.e. woods, long grass, and brush) for the members of the Lyme 

disease transmission cycle, namely the Ixodes ticks and small mammalian reservoir hosts 

such as the white-footed mouse [4, 6, 7]  Also, Ixodes ticks are dependant on the white-

tailed deer for successful reproduction, thus the increasing deer population due to 

reforestation is closely paralleled with the increasing tick population [8]. Deer 

populations have also continued to grow with the development of new rural residential 

developments in which the deer are protected from predators and hunting is prohibited. 

Close proximity of humans to reforested areas containing increased tick and deer 

populations has resulted in an increased number of Lyme disease cases [7]. Finally, 

computer modelling has suggested that climate change may have the potential to expand 
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the geographical range of the Ixodes tick habitat northwards which means that Lyme 

disease could become more prevalent in Canada [9, 10]. 

1.1.2 Vector and Transmission of Lyme Disease 

Lyme disease is a zoonotic infection in which spirochetes are transmitted to 

humans inadvertently during a natural transmission cycle that normally exists between an 

arthropod vector and a mammalian reservoir host. Lyme disease is caused by three 

pathogenic species in the Borrelia genus including B. burgdorferi in North America, and 

B. afzelii and B. garinii in Europe and Asia [7]. In all cases, Lyme disease is transmitted 

by the ticks of the Ixodes ricinus complex, with I. scapularis serving as the vector in the 

northeastern and north central US, I. pacificus transmitting the disease in the western US, 

and I. ricinus in Europe [11]. 

Transmission of spirochetes can vary based on different geographical locations 

[12-14]. As shown in Figure 1.1, the transmission cycle of B. burgdorferi in the 

northeastern and north central US is defined by the natural two year life cycle of the I. 

scapularus vector, in which one blood meal is taken in each of the larval, nymphal, and 

adult tick stages [7, 15]. Larval ticks feed in the late summer, whereas nymphal ticks feed 

in the late spring/early summer of the next year. During the early summer blood meal of 

nymphal ticks, spirochetes replicate within the midgut, migrate to the salivary glands and 

are transmitted through the tick saliva, infecting naive mammalian host reservoirs such as 

the white-footed mouse (Peromyscus leucopus)[15, 16]. Larval ticks subsequently 

acquire the spirochetes during their late summer blood meal in which infected mammals 

serve as the hosts. The acquired spirochetes multiply in the midgut of larval ticks where 
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Figure 1.1. The enzootic cycle of B. burgdorferi and transmission to humans. 
B. burgdorferi are depicted as wavy red lines. Broken black lines show movement of I. 

scapularis ticks during usual two-year life cycle as described in Section 1.1.2. a) 

Infection of larval ticks from mammalian host reservoir occurs during the blood meal 

taken during the late summer. b) Nymphal ticks infect naïve mammalian host reservoirs 

during the blood meal taken in late spring/early summer. c) Adult ticks feed from deer 

during the fall. d) Laying of eggs by adult ticks following fall blood meal. e) Eggs hatch 

the next summer in order to renew the cycle. f) Inadvertent transmission of B. burgdorferi 

to humans by nymphal ticks during the late spring/early summer blood meal. Figure was 

reprinted with permission from [7] 
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they persist through the moult to the nymphal stage. The transmission cycle will 

continue the next spring/summer, when these now nymphal ticks transmit spirochetes to 

naive mammalian reservoir hosts. Deer, which are not directly involved in the 

transmission of spirochetes, are important because they are the main blood meal hosts for 

adult ticks [8]. After the adult blood meal is completed, female ticks lay eggs that hatch 

into larval ticks the next summer [17]. Humans are incidental dead-ends hosts during the 

transmission of spirochetes and therefore do not play a role in the transmission cycle. 

Lyme disease is most often transmitted to humans in the late spring and early summer 

when infected nymphal ticks acquire their blood meal from humans rather than the 

mammalian reservoir hosts [5]. 

The enzootiology of Lyme disease in the western US is quite different from that 

of the eastern US. Woodrats serve as the reservoir in this region and Ixodes neotomae 

maintains B. burgdorferi. Ixodes neotomae is a non- human biting tick and therefore does 

transmit Lyme disease to humans, rather Lyme disease is transmitted to humans via 

Ixodes pacificus, an inefficient maintenance vector. 

There are many ways in which B. burgdorferi has adapted to survive in both the 

tick and vertebrate host environments. Survival of B. burgdorferi in the tick is facilitated 

by the upregulation of Outer Surface Protein A (OspA), a borrelial protein of the linear 

plasmid 54 (lp54) that serves to anchor the spirochete to the tick midgut via strong 

interactions with the tick receptor for OspA (TROSPA)[18, 19]. BBO690, a Dps 

homologue, is also required for the persistence of B. burgdorferi within ticks [20]. During 

a blood meal OspA is downregulated, whereas OspC, another borrelial outer surface 

protein is upregulated [21]. OspC has been shown to play an important role in the 
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establishment of early infections in mammalian hosts [22, 23]. It has also been shown to 

interact with Salp15, a 15 kDa feeding-induced salivary gland protein in ticks which 

protects the spirochetes from anti-body mediated killing [24]. These among many other 

interactions between the vector, pathogen, and host enable B. burgdorferi to be 

maintained in a unique enzootic cycle. 

1.1.3 Clinical Manifestations and Disease Pathogenesis 

Lyme disease is a multi-stage infection with a wide range of clinical 

manifestations occurring at each stage. Multiple systems (i.e. skin, neurologic, or joints) 

can be affected in any of the three stages of Lyme disease making diagnosis and 

treatment difficult. 

The first stage of Lyme disease is characterized by the development of a localized 

erythema migrans (EM) rash consisting of an infiltration of lymphocytes, DCs, 

macrophages, and a small number of plasma cells that occurs usually 2-32 days 

subsequent to inoculation at the site of the tick bite [7, 25].  This rash only occurs in 

about 60-80% of patients which makes early diagnosis of Lyme disease difficult in some 

cases [24]. In the US, the EM rash is usually accompanied by general flu-like symptoms 

such as fever, malaise, and headache [24]. After the tick bite, spirochetes can remain in 

the skin for several days before dissemination occurs [21]. Upon transmission into the 

mammalian host B. burgdorferi uses complement regulatory-acquiring surface protein 

(CRASP) [25] and Erp proteins (OspE/F, Elps, p21, ErpA and ErpP) in order to bind to 

factor H or factor H-like proteins and inhibit complement-mediated borrelial-cidal 

activity [26, 27].  OspC, an outer surface borrelial protein has been shown to play an 
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important role in the establishment of a B. burgdorferi infection in mammals, but is not 

required at any other point of the mouse-tick infection cycle [22, 23].  

The second stage of Lyme disease results in disseminated infection in mammals 

and can occur days to weeks after the appearance of the EM skin lesion [24]. In this stage 

of infection the most common symptoms include Bell’s palsy, severe headaches, neck 

stiffness (meningitis) and shooting pains [24].  In this stage of infection, B. burgdorferi 

can be isolated from blood, synovial, and cerebrospinal fluid as well  heart, eye, muscle, 

bone, spleen, liver, and brain tissues [24].  

There are several plasmids that have been shown to play a role in the 

dissemination of infection in the mammalian host. The linear plasmid lp25 can be lost 

during in vitro growth of B. burgdorferi, but loss of this plasmid abolishes infectivity in 

the mammalian host [28]. This plasmid encodes pncA, a gene that encodes a 

nicotinamidase that is required for synthesis of NAD in the mammalian host [29, 30]. 

Futhermore, decorin-binding proteins (Dbp A and B) [31] encoded by lp54, and the 

fibronectin-binding protein BBK32 [32] encoded by lp36, both bind to host extracellular 

matrix components (EMC).  Adhesion of these molecules to the host EMC might assist in 

the dissemination and survival of spirochetes during infection.  

Following dissemination, B. burgdorferi evades the host immune system to 

establish the third stage of infection [6]. This late or persistent infection, which can occur 

months to years after initial infection, is mainly characterized by arthritis and various 

neurological complaints such as shooting pains, numbness, tingling in hands and feet, and 

problems with memory [24].  In 60 % of untreated patients intermittent attacks of joint 

swelling and pain are experienced, the large joints of the body (i.e. the knees) mainly 
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being affected [24]. One mechanism employed by B. burgdorferi to evade the host 

immune system and establish a persistent infection involves the variable major protein-

like sequence (vls) locus found on lp28-1 [33]. The vls locus consists of an expression 

site for VlsE, a surface lipoprotein, and 15 upstream unexpressed silent cassettes [35]. 

Recombination of the silent vls cassettes with the vlsE gene generates multiple VlsE 

variations throughout the course of infection [34].  Loss of lp28-1 still enables B. 

burgdorferi to establish an infection; however, the infection does not persist [28, 33]. 

Removal of the vls locus on lp28-1 resulted in infection in the mouse host, but not 

persistence indicating the requirement for this component of lp28-1 in persistent 

infections [35]. 

1.1.4 Diagnosis and Treatment 

Diagnosis and treatment of Lyme disease can be quite difficult due to the 

complicated nature of the disease. In most cases, diagnosis of Lyme disease is made by 

the recognition of an active EM skin lesion in combination with other characteristic 

symptoms (see Section 1.1.3) [36]. In the early stages of the disease, B. burgdorferi can 

be cultured from skin biopsies of EM lesions [36]. Culturing of B. burgdorferi is not 

often used as a method of diagnosis as it is expensive and time-consuming. Also, 

spirochetes can only be isolated from untreated patients in the early stages of the disease, 

limiting the usefulness of this method. Molecular biological techniques such as PCR have 

been used on a variety of bodily fluids and tissues to identify the presence of B. 

burgdorferi [36]. This method is not used in the laboratory diagnosis of Lyme disease 
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due to low sensitivity, rather it is used to confirm clinical diagnosis or for molecular 

species identification [36].  

In cases where Lyme disease is suspected but an active EM rash is absent, a 

laboratory diagnosis is made through a positive antibody response to B. burgdorferi using 

ELISA (Enzyme-Linked ImmunoSorbent Assay) serological tests and Western blots [7, 

36]. ELISA tests are the most frequently used format to test for antibodies. This method 

works on all stages of the infection but is most sensitive after the first or second week of 

infection [36]. Many recombinant antigens are used in the serodiagnosis of Lyme disease 

including BBK32, OspC, VlsE, and DbpA. Recombinant OspC and recombinant VlsE 

have been most useful in the identification of IgM antibodies from patients in the early 

stages of Lyme disease [36]. Recombinant VlsE also shows sensitivity in the later stages 

of the disease. Recombinant BBK32, and DbpA are used to identify IgG antibodies in the 

late stages of infection [36]. 

In cases where the EM skin lesion is present, treatment is prescribed immediately 

and later confirmed via PCR or ELISA and Western blots [7]. Early localized or 

disseminated infections are most commonly treated with the administration of 

doxycycline for a course of 14-21 days [6]. Children are often prescribed ceftriaxone as 

an alternative to doxycycline in the early stages of infection [37]. Ninety percent of 

patients treated for early stage Lyme disease have an excellent response [7]. Late stage or 

persistent infections are treated with two 4-week courses of doxycycline [37]. If this 

treatment fails, a 2 to 4 week course of intravenous ceftriaxone is prescribed [37]. 

Patients with persistent joint swelling following 2 months of antibiotic therapy, and with 

negative PCR results for the presence of B. burgdorferi are treated with nonsteroidal anti
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inflammatory agents and are treated following guidelines for chronic fatigue syndrome 

[7, 37]. It is not known if the inflammation observed in the later stages of the infection is 

the result of autoimmune responses. 

1.1.5 Prevention methods 

Since the OspA-based Lyme disease vaccine [39] was discontinued for use in 

humans, prevention of the spread of Lyme disease has relied on primary strategies such 

as personal protection from ticks, prophylactic antibiotic treatment, and tick control [38, 

39] (Figure 1.2). 

Public Health agencies within Lyme disease endemic areas have launched 

awareness campaigns encouraging people to protect themselves from tick bites and to 

perform daily tick checks. Tick bites can be prevented by the avoidance of tick infested 

areas, wearing light colored clothing, tucking pant-legs into socks, and by the use of a 

personal tick repellent [38]. Tick checks are extremely important in the prevention of 

Lyme disease, as recent studies have shown that removal of an I. scapularis tick within 

36 hours after attachment will reduce risk of a B. burgdorferi infection [40]. In the event 

that an attached I. scapularis tick is found, prophylactic treatment using doxycycline is 

recommended to decrease the likelihood that a B. burgdorferi infection will be 

established [37].  

Control of the tick population is important in the prevention of Lyme disease. The 

most effective method of controlling tick populations in Lyme disease endemic areas has 

been through the residential use of broadcast acaracides such as carbaryl, cyfluthrin or 

deltamethrin on tick habitats [38]. The application of acaracides is most useful in early 
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Figure 1.2. Summary of various mechanisms Lyme disease transmission.  
Red lines illustrate positions in the enzootic cycle where transmission might be 

intercepted. Figure was reprinted with permission from [38] 
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May and has been shown to reduce the tick populations by 68 to 100 %  [41]. Many 

residents of areas where Lyme disease is endemic are hesitant to use acarcides due to the 

potentially toxic effects that these chemicals may have on non-target organisms. Another 

more environmentally friendly approach to controlling the tick population is to reduce 

tick density in landscaped areas by removing brush and leaf litter [39]. Since tick 

populations depend on deer populations, reducing deer populations in endemic areas 

leads to a decrease in tick populations [8]. Deer populations can be controlled by 

excluding deer from residential areas using fencing or by the complete removal of deer 

[40, 41]. Finally, acaracide-impregnated cotton balls can be used for tick control. These 

cotton balls are used by white-footed mice, the principle reservoir of Lyme disease, as 

nesting material, and exposure to the acaracides will kill the ticks feeding on the mice. 

This method has been shown to almost completely eliminate tick populations in test areas 

[42]. 

1.2 Borrelia burgdorferi 

1.2.1 Phylogenetic Classification and Related Organisms 

Borrelia burgdorferi belongs to the phylum Spirochaetes, in which members are 

identified by their unique coiled morphology and 16S rRNA sequence similarities [43]. 

This phylum is divided into one class and one order, Spirochaetes and Spirochaetales, 

respectively [43]. The Order Spirochaetales is sub-divided into three families: 

Brachyspiraceae, containing the genus Brachyspira , Lepospiraceae, which contains the 
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genera Leptospira and Leptonema, and Spirochaetaceae containing the genera Borrelia, 

Brevinema, Cristispira, Spirochaeta, Spironema, and Treponema [45, 46] 

The 11 species of Borrelia that cause Lyme disease belong to a genospecies 

called the B. burgdorferi sensu lato (s.l.) complex [6, 7]. There are three major species 

which account for the majority of Lyme disease cases in the B. burgdorferi s.l. complex: 

B. burgdorferi sensu stricto which causes Lyme disease in North America, and B. afzelii 

and B. garinii which cause Lyme disease in Europe and Asia [44]. Other species which 

are predominant causes of Lyme disease in Asia include B. japonica, B. tanukii, and B. 

turdi [44]. 

Other members of the Borrelia genus are the causative agents of Relapsing Fever, 

an acute febrile illness which causes high fevers in patients that spontaneously abate and 

then recur. The high fever relapses are generally associated with a spirochetemia in the 

patient’s blood. B. hermsii causes tick borne Relapsing Fever in the western US and 

Canada, and B. duttonii and B. turicatae cause the disease in Africa and Central America 

respectively [45]. 

Other clinically relevant members of the family Spirochaetaceae include members 

of the genus Treponema, namely T. pallidum the causative agent of syphilis, and T. 

denticola which is associated with periodontal disease. Leptospira of the family 

Leptospiraceae are other well-known relatives of B. burgdorferi. Leptospira interrogans 

causes leptospirosis in animals (including humans) [46]. Leptospirosis a worldwide 

zoonosis, and is an acute fibrile illness most often characterized by fever, headache, 

nausea, and vomiting [46]. 
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1.2.2 Morphology, Motility, and Other Characteristics 

B. burgdorferi is a helically shaped, highly motile spirochetal bacterium [43]. 

Spirochetes have a characteristic morphology that consists of an outer sheath surrounding 

an inner protoplasmic cylinder [43]. The outer sheath based on a loosely associated 

multilayered membrane and includes a peptidoglycan call. This outer membrane is easily 

disrupted and does not contain lipopolysaccharides or LPS [44]. Therefore, B. 

burgdorferi is not classified as Gram negative or Gram positive [43].  

Periplasmic flagella are found in the periplasmic space between the outer sheath 

and the protoplasmic cylinder [47]. B. burgdorferi contains 15-20 periplasmic flagella 

which originate from each cell pole and wind around the protoplasmic cylinder [47]. The 

winding action of these flagella gives spirochetes their characteristic corkscrew shape. 

Due to the nature of the flagella, the motility of spirochetes is different from that of other 

bacteria [43]. The three movements which make up the motility of spirochetes are 

locomotion, rotation about their longitudinal axis, and flexing [47]. These actions enable 

spirochetes to move in areas of relatively high viscosity [47]. B. burgdorferi contain 3-10 

coils per cell making visualization of individual cells via dark field microscopy 

favourable [43]. 

B. burgdorferi is a microaerophillic bacterium that is cultured with 1.5 % carbon 

dioxide during in vitro growth [43]. As an obligate parasite, B. burgdorferi depends on 

the host organism for its nutritional requirements and growth in vitro is accomplished 

through the use of a complex undefined medium (Barbour-Stoenner-Kelly or BSK 

media) containing rabbit serum. 
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1.2.3 Genome Characteristics 

The genome of B. burgdorferi is unique in that it consists of an approximately 

900 kilobase linear chromosome and several linear and circular extrachromosomal 

elements or plasmids (Figure 1.3) [48]. Pulse-field gel electrophoresis on DNA from the 

B. burgdorferi strain B31 Med Immune (MI) (ATCC 35210), revealed the linear nature 

of the chromosome [49]. Several plasmids within the B. burgdorferi genome were also 

found to have a similar linear structure to that of the chromosome [50]. This 

characteristic feature of borrelial genomes is uncommon among bacterial genomes. 

Recently, Agrobacterium tumifaciens, a plant pathogen was also shown to contain a 

linear DNA replicon [51]. The double-stranded plasmids of B. burgdorferi were shown to 

have covalently closed telomeric ends similar to those found in poxvirus, African Swine 

Virus, E.coli phage N15, Yersina entercolica phage PY54 [52], and Klebsiella oxytoca 

phage ФKO2 [53]. B. burgdorferi employs a special mechanism for linear DNA 

replication known as telomere resolution, a process which will be discussed at length in 

Section 1.3. 

The chromosome codes for 853 genes, of which 59 % are associated with 

biological roles, 12% are similar to hypothetical coding sequences from other organisms, 

and 29% are novel genes [48]. The genome was found to be unusually AT-rich, 

containing an average G+C content of 28.6 % [48]  The genome encodes genes for DNA 

replication, transcription, translation, solute transport, and energy metabolism [48]. B. 

burgdorferi does not require iron for growth [54], which explains the lack of iron 

acquisition genes within the genome [48]. Genes encoding all of the enzymes for the 

glycolytic pathway were found, suggesting glucose may be a used as a primary energy 
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Figure 1.3. The segmented genome of B. burgdorferi. 

The linear chromosome along with the linear and circular extrachromosomal elements of 

B. burgdorferi are shown. Plasmids are not drawn to scale. Linear plasmid (lp) and 

circular plasmid (cp). 
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source by B. burgdorferi [48]. None of the genes encoding proteins for the tricarboxylic 

acid cycle or oxidative phosphorylation were identified [48]. It is evident that B. 

burgdorferi must obtain all of its nutritional requirements from the host, as no genes for 

biosynthetic pathways (i.e. synthetic pathways for amino acids, fatty acids, enzyme 

cofactor, and nucleotides) were identified [51]. Finally, the genome of B. burgdorferi 

does not encode any recognizable toxins; rather this organism causes infection by 

adhesion to host cells, migration through tissues, and immune evasion [7, 51]. 

There are 12 linear plasmids ranging in size from 17-56 kbp, and 9 circular 

plasmids ranging in size from 9-32 kbp in the B. burgdorferi genome. These plasmids are 

often referred to as “mini-chromosomes” because some of them encode essential genetic 

elements. In order to name the various plasmids, lp (for linear plasmids), or cp (for 

circular plasmids) is placed before the size of the plasmid (in kbp). In the cases where 2 

or more plasmids share the same size, the plasmid is further numbered (i.e. lp28-1, lp28-2 

etc.). Sequence analysis has revealed that only 71 % (675 ORFs) of the plasmids is 

composed of predicted coding sequences [48] and less than 10 % of the genes encoded on 

plasmids contained homologs from outside Borrelia [55]. Some of the plasmids appeared 

to be currently undergoing mutational decay, seemingly due to the lack of selective 

pressure [55]. For example, the B. burgdorferi strain B31 MI contains 7 different 

homologues of the cp32 plasmids probably due to recent duplication events. 

Furthermore, the open reading frames (ORFs) identified on the plasmids contained many 

pseudogenes with frameshift or stop mutations, suggesting that many plasmids ORFs do 

not encode functional genes [48].  
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The reason that B. burgdorferi maintains a segmented genome made up of a 

chromosome and over 20 linear and circular plasmids is unknown; however it is 

speculated that many plasmids are essential or confer selective advantages in vivo [27]. 

The maintenance of multiple, related copies of plasmid genes could be part of a 

pathogenesis strategy. Plasmid stability in the B. burgdorferi genome is variable, as 

some plasmids are lost during in vitro growth with no apparent phenotypic effect [28]. 

Some of the plasmids that are lost confer a decrease in infectivity or decrease in the 

ability to establish a persistent infection as discussed in Section 1.1.3. The plasmids 

which are never lost from B. burgdorferi include cp26, cp32-1, cp32-2,7, cp32-6, cp32-8, 

cp32-9, lp28-3, lp36, lp38, and lp54 [28]. These plasmids are proposed to be essential 

genetic elements and appear to play important metabolic roles. The circular plasmid 26 

(cp26) has been shown to be essential for growth in vitro, as it contains a gene 

responsible for the unique method of linear DNA replication employed by B. burgdorferi 

[56, 57]. 

1.3 Telomere Resolution 

1.3.1 Borrelia DNA Replication 

Linear DNA replication initiates at the end of the molecule with the DNA 

polymerase only adding nucleotides to the 3’-end of the DNA, and moving in a 3’-to-5’ 

direction along the template DNA. During the polymerization process a 3’-OH must be 

available in order to carry out a nucleophilic attack on the 5’−α-phosphate of the 

incoming nucleoside triphosphate. Replication is initiated at the 5’-end of each newly 
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synthesized strand by the synthesis of a short RNA primer which is subsequently 

removed. Each 5’-end of newly synthesized DNA strand is therefore missing a short 

segment of DNA that is present on the 3’-end of the complementary strand. This “end

replication problem” would, if not dealt with appropriately, result in the shortening of 

DNA strands and the loss if genetic material during subsequent rounds of DNA 

replication [58]. 

Organisms containing linear DNA replicons have evolved several methods to 

avoid the loss of genetic material during DNA replication (Figure 1.4). Perhaps the most 

well known method is the eukaryotic use of a reverse transcriptase ribonuclear protein, 

telomerase. Telomerase adds units to the 3’-DNA overhangs using RNA as a template, 

such that a conventional DNA polymerase can use the newly synthesized 3’-segment as a 

template to restore the 5’-end of DNA to the length prior to replication [59]. Another 

method, used by Streptomyces [60], adenoviruses, and Bacillus subtilis phage Ф29, 

makes use of terminal proteins in which DNA polymerase activity is primed using a 

protein at the 3’-end of the template strand [61, 62]. Finally, B. burgdorferi and 

poxviruses along with a handful of other prophages and viruses employ the use of 

covalently-closed hairpin telomere ends in order to overcome the problem associated 

with replication of the 3’-ends of linear template DNA.  

Although poxviruses and B. burgdorferi both employ the use of hairpin DNA 

ends, replication of these DNA molecules in each case is dramatically different. In 

poxviruses such as vaccinia, replication of linear DNA molecules initiates at the telomere 

which results in the formation of a head-to-head, tail-to-tail concatemeric DNA molecule 

[63]. The junctions of the dimers, also called replicated telomeres, a resolved through a  
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Figure 1.4. Various methods of linear DNA replication. 
Mechanisms of replication of the 3’-ends of linear template DNA. a) Mechanism of end 

extension using telomerase. b) Mechanism of priming at the 3’-end of the template DNA 

via terminal proteins. c) Use of covalently closed hairpin telomere ends in the replication 

of linear DNA. Figure was reprinted with permission from [61] 
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DNA breakage and reunion event which regenerates full length molecules with 

covalently-closed telomere ends [63]. 

Sequence analysis of the linear chromosome of B. burgdorferi suggested that the origin 

of replication was centrally located [48]. More specifically, the CG-skew, a parameter 

which identifies dramatic polarity switches (from negative to positive or vice versa) at the 

origin and terminus of DNA replication, was found to be centrally located on the 

chromosome [64]. The origin of replication is thought to be in the 240 bp in between the 

dnaA and dnaN genes sequences on the B. burgdorferi chromosome [64]. CG-skew 

analysis for the plasmids lp17, lp25, lp28-4, and lp54 suggested a similar central origin of 

replication [65]. Linear DNA replication in B. burgdorferi proceeds bidirectionally from 

a central origin of replication, resulting in a head-to-head, tail-to-tail dimer, with each of 

the monomers covalently linked at the telomere (Figure 1.5) [67, 69, 70]. This replicated 

telomere undergoes a unique DNA breakage and reunion event, called telomere 

resolution, which results in the formation of a linear molecule with covalently-closed 

hairpin ends [66, 67]. 

1.3.2 Telomere Resolution 

As of 2000, it was known that linear DNA replication initiated from a central 

origin of replication in B. burgdorferi; however, the mechanism of replication was not yet 

known. In 2001, an important paper published by Chaconas et al. revealed evidence for a 

telomere resolution step in B. burgdorferi linear DNA replication (Figure 1.6). Telomere 

resolution is a reaction involving a site-specific DNA breakage and reunion event used to 

process replication intermediates in order to regenerate covalently closed hairpin 
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Figure 1.5. Linear DNA replication in B. burgdorferi. 
Replication starts from a central internal origin of replication and proceeds bidirectionally 

resulting in a head-to-head, tail-to-tail dimer. The replicated telomeres are processed via 

telomere resolution yielding two linear DNA molecules with covalently closed hairpin 

telomere ends. Figure was reprinted with permission from [68] 
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Figure 1.6. Telomere resolution in B. burgdorferi. 
A linear plasmid containing an internally inserted replicated telomere (L’-L, red) was 

obtained via homologous recombination in B. burgdorferi. Subsequent telomere 

resolution of the internally inserted telomeric sequence in vivo resulted in a resolved 

integrant product (shown at bottom of figure). The kanamycin (kan) gene is shown in 

blue, E.coli vector sequences are shown in yellow, lp17 recombination target sequence is 

shown in green, and other lp17 sequences are shown in white. Figure was reprinted with 

permission from [67]. 
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telomeres [66]. In this paper, a synthetic 140 bp sequence, modelled after the known 

sequence of the left end telomere of lp17 and having the structure of a replicated 

telomere, was cloned into the circular E. coli plasmid pKK81. Along with the 140 bp 

replicated telomere this plasmid also carried a kanamycin resistance cassette under the 

control of the B. burgdorferi flgB promoter, and a fragment of lp17. Following 

transformation into B. burgdorferi, this plasmid underwent homologous recombination 

into lp17, which resulted in the internal insertion of a telomeric sequence into the left 

portion of lp17. Following this recombination event, the recombinant plasmid was 

resolved into two products, one of which carried the kanamycin resistance cassette and 

contained confirmed covalently closed hairpin ends. The in vivo resolution of a synthetic 

telomere sequence internally inserted into a plasmid provided strong evidence for the 

presence of a telomere resolution step in the linear DNA replication pathway of B. 

burgdorferi. This group of experiments lay the foundation for the investigation of 

telomere resolution and its role in B. burgdorferi linear DNA replication. 

In 2002, ResT (resolvase of telomeres), was shown to be responsible for telomere 

resolution in B. burgdorferi [69]. Recombinant ResT catalyzed telomere resolution in 

vitro using a DNA substrate containing an internally inserted replicated telomere (Figure 

1.7) [69]. ResT, the protein encoded by the bbb03 gene locus on cp26 was found to have 

limited sequence homology to TelN, a E.coli phage N15 telomere resolvase [69, 70]. 

Circular plasmid 26 is always present in the B. burgdorferi genome. Attempted gene 

inactivation experiments have identified the resT gene as essential for cellular viability 

[56]. The B. burgdorferi telomere resolvase has been studied extensively [68, 69, 71-76]. 

ResT appears to have a composite active site with components related to cut and paste  
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Figure 1.7. In vitro telomere resolution catalyzed by ResT. 
A circular plasmid containing an internally inserted replicated telomere sequence is 

linearized and subsequently resolved by ResT in vitro resulting in two products of 

different sizes with covalently closed hairpin telomere ends. 
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transposases, tyrosine recombinases, and type IB topoisomerases [71, 73]. Similarities 

and differences between ResT other telomere resolvases and related enzymes will be 

discussed in Section 1.3.3. 

The proposed reaction mechanism of ResT is shown in Figure 1.8. The first step 

in the mechanism is telomere recognition by ResT. To date, the sequences of a limited 

number of telomeres from B. burgdorferi have been identified [61, 77-79]. The telomeres 

that have been sequenced can be divided into three types (Types 1, 2, and 3) based on 

sequence insertions and deletions to the left of box one, and between the boxes 2 and 

3[78, 83]. Figure 1.9 shows a representative telomere from each of the three types along 

with the homology boxes 1-5. Type 1 telomeres do not have any insertions or deletions to 

the left of box one and therefore are also referred to as having a (0/0) spacing. Type 2 

telomeres have a three base-pair insertion to the left of box 1 and a three base-pair 

deletion between boxes 2 and 3 and therefore have (+3/-3) spacing. Type 3 telomeres do 

not have the homology box 1 that is found in both Type 1 and 2 telomeres.  

Type 1 and 2 telomeres can be used efficiently as telomere resolution substrates 

by ResT in vitro [68]. Loss of homology box 5 alone or boxes 4 or 5 together are 

tolerated by ResT, but with a decrease in telomere resolution ability [68]. The loss of box 

1 or 3 results in a significant reduction in ResT activity in vitro suggesting that these 

homology boxes play an important role in sequence recognition of the telomere [68]. 

Furthermore, the C-terminal domain of ResT (ResT164-449) binds to the box 3, 4, 5 regions 

of telomeres suggesting that box 3 is a critical determinant for telomere recognition [76]. 

Presently, the role of the N-terminal domain of ResT in telomere resolution is unclear, 

but does not appear to be involved in sequence-specific telomere recognition [76]. 
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Figure 1.8. Model of the mechanism for telomere resolution. 
Figure is adapted from [71]. The ResT monomers are shown as grey ovals. The axis of 

symmetry is shown by the dashed line which bisects the telomere DNA substrate.  
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Figure 1.9. Three types of telomere in B. burgdorferi. 
Representative telomeres from each of the three types of spacings are shown. The 

conserved sequences (homology boxes) among the sequenced telomeres are numbered 

and colored. The cleavage site it indicated with a red arrow. The positions of sequence 

variability within Type 2 telomeres are indicated by lowercase letters. Figure was 

reprinted with permission from [80]. 
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In the proposed reaction mechanism, telomere recognition by ResT is followed by 

a prehairpinning step. ResT has what appears to be a hairpin binding region that contains 

a hydrophobic binding pocket and a YKEK motif, which substitutes a lysine for an 

arginine in the YREK motif [71]. Mutations made to regions of the hydrophobic binding 

pocket within the C-terminal domain of the protein and the YKEK motif in the N-

terminal domain result in a decreased ResT activity [71]. These mutations were rescued 

with the use of heteroduplex oligonucleotide telomere substrates which prevent base 

pairing but allow prehairpinning of each individual strand [71].  

The first transesterification reaction or telomere cleavage occurs following the 

prehairpinning step. Cleavage of the telomere is position dependant and occurs at a fixed 

position from the axis of symmetry [68]. The active site tyrosine (Y335) was identified 

using a 5’bridging phosphorothiolate (OPS) synthetic oligonucleotide substrate carrying a 

substitution at the scissile phosphate in order to trap covalently bound protein DNA 

complexes, followed by affinity purification and mass spectrometry [73]. Further use of 

OPS substrates allowed covalent protein DNA complexes to be formed with the wildtype 

ResT but not with the hairpinning mutants mentioned above [71], suggesting that 

prehairpinning occurs prior to cleavage in the ResT reaction mechanism. The first 

transesterification reaction, initiated by tyrosine 335, links ResT to the 3’ DNA end 

through a phosphotyrosine linkage. The ability of the active site tyrosine to catalyze this 

reaction appears to occur without the aid of a general acid catalyst [73]. Acid catalysts aid 

in the activation of the nucleophilic attack by providing a series of hydrogen bonds with 

the scissile phosphate in order to stabilize the transition state intermediate. 
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Finally, a conformational change occurs in order to position the 5’-OH from the 

opposite DNA strand in the active site. This positioning allows the second 

transesterification reaction to occur via a nucleophilic attack of the phosphotyrosine 

linkage which results in the sealing of the DNA backbone, and ultimately, formation of 

covalently closed hairpin ends [71]. Telomere cleavage and strand transfer events on each 

side of the axis of symmetry do not occur in concert, meaning that the two events can be 

uncoupled [74]. ResT, however, does not function as a monomer on each half site of a 

replicated telomere; rather, communication between two monomers is required in order to 

activate telomere cleavage [74]. 

1.3.3 Telomere Resolvases and Related Enzymes 

ResT belongs to a unique class of DNA breakage and reunion enzymes called 

telomere resolvases or protelomerases (for prokaryotic telomerase). Enzymes related to 

ResT include the protelomerases TelN from E.coli phage N15 [70, 81], and TelK from K. 

oxytoca phage ФK02 . These enzymes catalyze a two step transesterification reaction that 

proceeds through a 3’-phosphotyrosine intermediate, and results in the generation of 

covalently closed hairpin ends. The recently published crystal structure of TelK has 

revealed that this enzyme does not cleave a hairpin structure as proposed for ResT [20]. 

Also, unlike ResT, TelK does not contain a hairpin-binding module suggesting that these 

enzymes may catalyze telomere resolution via a different reaction mechanism [20]. 

ResT and related telomere resolvases contain composite active sites similar to 

those of tyrosine recombinases and type IB topoisomerases [73]. Tyrosine recombinases, 

including the proteins λ-Int, Cre, Flp, and XerC/D are site-specific recombinases which 
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break and rejoin single DNA strands in pairs to form a Holliday junction intermediate 

[82]. Type IB topoisomerases, a group of proteins which function to relax positive and 

negative supercoils in DNA, include topoisomerase I in eukaryotic cells, poxvirus 

topoisomerases, and the prokaryotic topoisomerase [83]. These proteins function as 

monomers and contain no bound metal ions [83]. Like both tyrosine recombinases and 

type IB topoisomerases, ResT becomes attached to the 3’-phosphate end of the cleaved 

DNA strand, creating a covalent DNA-protein phosphotyrosine linkage. ResT also shares 

conserved catalytic residues which align to the catalytic pentad of tyrosine recombinases 

and the catalytic tetrad of type IB topoisomerases [73]. Unlike, tyrosine recombinases 

and type IB topoisomerases, ResT does not appear to make use of a general acid catalyst, 

a feature which seems to be consistent for telomere resolvases [73]. 

1.4 Drug Discovery 

1.4.1 Drug Discovery and Development 

Drug discovery can be a lengthy process taking up to a decade and costing 

millions of dollars [84]. The stages of drug discovery and development are summarized 

in Figure 1.10. Drug targets are usually sought for the purpose of preventing or treating 

highly prevalent or dangerous diseases including those caused by microorganisms [84]. 

Target discovery involves primary research usually performed at the academic level. 

Generally, targets are identified using the genomics approach in which essential genes or 

signalling pathways are identified as potential drug targets. Next, the molecular mode of  
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Figure 1.10. Drug development timeline. 
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action of the drug target is exploited in order to develop high-throughput assays aimed at 

identifying inhibitors or enhancers of the drug target. High-throughput assays allow the 

rapid discovery of drug-like compounds either in vitro or using whole cell assays [88]. 

Once lead compounds are identified they are validated by determining specificity and 

mode of action [85]. Identification of lead compounds based on activity in vitro warrants 

the determination of in vivo activity. This is especially true in the identification of novel 

antibacterial drugs where lead compounds contain a mixture of desired and undesired 

properties [86]. These compounds generally require multidimensional optimization by 

classical medicinal chemistry methods in order to gain access into the bacterial cell [87]. 

The drug optimization stage can take upwards of three years and very few lead 

compounds make the transition into the preclinical and clinical trial stages [86, 87]. Lead 

compounds are defined as compounds with an established biological activity according to 

a structure-activity relationship (SAR) [88] 

In order for a drug to be marketed and sold to the general public it must undergo a 

series of preclinical and clinical trials [89]. Preclinical trials involve testing the 

compound on non-human subjects [90]. The aim at this stage of the drug development 

process is to determine toxic and lethal doses, carcinogenic and teratogenic effects, and 

data on efficacy of the lead compounds [90]. Clinical trials (Stages 1, 2, 3, and 4) involve 

testing the lead compound on healthy and patient human subjects [90]. These stages are 

aimed at determining the side-effects, biological effects, pharmacokinetics, and dosage of 

the lead compound [90]. 
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1.4.2 High-throughput Screening 

High-throughput screening (HTS) is a practical method of identifying novel drug-

like compounds. HTS can be used to identify compounds that are capable of modulating 

a biological target of interest, using large libraries of compounds. Improvements in assay 

methods, liquid handling, and information management in the last decade have enabled 

the screening capabilities of HTS to grow to more than 10,000 compounds per week in an 

industrial setting [88]. 

Assays for use in HTS are developed in one of two formats: in vitro biochemical 

assays or cell-based assays [91]. In vitro enzymatic assays make use of a clearly defined 

biochemical drug target and therefore may provide information about the mode of action 

of novel drugs. Information about the mode of action of novel drugs can fast track the 

commercialization process, thus making in vitro biochemical assays the preferred 

screening method in the identification of novel drugs [88].  Cell-based assays make use 

of reporter genes for the detection of interactions between ligands and drug targets under 

a more physiologically relevant setting [91, 92]. Cell-based assays are advantageous 

because they result in the identification of all signals/messengers of a target within a cell 

with just one round of screening [92]. Biochemical assays, which are cost and labour 

effective, are generally used in primary HTS campaigns followed by secondary cell-

based screens [93]. 

Development of an assay that is amenable to HTS in terms of efficiency, 

reproducibility, scalability, and cost effectiveness is important for HTS success. In order 

increase efficiency, many reactions are performed at once using small quantities of 

reagents. These miniaturized high-throughput screens are generally performed in 



45 

microtiter plates with 96-1536 wells. Another method of increasing screen efficiency is to 

adopt a ‘rolling’ screen model.[88]. The ‘rolling’ screen model avoids triplicate screening 

by using three compounds per well with two compounds uniquely associated with 2 of 

the 3 wells. Hit compounds are identified by 2/3 wells showing the same modulation (e.g. 

change in fluorescence). Finally, the rapid detection of ligand interactions with drug 

targets in an assay is crucial to HTS efficiency. Detection usually takes the form of 

fluorescence, absorbance, luminescence and a variety of other variations on these 

detection methods [94]. Fluorescence detection methods are especially favourable for 

HTS because they give very high sensitivity and are therefore well suited to rapid 

detection in miniaturized reactions [95]. 

Reproducibility in HTS is imperative in order to identify potential lead 

compounds accurately. Reproducibility problems in any particular screen can stem from 

poor assay development, inaccurate pipette delivery, robotic liquid handling limitations, 

or subtle differences in compound concentrations due to solvent evaporation. Each 

microtiter plate in a HTS assay must contain the appropriate internal controls in order to 

ensure that active compounds can be identified with confidence. Controls establish the 

background signal levels for a particular assay along with identifying plate to plate 

variability [96]. The Z’-factor is a common HTS statistical parameter developed by 

Zhang et al. which provides assay quality assessment based on control data [97]. The Z’

factor is used as a tool assess the measure of reproducibility in regards to a particular 

assay [97]. The Z’ factor is calculated using the following formula: Z’ = 1 – [(3 SD pos. 

control + 3 SD neg. control)/(mean pos. control – mean neg. control)], where SD pos. 

control is the standard deviation of the positive control and SD neg. control is the 
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standard deviation of the negative control. Mean pos. control is the mean of the positive 

control data, and mean neg. control is the mean of the negative control data. A Z’-factor 

greater than 0.5 is indicative of a quality screen with a well-defined hit window [97].  The 

placement of controls within each individual microtiter plate is important in the 

avoidance of row biases such as edge effects that are often observed with HTS [96]. Edge 

effects have been shown to lower or increase the detection levels of controls making 

compound values seem higher or lower than their true values. In order to circumvent the 

problem of edge effects, controls can be placed randomly throughout the microtiter plate 

or positive and negative controls can be alternated in the available control wells of the 

plate [96]. 

As technology progresses so does the screening capability of HTS. Research 

groups are now using virtual screening methods as a means to pre-screen compounds 

using predictive profiling software [98]. Virtual screening enables researchers to screen a 

smaller more focused library of compounds using traditional HTS. The advent of 

microfluidic chips and subnanolitre dispensing systems has allowed the further 

miniaturization of HTS reactions [95]. Both of these technological advances will 

dramatically increase efficiency and screening capability of HTS in the future. 

1.5 Study Introduction 

1.5.1 General Introduction 

Lyme disease, caused by the parasitic bacterium Borrelia burgdorferi sensu lato, 

is the most common zoonosis in North America and is a problem in many parts of the 

world. The disease is transmitted by hard-shelled ticks of the genus Ixodes. The ticks 
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usually acquire the infection from small rodents such as the white footed mouse 

(Peromyscus leucopus) [16, 17] and subsequently pass it on to larger mammals such as 

deer, or to an inadvertent human host. Enviromental factors such as climate change [9, 

10], reforestation and increasing deer populations [4] are probably responsible for an 

increasing range of infected ticks and Lyme disease. Since the OspA (outer surface 

protein A)-based Lyme disease vaccine [99] was discontinued for use in humans, 

prevention of the spread of Lyme disease has relied solely on personal protection from 

ticks, prophylactic antibiotic treatment, and tick control [39].  

B. burgdorferi has a unique genome composed of a linear chromosome and more 

than 20 linear or circular extrachromosomal elements or plasmids [48, 55].  Each of the 

linear plasmids is terminated by covalently closed hairpin ends or telomeres [77, 100, 

101]. Replication of the linear plasmids initiates at a central origin of replication and 

proceeds bidirectionally [64, 102]. The resulting dimer junctions are recognized by ResT, 

a telomere resolvase, which catalyzes a two-step transesterification reaction known as 

telomere resolution [66, 69, 80].   

The B. burgdorferi telomere resolvase has been studied extensively [68, 69, 72

76, 103] and the reaction is catalyzed through a nucleophilic attack by tyrosine 335, 

which forms a 3’phosphotyrosyl-enzyme intermediate. Subsequently, a conformational 

change occurs in order to position the 5’-OH terminus of the opposite DNA strand for 

nucleophilic attack of the protein-DNA linkage and sealing of the DNA backbone.  The 

catalytic residues of ResT is similar to that of other DNA breakage and reunion enzymes, 

specifically type IB toposiomerases and tyrosine recombinases, and ResT possesses a 
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hairpin binding module which may be similar to that found in cut-and-paste transposases 

[71]. 

As ResT is essential for the survival of B. burgdorferi, [56] and is specific to 

viruses, phages, and bacteria, it is a promising target for the development of highly 

specific anti-borrelial agents for the prevention and treatment of Lyme disease. Drugs 

that target ResT may provide better alternatives than long-term therapy with currently 

available drugs, which can result in the spread of antibiotic resistance. ResT-specific 

drugs might also be useful on an environmental scale to erradicate B. burgdorferi from 

small mammalian reservoir hosts such as the white-footed mouse, thus preventing 

environmental spread of infected ticks and reducing transmission to humans. 

1.5.2 Objectives 

The aim of my graduate work was to identify and characterize potential inhibitors 

of ResT that will provide the basis for novel anti-borrelia drugs for use in the treatment of 

Lyme disease and environmental control of B. burgdorferi through: 

1) Development of a high-throughput assay to identify inhibitors of ResT 

2) Screening of a library of 27,520 compounds for inhibitors of ResT  

3) Characterization of modes of drug inhibition 
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Chapter Two:  Material and Methods 

2.1 Chemicals and Reagents 

All the chemicals used were of analytical grade and did not require further 

purification. Restriction enzymes were from New England Biolabs (Ipswich, MA). 

Unmodified oligonucleotides were synthesized and purified by University of Calgary 

Core DNA Services (Calgary, Alberta).  

2.2 Protein and Plasmid DNA Purification 

The Escherichia coli strain GCB 201 carrying the plamid pYT1 [68] was grown 

overnight at 30 °C with agitation at 250 rpm in a Fernbach flask containing 1 L of Luria-

Bertani (LB) broth and 50 μg/ml kanamycin. The plasmid pYT1 was purified using a 

Qiafilter Plasmid Mega Kit (Qiagen) according to manufacturer’s specification for low 

copy DNA. The DNA concentration was determined via absorbance at 260 nm. Plasmid 

DNA was digested using PstI (New England Biolabs) according to manufacturer’s 

specifications.  

To overexpress wild-type ResT, a 5 ml starter culture of the E. coli strain GCB 

195 [69] was grown overnight at 30 °C in LB broth containing 1 % glucose, 30 μg/ml 

chloramphenicol, and 100 μg/ml ampicillin. It was then added to 1 L of LB broth 

containing 1 % glucose, 30 μg/ml chloramphenicol, and 100 μg/ml ampicillin and grown 

to an OD of 0.4 at 32 °C. Protein expression in E .coli was induced by the addition of 

IPTG to 1 mM and growth was continued at 18 °C and 250 rpm. Recombinant ResT1-449 

was purified as previously described [69].  
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To express ResT164-449  a 5 ml culture pYT42 was grown overnight at 37 °C and 250 

rpm in LB broth containing 100 μg/ml carbenicillin and 25 μg/ml of chloramphenicol. 

One ml of this starter culture was used to inoculate 250 ml of LB containing 100 μg/ml 

carbenicillin and 25 μg/ml of chloramphenicol. This culture was incubated at 37 °C and 

250 rpm to an OD of 0.45. IPTG was added to 0.75mM the culture was incubated at 18 

°C and 250 rpm overnight. ResT164-449 was purified as previously described [79].   

2.3 High throughput ResT Inhibition Assay 

ResT activity was measured by a fluorescence based high throughput screen 

depicted in Figure 3.1. The reactions were performed and measured in 384-well black 

microplates (catalogue number 781076, greiner bio-one). The final assay conditions were 

as noted, with reagents added in the following order: 10 % DMSO (dehydrated with 

molecular sieves, pore size 3 Å ,Fisher Scientific), 11.6 fmol PstI linearized pYT1, 25 

mM Tris-HCl (pH 8.5), 1 mM EDTA, 100 mM NaCl, 19 μg/ml bovine serum albumin 

(BSA) and 11nM ResT. The total reaction volume at this point was 30 μl. The reactions 

commenced when ResT was added to the reaction mixture. Following a 15 minute 

incubation at room temperature, Na3PO4 was added to the reaction mixture to 45 nM and 

the reactions incubated for 10 minutes. Subsequently, an equal volume (36 µl) of SYBR 

Green (Molecular Probes) at a 2 X concentration in 10 mM Tris-HCl (pH 7.5) + 1 mM 

EDTA was added. The final reaction volume was 72 μl. The plates were read on a Fusion 

Universal Microplate Analyzer (PerkinElmer) at an excitation wavelength of 485 nm and 

an emission wavelength of 530 nm. The ResT stock was kept at 0 °C between additions. 
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2.4 Primary Screening 

ResT was screened against a Canadian Chemical Biology Network Library of 

27,520 compounds in a semi-automated fashion on an eight pin MultiProbe HT EX 

Liquid Handling System. Reactions contained 10 μM concentrations of the library 

compounds. Due to mechanical restraints, 96 reactions were performed at a time in 384

well plates (4 groups of reactions per 384-well plate). Each group of 96 reactions 

included eight positive controls (+DMSO, +ResT) and eight negative controls (+DMSO, 

-ResT). For the negative controls, buffer was added instead of ResT. Primary hits were 

defined as compounds that reduced the average activity of the positive controls by 70 % 

or more. The inhibition of ResT activity was calculated using the following equation 

% inhibition = 100 X [1 – (fluorescence – avg. neg. control)/ 

(avg. pos. control – avg. neg. control)] 

Where avg. neg. control is the average fluorescence calculated from wells with DMSO 

and without ResT (+DMSO, -ResT) and avg. pos. control is the average of fluorescence 

from the positive control wells containing DMSO and ResT (+DMSO, +ResT). 

The assay quality was determined using the Z’-factor [97] as discussed in the 

Results and Discussion section. 

Z’ = 1 – [(3 SD pos. control + 3 SD neg. control)/ 

(mean pos. control – mean neg. control)] 
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Where SD pos. control is the standard deviation of the positive control and SD neg. 

control is the standard deviation of the negative control (+DMSO, -ResT). Mean pos. 

control is the mean of the positive control data, and mean neg. control is the mean of the 

negative control data. 

2.5 Secondary Screening 

The hits identified from the primary screen were confirmed by repeating the assay 

on the compounds identified from the primary screen. Compounds that retained the 

ability to inhibit ResT activity by 70 % or more were classified as confirmed hits. These 

compounds were also tested in the presence of .01 % (w/v) BSA, and 1mM DTT, each in 

separate trials. The compounds were also tested for their ability to quench the fluorescent 

signal by incubating the compounds with completed ResT reactions followed by addition 

of Na3PO4 and SYBR Green as noted above. If the compound inhibited the fluorescence 

signal by 70 % or more it was labeled a fluorescence quencher and eliminated from the 

reaction. 

2.6 Oligonucleotide Substrates 

The 62-bp wild type replicated telomere substrate contained the following 

annealed oligonucleotides : OGCB158 – 5’ CCG GCG CCG CGG CAC TCT ATA CTA 

ATA AAA AAT TAT ATA TAT AAT TTT TTA TTA GTA TAG AGT 3’ , OGCB159 

– 5’ TAC TCT ATA CTA ATA AAA AAT TAT ATA TAT AAT TTT TTA TTA GTA 

TAG AGT GCC GCG GCG CCG 3’ and were assembled as previously described [71]. 

The oligonucleotides were 5’end-labeled using T4 polynucleotide kinase (NEB) and 
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[γ−32P]ATP. Annealing of oligomers was carried out by heating equimolar amounts of 

each oligonucleotide at 95 °C for 5 minutes. The assembled oligos were then slow cooled 

to 30 °C. Assembled oligonucleotides were analyzed by electrophoresis on 4  % 

Metaphor gel for 3.5 hours at 30 mA to separate the annealed substrate from unannealed 

oligonucleotides and unincorporated [γ32P]ATP.  The gels were stained using ethidium 

bromide and bands corresponding to the assembled substrate were excised. DNA was 

extracted from the gel slices by freezing the gel slice at -80 °C for 20 minutes and then 

centrifuging the slice in a column for 8 minutes at 8000 rpm and 4 °C using Spin-X® 

Centrifuge tube filters (0.22 μm cellulose acetate in a 2.0 mL tube, Costar). The OPS 

substrates were made from oligos OGCB116 – 5’ GAT CCA CTC TAT ACT AAT AAA 

AAA TTA TAT AT 3’ , and OGCB117 – 5’ ATA ATT TTT TAT TAG TAT AGA GTG 

3’, and were assembled using as previously described [71, 73-75]. OGCB116 was 5’ end-

labeled using T4 polynucleotide kinase (NEB) and [γ  was32P]ATP and OGCB117

similarly phosphorylated, but with cold ATP. In both reactions, the polynucleotide kinase 

was heat-inactivated at 65 °C for 45 minutes. The oligos were annealed at 95 °C for 5 

minutes following by slow cooling to 30 °C. The assembled oligo was then ligated at 16 

°C for 2 hours. The replicated telomeres were purified as described above.  The 140 mer 

wild type replicated telomere was composed of annealed oligonucleotides OGCB2 -5’ 

GAT CCA AGT TAA AGT TAG CAA TTT AAA GGG TAA AGT TTT GAG TCA 

AAA TAC TCT ATA CTA ATA AAA AAT TAT 3’, and OGCB3 -5’ ATA TAT AAT 

TTT TTA TTA GTA TAG AGT ATT TTG ACT CAA AAC TTT ACC CTT TAA ATT 

GCT AAC TTT AAC TTG 3’. OGCB3 was 5’ end-labeled using T4 polynucleotide 
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kinase (NEB) and [γ32P]ATP. Equimolar amount of OGCB2 and 3 were annealed, 

assembled and purified as previously described for OGCB 116 and 117. 

2.7 In vitro reaction conditions 

 The IC50 values for the compounds were obtained by performing telomere 

resolution assays using the following reactions conditions: 1.1 μM PstI linearized pYT1 

plasmid DNA, 10 μM of each compound (10 % DMSO final concentration), 110 nM 

ResT, 25 mM Tris-HCl (pH 8.5), 100 mM NaCl, and 1 mM EDTA in a final reaction 

volume of 30 μl. The reactions were incubated at 30 °C for 30 minutes and stopped with 

0.1 % SDS. Samples were analyzed by electrophoresis on a 0.8 % agarose gel for 1.5 

hours at 75 volts. Gel documentation and band intensity quantification was performed 

using the FluorChem 8900 imager and AlphaEaseFC software (Alpha Innotech). The 

percentage telomere resolution was determined by dividing the net area for the product 

bands by the total area of all of the bands (substrate plus products). The relative percent 

telomere resolution was determined by calculating the percent telomere resolution 

exhibited by the reactions containing the inhibitors relative to the percent telomere 

resolution exhibited by the positive control (+ResT, +DMSO), defined as 100 %. The 

IC50 values for each compound were obtained by non-linear regression curve fits 

(sigmoidal dose-response) using GraphPad Prism 4 software. 

For assessment of telomere resolution using the oligonucleotide substrates the 

following reaction conditions were used: 5.4 nM oligonucleotide substrate 

(OGCB158/159), 165 nM ResT, 10 μM of each compound (10 % DMSO final 
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concentration), 25 mM Tris-HCl (pH 8.5), 100 mM NaCl, and 1 mM EDTA in a total 

reaction volume of 30 μL. In order to asses telomere cleavage the following reactions 

conditions were used: 5.4nM oligonucleotide DNA (OGCB116/117), 165 nM ResT, 10 

mM of each compound (10 % DMSO final concentration), 25 mM Tris-HCl (pH 8.5), 

100 mM NaCl, 1 mM EDTA, and 25 % glycerol. All reactions were incubated at 30 °C 

for 30 minutes and were stopped using 0.1 % SDS. Samples were loaded onto a 5 % 

polyacylamide SDS gels and run in 1 X RML E buffer (define or reference) 

supplemented with 0.1 % SDS at 30 mA for 2 hours at 4 °C.  The C-terminal ResT 

protein was added to binding reactions in a final concentration of 245 nM in a 30 μl 

reaction. The reactions contained 10 μM of each inhibitor, 5.4 nM of substrate DNA 

(OCGB2/3), 25 mM Tris-HCl, 100 mM NaCl, and 0.5 μg/ml salmon sperm DNA. 

Reactions were incubated for 20 minutes at 0 °C. Samples were loaded onto a  5% native 

polyacrylamide gel and run at 30 mA for 2 hours. All polyacrylamide gels were vacuum 

dried and radioactivity analyzed using a Packard Cyclone. Band intensities were 

quantified using IMAGEQUANT software (Molecular Dynamics). Percent telomere 

resolution, DNA cleavage (CPD formation) or DNA binding was determined by dividing 

the net counts corresponding to the end products (product minus background) by the total 

counts (substrate plus net products). The relative percent resolution, /cleavage/shift was 

determined by calculating the percent telomere resolution, DNA cleavage (CPD 

formation) or DNA binding in the reactions containing inhibitors relative to the positive 

control (+ResT, DMSO), defined as 100 %. 
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2.8 Mass Spectrometry 

The compounds were analyzed via Electrospray Ionization Time of Flight Mass 

Spectrometry (ESI TOFMS) by the Southern Alberta Mass Spectrometry (SAMS) Centre 

for Proteomics, a Core Facility of the University of Calgary (Calgary, Alberta). 
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Chapter Three: Results 

3.1 Development of a High-throughput Screen to Identify Inhibitors of ResT 

A schematic describing the fluorescence-based high-throughput screen developed 

for ResT, based upon its unique activity, is shown in Figure 3.1. A linearized plasmid 

substrate (pYT1) containing the 50 bp replicated telomere from the left end of the linear 

plasmid 17 (lp17) of B. burgdorferi was treated with ResT, which performs a two step 

transesterification to cleave the two indicated phoshodiester bonds and generate two 

DNA molecules terminated with covalently closed hairpin ends. The telomeres from the 

left end of lp17 were chosen for the substrate as these telomeres are the most extensively 

studied. 

Under alkaline conditions (pH ~12), unreacted DNA substrate was irreversibly 

denatured and did not appreciably form regions of base-paired secondary structure [104], 

which would increase background levels for double strand dye binding. However, 

hairpin-containing products “snapped-back” to reform double-stranded DNA molecules. 

The renatured molecules were stabilized by addition of SYBR Green (Invitrogen 

Molecular Probes), a sensitive fluorescent dye that binds specifically to double-stranded 

DNA. Upon excitation at 497 nm, SYBR Green bound to the double-stranded DNA emits 

a signal at 520 nm, while the single-stranded substrate emits only a very low background 

signal. In this assay, the inhibition of ResT by small molecules resulted in a depletion of 

the fluorescence signal.  
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Figure 3.1. A fluorescence based high-throughput screen for inhibitors of the 
telomere resolvase, ResT.  
Schematic of the high-throughput assay which is described in detail in Experimental 

Procedures. The linearized substrate plasmid, pYT1, is shown with a dashed line 

indicating the axis of 180 degree rotational symmetry in the replicated telomere. The dots 

indicate the positions of the scissile phosphates. ResT catalyzes telomere resolution 

resulting in two DNA fragments, each with covalently closed hairpin ends. Addition of 

Na3PO4 at pH 12 to 42 mM final concentration results in denaturation of the substrate 

DNA, however, the hairpin products can snap-back and remain double-stranded 

following addition of SYBR Green. This dye binds specifically to double-stranded DNA 

producing a fluorescent signal in the presence of product, but not unreacted substrate. 
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3.2 Assay Quality 

In order to determine the reliability of the screening assay, replicates of positive 

and negative controls (+ResT and -ResT, respectively) were manually prepared. The Z’

factor, a parameter calculated using control data, is indicative of the assay quality [97] 

and was found to be 0.84 (Figure 3.2A). A Z’-factor of 0.5 or greater is indicative of an 

excellent screen with a robust signal window [97]. Following optimization of the 

manually prepared reaction conditions, an eight-pin MultiProbe HT EX Liquid Handling 

System (LHS) (Perkin Elmer), as seen in Figure 3.2B, was programmed to run the assay 

semi-automatically in a 384-well plate setting. One hundred ninety-two replicates of both 

positive and negative controls were prepared using the MultiProbe LHS, yielding a Z’

factor of 0.54 (Figure 3.2C). 

3.3 Screening Process for a Chemical Library of 27,520 Compounds 

The compound library that was used to screen for inhibitors of ResT was obtained 

from the Canadian Chemical Biology Network (http://www.ccbn-rcbc.ca/?q=profile) and 

contained 27,520 synthetic and natural product small molecules (http://www.ccbn

rcbc.ca/?q=canadiancollection). A schematic of the screening method is summarized in 

Figure 3.3. The primary and secondary screens were run in a semi-automated fashion as 

described in Sections 2.3-2.5. The Z’-factor for the primary screen was 0.47 (Figure 3.4). 

A value of 70 % inhibition of ResT activity in the presence of inhibitor was defined as 

the hit threshold for the primary screen. This cut-off level is depicted in Figure 3.4 as a 

yellow line at 30% ResT activity. This cut-ff level was chosen because of the reliability 

of the controls at this level of ResT activity. This hit threshold resulted in 147 confirmed  

(http://www.ccbn-rcbc.ca/?q=profile)
(http://www.ccbn-
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Figure 3.2. Optimization of assay for high-throuput screening.  

a) Control data for manually individually prepared reactions. Nine control reactions were 

manually prepared in 384-well plates. The RFU (Random Fluorescence Unit) data for the 

positive (red) and negative (blue) controls are shown. b) Photograph showing the 

PerkinElmer MultiProbe HT EX Liquid Handling System. c) Positive (red) and negative 

(blue) control data obtained during the optimization process. Reactions were prepared 

using the MultiProbe HT EX.  
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Figure 3.3. Screening process for a library of 27,520 compounds. 
The schematic shows the steps involved in recovering inhibitors of ResT. The fluorescent 

screen was performed on a library of 27,520 small molecules at a 10 μM final 

concentration. Compounds that exhibited less than 70 % inhibition of the ResT reaction 

were not studied further. Molecules that lost their ability to inhibit upon the addition of 

bovine serum albumin (BSA) or dithiothreitol (DTT) were eliminated as non-specific 

inhibitors. Compounds were also tested for their ability to act as fluorescent signal 

quenchers, resulting in removal of 21 compounds. The remaining 16 molecules were 

tested using the gel-based telomere resolution assay used for biochemical analysis of 

ResT. Low efficiency compounds were eliminated, leaving 16 ResT inhibitors. 

Compounds were re-ordered and the IC50 was determined for each using the gel assay. 

Six compounds exhibiting an IC50 of less than 10 µM were recovered. 
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Figure 3.4. Control data for the screening of a library of 27,520 compounds.  
Positive (red) and negative (blue) control data for the screening of a library of 27,520 

compounds using the assay in 384 well plates. The yellow line shows the 30% ResT 

activity or 70% inhibition cut-off level for identifying inhibitors of ResT 
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primary screen hits. A representative 384-well plate with one identified inhibitor on it is 

shown in Figure 3.5. 

Secondary screening involved experimental steps aimed at eliminating nonspecific 

inhibitors of ResT. Promiscuous inhibitors can inhibit by binding or reacting 

nonspecifically with the target enzyme. The effect of inhibition detected by promiscuous 

inhibitors will decrease in the presence of another protein, such as bovine serum albumin  

(BSA) or in the presence of a reducing agent such as dithiothreitol (DTT) [105, 106]. 

Compounds which inhibited the ResT reaction by less than 70 % upon the addition of 

either BSA or DTT were eliminated as potential ResT inhibitors. The remaining 46 

compounds were tested for their ability to quench the fluorescent signal of SYBR Green. 

Compounds that elicited a decrease in fluorescence in completed ResT reactions by 70 % 

or more were labelled as fluorescence quenchers and were also eliminated. Upon 

completion of the secondary screen, 25 compounds still exhibited 70 % inhibition of 

ResT activity in the presence of BSA and DTT, and did not quench the fluorescent signal 

of SYBR green. 

 The remaining 25 compounds were tested for their ability to inhibit ResT-mediated 

telomere resolution using an in vitro gel-based assay (see Figure 3.7A). Compounds were 

screened at a concentration of 10 μM using standard ResT reaction conditions previously 

used for characterization and mechanistic studies on the enzyme [71, 73-79]. Compounds 

that did not inhibit ResT activity at a level of 70 % or more under standard assay 

conditions were eliminated. 

The 16 remaining molecules were tested for the ability to bind to double stranded 

DNA, a feature which would likely result in the ability to inhibit a large number of DNA 
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Figure 3.5. A representative 384-well plate of compounds 
Figure shows the % ResT activity for one 384-well plate during the screening process. 

The positive controls (+ResT) are shown in red and the negative controls (-ResT) are 

shown in blue. The one compound that was identified as inhibiting the ResT reaction is 

shown in bold pink. 
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metabolizing enzymes indirectly through DNA binding. In order to test this, the 

compounds were tested for their ability to inhibit the restriction endonucleases EcoRI and 

ClaI (Figure 3.6, panels A and B). In addition, DNA binding activity of the compounds 

was probed by testing their ability to displace the fluorescent DNA-binding compound 

Picogreen (Figure 3.6C). None of the remaining 16 compounds affected the restriction 

ability of EcoRI , ClaI, or the binding ability of Picogreen more than 70 %. 

3.4 . Determination of Inhibitor IC50 Values and Effect in Borrelia Growth 

Finally, the 16 remaining compounds were reordered from their respective 

suppliers and the IC50 for each was determined using the gel-based telomere resolution 

assay (Figure 3.7). Compounds that did not exhibit reproducible IC50 values of less than 

or equal to 10 μM were eliminated, leaving six inhibitors of ResT with IC50 values of less 

than 10 μM. The structure and corresponding information for the remaining six 

compounds are shown in Figure 3.8. Mass spectrometry was performed on the remaining 

six compounds for structural confirmation. Structures were confirmed for compounds 5, 

8, 11, and 14 (see Appendix B) via ESI TOFMS (see Section 2.8 for details). Due to the 

nature of compounds 15 and 22 the structures have not yet been confirmed.  

None of the six identified hits at a concentration of 10 μM exhibited any effect on 

the in vitro growth of B. burgdorferi. Compound 21, of the original 26 compounds did 

inhibit the growth of B. burgdorferi, however it was eliminated as a low efficiency 

inhibitor of ResT. 

Compounds structually similar to compounds 5, 11, and 22 were identified internal 

to the library. The effects on B. burgdorferi growth and the in vitro gel-based telomere 
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Figure 3.6. Ability of inhibitors to bind to double-stranded DNA. 

a) EcoRI DNA digestion in the presence of 10μM inhibitor. b) ClaI DNA digestion in the 

presence 10μM inhibitor. c) Picogreen DNA binding ability in the presence 10μM 

inhibitor. Results for all three condition were plotted as percent positive control (no 

inhibitor added) 
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Figure 3.7. IC50 curves for ResT inhibitors. 
a) IC50 determination using a gel-based telomere resolution assay. The schematic to the 

left of the gel depicts the substrate and product structures corresponding to the migration 

of the gel bands visible on the ethidium bromide-stained 0.8 % agarose gel shown for 

compound 5. The upper band is PstI linearized pYT1 as shown in Fig. 1. The two lower 

bands represent the hairpin products resulting from telomere resolution by ResT. 

Decreasing concentrations of inhibitor were incubated at 30°C with 1.1 µM linearized 

plasmid substrate in the presence of 110 µM ResT for 30 minutes.  b) IC50 curves for the 

six most effective inhibitors. Each gel assay was performed in duplicate (except for 

compound 11, due to limiting amount of compound) and the mean and standard error 

were plotted as percent inhibition of in vitro telomere resolution versus inhibitor 

concentration. The IC50 values for each compound were obtained by non-linear 

regression curve fits (sigmoidal dose-response) for the curves shown.  
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Figure 3.8. Summary of small molecule inhibitors of ResT.   
The IC50 values, compounds ID number and supplier are indicated for each compound as 

shown in the uppermost box. 
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resolution assay were assessed if the related compound exhibited greater or equal to 30% 

inhibition in the primary screen. The results from summarized in Appendix A. None of 

the related compounds inhibited B. burdorferi growth or showed significant ResT 

inhibition. 

3.5 Structural Analysis of Inhibitors 

Compound 5 is an aromatic carboxylic acid which contains a phamacophore that 

could mimic the interaction of a nucleotide with an enzyme. Compound 5 shares 

structural similarities with compound 8, which is also an aromatic carboxylic acid. 

Compounds 15 and 22 are both aliphatic carboxylic acids with large and bulky aliphatic 

groups. Compound 15 has a sterol scaffold, whereas compound 22 has a fatty acid 

scaffold. Compounds 5, 8, 15, and 22 are all similar in that they are large hydrophobic  

molecules with a hydrogen bond capable pharmacophore (carboxylate moiety). 

Compound 14 is a polyphenolic compound composed of several phamacophores, many 

of which are capable of hydrogen bonding. Compound 11 is also a polyphenolic 

compound consisting of it’s own distinctive arrangement of pharmacophores, many 

capable of forming hydrogen bonds. 

3.6 Effect of Inhibitors on the Two Chemical Steps of Telomere Resolution 

The telomere resolvase ResT performs a two step transesterification reaction that 

has several distinct steps along the reaction pathway (Figure 1.8). It was, therefore, of 

interest to determine the stage at which each of the inhibitory compounds affected the 

reaction. The first chemical step in the reaction results in the formation of a transient 3’
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phosphotyrosyl-ResT intermediate (CPD=covalent protein-DNA complex) that is rapidly 

converted either into product, or back into substrate through reaction reversal. ResT 

reactions in the presence of various inhibitory compounds were performed using an OPS 

oligonucleotide substrate and the cleavage step was monitored by assessing the amount of 

CPD generated using a denaturing (SDS) gel assay (Figure 3.9A). The level of DNA 

cleavage in the presence of 10 μM of each inhibitor, relative to cleavage in the absence of 

inhibitor is shown in Figure 3.9B. The amount of DNA cleavage by ResT in the presence 

of compounds 5, 8, and 14 (65 %, 43 %, and 32 % respectively) was significantly 

different (>95 %) from the positive control using a Student’s t-test. The amount of DNA 

cleavage by ResT in the presence of compounds 15 and 22 was 79 % and 75 % 

respectively. Although these latter numbers are not statistically significant, the 

compounds still exhibited a reproducible 20-25 % reduction in cleavage of DNA by 

ResT. In the presence of compound 11, ResT only exhibited a 6 % reduction in DNA 

cleavage, making it the compound that seemed to least affect the ability of ResT to cleave 

DNA. 

To compare the effect that each inhibitor had on the DNA cleavage step relative 

to the second transesterification step (hairpin formation), the effect of each compound on 

the full telomere resolution reaction using a wild-type oligonucleotide substrate was 

determined (Figure 3.10A). All of the molecules demonstrated 70 % or more inhibition of 

telomere resolution by ResT on the oligonucleotide substrates (Figure 3.10B), and all 

were significantly different (>95 %) from the positive control (+ResT) using a two-tailed 

Student’s t-test. For all of the compounds, although cleavage was affected to varying 
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Figure 3.9. Effect of inhibitors on telomere cleavage. 
a) Telomere cleavage, the first transesterification step in the telomere resolution reaction 

was monitored using a substrate (S) containing a 5’-bridging phosphorothiolate (OPS) at 

each of the cleavage sites, denoted as dots within the square brackets and expanded at the 

bottom left of Panel B (adapted from[73]). As described in the text, cleavage of an OPS 

substrate results in irreversible formation of a covalent protein-DNA complex (CPD) 

between ResT and the cleavage site, as shown at the top left. The migration of the 

substrate (S) and covalent complex (CPD) are shown on the right side of the panel (see 

Experimental Procedures). An audioradiograph of a 5 % polyacryamide SDS gel 

representing data obtained from one trial of the cleavage experiments is shown. b) 

Cleavage of replicated telomeres by ResT in the presence of inhibitors. Reactions were 

performed in the presence of 5.4 nM 5’-labelled OPS substrate, 165 nM ResT, and 

10 μM inhibitor at 30 °C for 30 minutes. Reactions were stopped with 0.1% final 

concentration of SDS and run on a 5 % SDS-PAGE gel. The average percent substrate 

cleavage by the positive control (+ResT) was 14.4 %. Reactions were performed in 

triplicate and the percent CPD for reactions containing inhibitors was normalized to the 

positive control (+ResT) and plotted with the standard error. * = >95 % significance 

using a two-tailed Student’s t-test. 
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Figure 3.10. Effect of inhibitors on telomere resolution. 
a) An audioradiograph of a 5 % SDS polyacrylamide gel representing one trial from the 

resolution experiments is shown. The migration of the substrate (S), hairpin snapback 

(HP) and product (P) is shown on the right side of the panel. Due to the asymmetric 

nature of the telomere substrate one product runs lower than the hairpin snapback and one 

product runs roughly in line with the snapback.  b) Telomere resolution reactions were 

run in the presence of 5.4 nM 5’-labelled 62 nucleotide substrate, 165 nM ResT, and 10 

μM inhibitor at 30 °C for 30 minutes. Reactions were stopped with 0.1 % final 

concentration of SDS and run on a 5 % SDS-PAGE gel. The average percent resolution 

for the positive control (+) was 35 %. Percent resolution for the reactions containing 

inhibitors were all normalized to the positive control. Reactions were performed in 

triplicate and the percent resolution for reactions containing inhibitors were normalized to 

the positive control and plotted with the standard error. * = >95 % significance using a 

two-tailed Student’s t-test. 
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degrees, the effect on the final product-forming step of the reaction was affected to a 

greater extent. 

3.7 Ability of ResT to Bind DNA in the Presence of Inhibitors 

DNA binding by ResT is an important feature of the telomere resolution reaction 

(Figure 1.8). Specific binding can be assessed using an electrophoretic mobility shift 

assay with purified ResT164-449. The full length ResT protein was not used in this assay as 

it is prone to aggregation and does not provide specific band shifts as discussed in 

Section 4.4. This assay was performed in the presence of each inhibitor (Figure 3.11A). 

As shown in Figure 3.11 panel B, inhibitors 5, 8, 14, 15 and 22 significantly reduced the 

ability of ResT164-449 to specifically bind telomeric DNA and induce a mobility shift, 

giving values of 16, 33, 27, 14 and 5 % binding, respectively, relative to the + control. In  

contrast, the specific DNA binding ability of ResT164-449 was increased in comparison to 

the positive control (+ResT164-449) by compound 11. 
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Figure 3.11. Effect of inhibitors on the DNA binding ability of ResT164-449. 
a) An audioradiograph of a 5 % SDS polyacrylamide gel representing one trial from the 

electrophoretic gel mobility shift assays is shown. The migration of the substrate (S), 

products (P), and hairpin snapback (HP) is shown. b) ResT164-449 binding to a replicated 

telomere substrate in the presence of each inhibitor. ResT (245 nM) was incubated with 

5.4 nM 32P-labelled 140 bp replicated telomere substrate in the presence of 10μM 

inhibitor on ice for 20 minutes. Samples were run on a 5 % acrylamide gel and analyzed 

for mobility shifts of the substrate band by ResT as previously described [76]. The 

average percent shift for the positive control (+ResT) was 17 %, and the reactions with 

inhibitor treatment were normalized to this value. Reactions were performed in triplicate. 

* = >95 % significance using a two-tailed Student’s t-test. 
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Chapter Four: Discussion 

4.1 Development of a Novel High-Throughput Assay 

The high-throughput assay that was developed to screen large libraries of 

compounds for inhibitors of ResT takes advantage of telomere resolution, a unique DNA 

breakage and reunion event catalyzed by ResT.  In the past, telomere resolution had been 

studied and monitored using gel-based assays in which telomere resolution is visualized 

when the substrate (single band) is resolved into two distinct bands (covalently closed 

hairpin products) (Figure 3.7A). Although this method of monitoring telomere resolution 

is informative on a small-scale, it is not amenable to high-throughput screening, thus a 

method of performing telomere resolution assays in a 384-well plate high-throughput 

setting was developed. An in-depth explanation of the assay can be found in Section 3.1.  

The assay uses fluorescence as a method for detecting telomere resolution products, 

and thus inhibition of ResT activity can be determined in minutes, making it possible to 

screen large libraries of compounds. Due to the experimental design, the assay was 

developed as an end-point assay, meaning that a single time point is measured per 

screened compound. The minimal number of measurements made with end-point assays 

makes them the most cost- and time-efficient method of screening large libraries of 

compounds. Although end-point assays are more convenient, one limitation associated 

with this method of high-throughput screening is that they are more prone to 

identification of false-positive (quenchers) and false-negatives (fluorescent compounds) 

[108]. These limitations are generally eliminated by using a real-time monitoring system 

[107]. 
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During the assay development many factors were considered in order to increase 

the efficiency of the screen, including reaction conditions (i.e. temperature and enzyme 

concentrations), hardware considerations (i.e. the measuring devices and fluorescence 

detection), and signal development issues (i.e. substrate concentration and post-reaction 

incubation times). When looking for inhibitors of a particular enzyme, it is important to 

choose an enzyme concentration and incubation time that will increase the sensitivity of 

the screen. For end-point assays it is important to choose a time point that it reflective of 

the initial velocity phase of the enzymatic reaction because it is in this phase that the 

reaction is most sensitive to the presence of inhibition [108].  

In the development of the ResT inhibition assay a concentration of ResT and an 

incubation time was chosen that would yield less than 100 % conversion of substrate to 

product ensuring that the assay would be more susceptible to the effect of inhibition. 

Since the hit window (the separation between the positive and negative controls) was not 

very big during the early stages of the initial velocity phase we chose an end point near 

the end of the linear initial velocity phase. While this approach may have slightly 

decreased the susceptibility of the reaction to the effect of inhibition, we were still sure to 

identify strong inhibitors of ResT. 

In terms of substrate concentration optimization, the concentration of the plasmid 

substrate was kept at the most minimal level that would give a robust fluorescence 

detection signal, ensuring it would be cost effective to make plasmid DNA for the screen. 

The use of a plasmid substrate rather than an oligonucleotide substrate provided enhanced 

sensitivity, as the fluorescence yield for SYBR Green bound to 2.0 and 2.6 kb DNA 

fragments is almost two orders of magnitude higher on a molar basis than for 
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oligonucleotide products of 25-30 bp. The amount of plasmid substrate (36 ng / 11.85 

fMol) used per 30 μl reaction provided a robust signal and required only about 1.2 mg of 

DNA substrate for 33,000 reactions. The low substrate concentration (395 pM) also 

minimized the amount of enzyme required for a large number of screening reactions. 

Finally, the number of reagent additions by the liquid handling system was kept to a 

minimum in order to increase the screen efficiency and reliability. 

The calculated Z’-factor for controls prepared manually and with the liquid 

handling system (0.84 and 0.54 respectively) indicated that the assay was robust and 

reliable with a well-defined hit window [97]. The Z’-factor for the controls prepared with 

the liquid handling system was lower due to limitations experienced with the  MultiProbe 

HT EX system. The MultiProbe HT EX is an eight-pin liquid handling system, which 

made it difficult to perform the assays in a 384-well plate setting. Also, the small 

volumes of liquid that were required for the assay approached the limits of liquid 

handling capability and accuracy of the instrument. 

4.2 Screening of a Library of 27,520 Compounds 

A CCBN library of 27,520 compounds was screened for inhibitors of ResT. The 

compounds in this library follow Lipinski’s ‘rule of five’ for orally active drugs in which 

active drugs have: [109] 

i) No more than five hydrogen bond donors 

ii) No more than ten hydrogen bond acceptors 

iii) A molecular weight of under 500  
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iv) A partition coefficient (measures the differential solubility of a compound in 

two solvents) of under five 

These properties translate into good absorption, distribution, metabolism and 

excretion (ADME) [88]. Antimicrobial compounds such as the aminoglycosides and third 

generation cephalosporins do not follow the ‘rule of 5’ and therefore these drugs have 

poor oral absorption capabilities. Other antimicrobial drugs such as the fluoroquinolones, 

newer macrolides are easily orally absorbed, thus Lipinski’s rules and bacterial wall 

penetration are not always mutually exclusive. Identification of inhibitors of ResT from 

within the CCBN library could possibly lead to the selection of drugs with limited ability 

to penetrate the bacterial cell, nevertheless, selected compounds can be optimized in 

order to overcome such barriers. 

During the primary screen each compound was tested once due to time and cost 

restraints. A value of 70 % inhibition of ResT activity was chosen as the hit threshold 

because it gave a reasonable number of hits to investigate using the secondary screen and 

it ensured that the strongest inhibitors of ResT would be identified.  

The 147 confirmed primary screen hits were subjected to a series of experimental 

filters in order to eliminate non-specific or promiscuous inhibitors.  In some cases, 

compounds have the ability to form aggregates that can inhibit enzymes non-specifically 

by either absorption onto the surface of enzymes or by incorporating enzymes within the 

aggregate [106, 110]. The effect of inhibition by this mechanism has been shown to 

decrease in the presence of another protein such as BSA [106].  In addition to this method 

of non-specific inhibition, sulfur containing compounds have the potential to react with 

the two cysteine residues of ResT via disulfide linkages to form a covalent adduct, 
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possibly leading to inhibition of the enzyme [105, 111]. This type of non-specific 

inhibition will decrease in the presence of a reducing agent such as DTT, which will 

cause the reduction of disulfide bonds. Furthermore, the compounds were tested for their 

ability to bind to double-stranded DNA because this type of interference can result in the 

ability to inhibit a large number of DNA metabolizing enzymes indirectly through DNA 

binding. These experimental steps ensured that non-specific inhibitors of ResT were 

eliminated from the screen. 

Since an end-point assay was used in the primary screen, it was also important to 

determine if the compounds that appeared to have the ability to inhibit telomere 

resolution instead had the ability to simply quench the fluorescence signal generated by 

the covalently-closed hairpin products. Following this experimental step, all of the 

fluorescence quenchers were eliminated as potential ResT inhibitors.  

Compounds were also eliminated based on their inability to inhibit telomere 

resolution using the in vitro telomere resolution gel assay. The ability of compounds to 

inhibit telomere resolution using the high-throughput assay but not using the in vitro gel-

based assay could be explained by the different conditions used in each of the assays. In 

the gel-based assay the amount of DNA must be increased in order for it to be visible on 

an agarose gel, and as a result the amount of ResT must also be increased. In the high-

throughput assay 395 pM of DNA substrate was treated with 11 nM of ResT; however, 

using the gel-based assay conditions 1.1 μM of DNA substrate was treated with 110 nM 

of ResT. In the gel-based assay the increased amounts of DNA and enzyme would give 

the compound (at a concentration of 10 μM in each case) less of a competitive advantage 

over ResT, possibly causing a reduction in inhibition. 
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In the last stage of this high-throughput screen it was important to reorder the 

compounds and confirm their structure using mass spectrometry in order to ensure that 

the compounds in not a breakdown product. Ten compounds did not exhibit reproducible 

IC50 values of 10 μM or less, and were eliminated as inhibitors of ResT. The remaining 

compounds were potent inhibitors of ResT exhibiting IC50 values of between 2 and 10 

μM (Figure 3.7). The structures of all the compounds were confirmed via ESI TOFMS. 

4.3 Effect of Inhibitors on the Two Chemical Steps of Telomere Resolution 

It was of interest to determine the point in the reaction pathway at which inhibition 

occurred with each of the six hit compounds. The first chemical step in the reaction 

(telomere cleavage) results in the formation of a transient 3’-phosphotyrosyl-ResT 

intermediate (CPD=covalent protein-DNA) that is rapidly converted either into product, 

or back into substrate through reaction reversal. Evaluation of the DNA cleavage step in 

isolation, therefore, requires stabilization of the covalently linked protein-DNA reaction 

intermediate. This can be accomplished through the use of a synthetic oligonucleotide 

substrate carrying a 5’bridging phosphorothiolate (OPS) substitution at the scissile 

phosphate [75, 76, 113]. The ResT reactions in the absence and presence of an OPS 

substrate are shown in Figure 4.1 panels A and B respectively. In an OPS substrate the 

5’-bridging oxygen, which is responsible for the nucleophilic attack of the phospho-

tyrosine linkage in the second transesterification reaction, is replaced with sulfur. Sulfur 

is a good leaving group, resulting in efficient substrate cleavage, but a poor nucleophile 

in phosphate chemistry; thus the phospho-tyrosine linkage between ResT and the DNA 

substrate cannot be transesterified, leaving ResT permanently attached to the substrate.  
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Figure 4.1. ResT reaction as performed in an OPS substrate 
(A) ResT reaction on a wild-type substrate (B) ResT reaction on an OPS substrate 
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The compounds affected telomere cleavage to varying extents, with compound 11 

showing the least effect on telomere cleavage. 

Telomere resolution on oligonucleotide replicated telomere substrates was also 

tested and all of the inhibitors exhibited 70 % or more inhibition of ResT activity. 

Athough cleavage was affected to varying extents for all compounds, the effect on the 

final product forming step of the reaction was affected to a greater extent. Since the 

ligation step was assessed indirectly in this assay, we do not know whether the greater 

effect of the inhibitors on this step stems from a direct inhibition of the reaction 

chemistry or from some other mechanism, such as inhibition of a conformational change 

required for the second chemical step. Similarly, a defect at the cleavage step might have 

resulted from a direct effect upon the reaction chemistry or from perturbation of a 

previous step, such as DNA binding and/or subsequent dimerization by ResT.  

4.4 Effect of Inhibitors on Binding of ResT to DNA 

It was of interest to determine if the defect that was exhibited in the presence of 

the compounds at the cleavage step may have resulted from interference with the DNA 

binding ability of ResT. The region of the protein that recognizes and binds to a specific 

sequence in the replicated telomere substrate (TAGTA or box 3) resides in the C-terminal 

catalytic domain, ResT164-449 [68, 76]. All of the compounds, except for compound 11, 

significantly decreased  the ability of ResT164-449 to bind DNA. Interestingly, Compound 

11 seemed to enhance the ability of ResT164-449 to bind DNA. 

The inhibition of telomere resolution exhibited by five of the six lead compounds 

may be due to the ability of the compounds to interfere with specific binding to the 
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telomere substrate by the C-terminal region of the protein. However, it is important to 

note that the DNA binding assays were performed using the C-terminal domain ResT164

449, because the full length protein is prone to aggregation and cannot be used in 

sequence-specific DNA binding assays. The ability of the compounds to inhibit 

sequence-specific DNA binding by ResT164-449 may, therefore, not accurately reflect the 

binding properties of the full length protein. Nonetheless, the ability of five of the six 

compounds to perturb substrate binding may be an important feature of the mechanism of 

inhibition. Moreover, assessment of the effect of the inhibitors on sequence-specific 

DNA binding by ResT164-449 revealed an important difference between compound 11 and 

the other lead compounds, as discussed below.  

4.5 Classification of Inhibitors 

A comparison of the effect of the six inhibitors we recovered on telomere cleavage, 

resolution and sequence-specific DNA binding (Figure 4.2) showed both similarities and 

differences. In all cases, a more profound effect upon telomere resolution relative to 

cleavage was observed. This was not surprising since the same active site promotes both 

chemical steps. Therefore, a compound that either binds directly to the active site or that 

affects other steps in the reaction would be expected to display a cumulative effect 

through several steps of the reaction pathway. In contrast, comparison of the DNA 

binding data with that of the chemical steps allowed organization of the six inhibitors into 

three distinct classes.  

Class one contains compounds 8 and 14 (Figure 4.2, upper left panel). The level 

of sequence-specific DNA binding by ResT164-449 in the presence of both of these 
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Figure 4.2. Summary of compound properties. 
Compounds were organized into three classes based on the data obtained in Figure 6. The 

graph for each compound shows the percent reaction for ResT164-449 sequence-specific 

DNA binding, telomere cleavage, and telomere resolution. The percent reaction refers to 

the value of either binding, telomere cleavage, or resolution as compared to the positive 

control (+ResT).  
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compounds roughly correlates with the level of telomere cleavage. This suggests that the 

level of inhibition in terms of telomere cleavage may be due to the inability of ResT to 

bind DNA. 

Class two is comprised of compound 11 (Figure 4.2, upper right panel), which 

exhibited near wild type levels of telomere cleavage and greater than wild type levels of 

ResT164-449 DNA binding. Compound 11 may be targeting any number of steps after, but 

not before telomere cleavage (see Figure 1.8). 

Finally, compounds 5, 15 and 22 have been organized into Class three (Figure 

4.2, bottom panel). This class of compounds is unique in that telomere binding by 

ResT164-449 was much more severely affected than telomere cleavage. The greater 

inhibition of DNA binding observed with ResT164-449 may be due to the compound’s 

ability to gain better access, or to bind to the C-terminal domain of ResT more strongly, 

in the absence of the N-terminal domain of the protein. It is also important to note that the 

compounds of Class three show some structural similarities in that they are all large 

hydrophobic molecules with a hydrogen bond capable pharmacophore (carboxylate 

moiety). This structural correlation may be important for the similar inhibitory features 

exhibited by this class of compounds. 

4.6 Future Directions 

Drug discovery is a lengthy process that can take a minimum of a decade in most 

cases [84]. The initial phase of drug discovery involves the identification of a drug target 

followed by the development, optimization and execution of a high-throughput assay in 

order to identify lead compounds [84, 86]. The initial phase of drug discovery can take 
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anywhere from two to five years depending on how much information is initially 

available on the drug target. In this study, the initial phase of drug discovery has been 

completed with the development and execution of a novel high-throughput assay which 

lead to the identification of six inhibitors of the telomere resolvase, ResT. These six 

compounds will provide the basis for the development of novel anti-borrelial therapies. 

The six lead inhibitors of ResT originated from a library in which the majority of 

the compounds follow Lipinski’s ‘rule of 5’ [109], a rule that is not followed by most 

known antibacterial drugs [86]. The properties of the six lead compounds present a 

problem in regards to permeability into the bacterial cell. When tested, none of the six 

compounds exhibited anti-borrelial activity, a result that may be attributed to the inability 

of the compounds to gain entry into the bacterial cell. The next phase of this project will 

be to find commercially available derivatives of the six lead compounds that have to 

ability to enter the bacterial cell and inhibit the intracellular target, ResT. This can be 

accomplished by searching commercial databases for compounds that are structurally 

similar to the lead compounds and assaying them for anti-borrelial activity. 

Another approach would be to optimize the lead compounds, a challenging 

process which can take 3-5 years [86]. Permeability is extremely difficult to engineer into 

identified enzyme inhibitors, thus the success with this approach would require a 

substantial amount of medicinal chemistry. 

4.7 Conclusions and Summary 

Lyme disease is the most common vector borne disease in North America, with 

approximately 20,000 new cases reported every year [5]. In the absence of a 
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commercially available vaccine for human use, prevention of Lyme disease lies solely in 

the avoidance of tick infested areas, self-examination for ticks, and the use of tick 

repellants or acaracides. Furthermore, chronic cases of Lyme disease are extremely 

difficult to treat, often necessitating treatment with long-term antibiotic therapy. The 

telomere resolvase, ResT, is a promising target for the development of new highly 

specific anti-borrelial compounds for use in both treatment and prevention of Lyme 

disease. In this study we have developed a novel high-throughput assay in order to screen 

large libraries of compounds for inhibitors of ResT. From a library of 27,250 small 

molecules we recovered six ResT inhibitors with an IC50 values of between 2 and 10 μM 

and investigated the point in the reaction pathway where inhibition occurred. The 

inhibitors were further characterized and grouped into three distinct classes based upon 

their inhibitory features. The novel high-throughput screening assay described here, along 

with the six lead compounds identified provide the starting point for the development of 

novel anti-borrelial drugs. 
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APPENDIX A: RELATED COMPOUNDS 

A.1. Compound structurally related to compound 5 

Compound 
ID Company 

% Inhibition 
in primary 

screen 

% 
Inhibition 

in gel-
based 
assay 

Inhibition 
of Borrelia 

growth 

O 

HO 

N 

O 

O 

OH 205616 Microsource 36.42993963 -
0.42872454 no 

A.2. Compounds structurally related to compound 11 

Compound 
ID Company 

% 
Inhibition 
in primary 

screen 

% 
Inhibition 

in gel-
based 
assay 

Inhibition 
of Borrelia 

growth 

00240660 Microsource 16.71 n/a n/a 

00240673 Microsource 3.64 n/a n/a 

00300012 Microsource -4.11 n/a n/a 

OO O 

OO 
O 

CH3

CH3

CH3CH3

CH3

OO O 

OHO 
O 

CH3

CH3

CH3 
CH3 

O 
O 

O 

O 

O 

CH3

CH3



112


O 

O 

O O 

O CH3 
CH3 

01601021 Microsource -17.38 n/a n/a 

00300032 Microsource -12.45 n/a n/a 

00300228 Microsource 4.22 n/a n/a 

00300348 Microsource -105.65 n/a n/a 

01401037 Microsource -6.86 n/a n/a 

O 

O 

O 

O 

CH3 

H3C 

H3C O OO 

CH3 OH 
O HO 

CH3H3C 

CH3 

H3C OH 
OH3C OH 

OO O 

H3C 

H3C 

OOH3C O 

H3C 

OHO 
OH3C 

CH3 



113


01401406 Microsource 36.15 -3.08 no 

01500707 Microsource -9.46 n/a n/a 
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A.3. Compound structurally related to compound 22 
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APPENDIX B: MASS SPECTROMETRY DATA 

B.1. Compound 5 (Chembridge #5405872) 

Molecular weight: 672.598 g/mol 

673.1308 
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B.2. Compound 8 (Chembridge 5684935) 

Molecular weight: 492.567 g/mol 

493.1929 



116 

B.3. Compound 11 (Biomol #EI-316) 

Molecular weight: 314.246 g/mol 
315.0636 
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B.4. Compound 14 (Microsource #00201515) 

Molecular weight 868.702 g/mol 
869.1675 
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B.5.  Compound 15 (Microsource #01500835) 

Molecular weight: 360.2804g/mol 

359.2804
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B.6. Compound 22 (Microsource #00310016) 

Molecular weight: 280.1670g/mol 

279.1630 
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