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Abstract 

Lyme disease is the most common vector-borne infection across temperate zones of the 

Northern Hemisphere and is caused by the spirochete, Borrelia burgdorferi sensu lato (s.l). 

The outer membrane (OM) of Borrelia possesses many unique features, including an 

abundance of lipoproteins and few integral β-barrel membrane proteins. The predicted small 

β-barrel OMPs from Borrelia burgdorferi s.s; BB_0027, BB_0405, BB_0406 and BB_0562, are 

all predicted to form an 8-stranded transmembrane β-barrel. Three truncations were made 

to each OMP to increase the chance of crystal formation and these, along with potentially 

soluble targets, were cloned and recombinantly expressed in E. coli. Following purification, a 

BB_0406 truncation was soluble in DDM and showed promise for crystal formation. Factor-H 

binding was investigated using a far-Western blot. No binding was detected, in agreement 

with the most recent literature.  

The Borrelia genome consists of a linear chromosome and numerous linear and circular 

plasmids. While the chromosome of Borrelia has been subject to various searches for β-barrel 

OM proteins, the plasmids have so far remained unexplored. This research utilised a 

computational-framework approach to identify potential OM β-barrel proteins in the plasmid 

proteome of B. burgdorferi s.l. This approach identified two plasmid-encoded proteins: the 

annotated porin OMS28, and a previously uncharacterized protein BBJ25. Orthologs of BBJ25 

are detected in two other major spirochaete families, Brachyspira and Treponema. Within the 

Borrelia species complex, BBJ25 is found within a predicted 7-gene operon at either the 3rd 

or 7th position, resulting in two allelic variants. Phylogenetic analysis of the allelic variants is 

inconsistent with vertical descent alongside the chromosome suggesting that horizontal 

transfer and/or recombination has occurred after the divergence of Relapsing Fever/Lyme 

Disease-type Borrelia. While the precise role of BBJ25 remains unknown, the identification of 

a novel conserved outer membrane protein is of interest as a diagnostic or therapeutic target. 
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Chapter 1  Introduction 

1.1 Lyme disease 

1.1.1 History of Lyme disease 

Lyme disease, or Lyme borreliosis, is recognised as the most common vector-borne infection 

across temperate zones of the Northern Hemisphere (Lindgren & Jaenson, 2007), with 

reported cases increasing significantly over the past 20 years (Centers for Disease Control and 

Prevention, 2018a). While symptoms of the disease are recorded throughout history, modern 

emergence famously occurred in the small town of Lyme in Connecticut, USA when an 

epidemic of arthritis arose in children and young adults (Steere et al., 1977).  Despite the 

initial diagnosis of juvenile arthritis, the presence of a typical bullseye rash, known as an 

erythema migrans (EM) rash was often seen, a skin condition first noted in 1909 by Swedish 

dermatologist Arvid Afzelius (Bergström & Normark, 2018; Marcus, 1912). The presence of 

EM, along with the development of later symptoms in many of these patients, suggested the 

initial diagnosis of juvenile arthritis was wrong and the symptoms were later linked with a tick 

bite (Steere et al., 1978).  

 

Even though the vector of Lyme had been identified, the pathogen responsible remained 

unknown until its discovery in the Rocky Mountain Laboratories in Montana, USA. While 

trying to isolate Rickettsia from Ixodes dammini ticks, scientist Willy Burgdorfer identified and 

isolated a new Treponema like spirochete (Burgdorfer et al., 1982), which consequently 

became known as Borrelia burgdorferi sensu lato, the causative agent of Lyme disease. 

Borrelia species are generally divided into two major groups, those that cause Lyme disease, 

which are under the umbrella term Borrelia burgdorferi sensu lato (s.l), and those causing 

relapsing fever. In addition, there are also several other species outside of these groups which 

are not yet characterised or do not cause human disease (Franke et al., 2013). There are three 

main genospecies associated with human infection; Borrelia afzelii and Borrelia garinii which 

are the most common in Europe and Asia and Borrelia burgdorferi sensu stricto (s.s) which is 

the main species in cases in the USA (Stanek et al., 2012).  
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1.1.2 Symptoms 

Lyme disease can manifest in a variety of ways, with symptoms often depending on the 

species of Borrelia a person is infected with and the stage of infection. Infection occurs in 

three main stages; early localised infection, disseminated infection and persistent infection 

(Alao & Decker, 2012). During early infection, 3-30 days after the tick bite, one of the most 

common and well known symptoms is the presence of a round or oval shaped erythematous 

skin lesion (erythema migrans rash) (figure 1.1) that appears at the site of the tick bite and 

this manifests in around 80% of patients (Alao & Decker, 2012; Stanek et al., 2012).  At this 

stage, non-specific symptoms can also occur such as fever, headache and fatigue (Wormser, 

2006). Without appropriate treatment at this stage, the bacteria can disseminate from the 

tick bite area to other host tissues such as the musculoskeletal system, the heart, the nervous 

system and other areas of skin resulting in more EM lesions (Aguero-Rosenfeld et al., 2005). 

Manifestations in this early disseminated stage of infection appear to vary based on the 

species of Borrelia the person has been infected with; B. burgdorferi s.s is associated with 

Lyme arthritis, B. afzelii with skin disorders and B. garinii with Lyme neuroborreliosis (Rosa et 

al., 2005a).   

 

 

Approximately 60% of patients with EM will develop Lyme arthritis within ~6 months if left 

untreated (Cardenas de la Garza et al., 2019). Symptoms can be intermittent or persistent and 

patients usually present with monoarthritis (1 affected joint) or oligoarthritis (2-4 affected 

joints) of large and small joints, most commonly the knee joint (Arvikar & Steere, 2015). 

A B 

Figure 1.1. Erythema migrans (EM) rash.  A. Example of a clear ‘bullseye’ shape EM rash (Centers for Disease 
Control and Prevention, 2018b). B. Example of an early EM nodule with no obvious rings around the tick bite 
mark in the centre (Bhate & Schwartz, 2011). 
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Antibiotic treatment and the use of anti-inflammatory drugs is effective for most patients 

with Lyme arthritis, but some go on to develop chronic inflammatory arthritis and this is 

thought to be due to both host factors and the strain of Borrelia the person was infected with 

(Cardenas de la Garza et al., 2019; Sanchez, 2015).  

 

Lyme carditis occurs in approximately 4-8% of patients within weeks of initial infection and 

most commonly results in arrhythmias and conduction delays, particularly varying degrees of 

atrioventricular (AV) block (Fish et al., 2008; Sanchez, 2015). While high-degree AV blocks in 

Lyme disease patients are usually resolved after antibiotic treatment (Yeung & Baranchuk, 

2018), temporary cardiac pacing is required in one third of cases (Cadavid et al., 2004). Other 

less common serious cardiac complications include myocarditis, pericarditis, pericardial 

effusion, coronary artery aneurysm and myocardial infarction (Fish et al., 2008). While the 

outcome for patients with Lyme carditis is positive (~90% complete recovery), serious 

complications can result in fatality and Lyme carditis is considered the leading cause of 

mortality in Lyme disease patients (Rostoff et al., 2010). 

 

Left untreated, around 15-25% of patients develop Lyme disease infection of the nervous 

system, also known as Lyme neuroborreliosis, which can cause acute meningitis, weakness 

and paralysis (Pearson, 2015). Early symptoms of Lyme neuroborreliosis include; cranial 

neuropathies with facial (Bell’s) palsy being the most common, radicular pain caused by 

inflammation of spinal nerve roots (Bannwarth’s syndrome), encephalitis and lymphocytic 

meningitis. Late Lyme neuroborreliosis is defined by disease persisting for 6 months or more 

and includes manifestations such as encephalitis, myelitis and chronic meningitis and in rare 

cases has the potential to cause stroke and intracerebral haemorrhage (Cardenas de la Garza 

et al., 2019). 

 

 

Stage of infection Manifestations References 

Stage 1 

Early localised infection 

Erythema migrans (EM) rash 

Flu-like illness 

Lymphocytoma 

(Bhate & Schwartz, 

2011; Steere et al., 

2016) 
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Stage 2 

Disseminated infection 

Multiple EM lesions 

Arthritis  

Arrhythmias and conduction delays 

Myocarditis 

Pericarditis 

Cranial neuropathies  

Lymphocytic meningitis 

Severe fatigue 

(Bhate & Schwartz, 

2011; Cardenas de la 

Garza et al., 2019; Fish 

et al., 2008; Steere, 

1989) 

Stage 3 

Persistent infection 

Acrodermatitis 

chronica atrophicans 

Neuropathies with or 

without dementia 

Heart failure 

Refractory arthritis 

Fatigue 

(Bhate & Schwartz, 

2011; Steere, 1989) 

 

1.1.3 Diagnosis and treatment 

Diagnosis of Lyme borreliosis is primarily based on the presentation of clinical manifestations, 

in particular the presence of an EM rash and also the likelihood of exposure to a tick. However, 

Borrelia infection can result in a wide range of nonspecific symptoms and a characteristic skin 

lesion is not always present making diagnosis difficult, so laboratory testing is often needed 

(Stanek et al., 2011). While there are various potential tests for diagnosing the disease, many 

of these lack sensitivity and specificity. Culturing spirochetes from patient samples is a 

possible direct test for diagnosing Lyme, but this method is expensive, time consuming and 

involves invasive sample collection such as a skin biopsy for tissue sample and lumbar 

puncture for collection of cerebrospinal fluid (Shapiro & Gerber, 2000). Another direct 

method is the use of PCR to target the genes encoding Borrelia antigens, but there is a risk of 

false positives as the presence of Borrelia DNA does not always mean the patient has an active 

Borrelia infection (Murray & Shapiro, 2010; Shapiro & Gerber, 2000). The current advised 

standard test procedure for patients with appropriate clinical manifestations is a two tiered 

approach, where an enzyme linked immunosorbent assay (ELISA) is to be carried out followed 

Table 1.1. The stages of Lyme disease and associated clinical manifestations. 
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by a Western blot and a positive result for Lyme is required from both tests in order to confirm 

a diagnosis of Lyme disease (Centers for Disease Control and Prevention, 1995).  

 

Traditionally, an ELISA using whole cell B. burgdorferi lysate is followed by a confirmatory 

Western blot to detect IgM and IgG antibodies against Borrelia antigens such as outer surface 

protein C (OspC) and flagellin (Fla) (John & Taege, 2019). Newer ELISA testing detects 

antibodies against the invariable region 6 (IR6) section of the highly immunogenic variable 

surface protein (VlsE), using a synthetic peptide known as C6 which comprises the sequence 

of IR6  (Hu, 2016; Liang et al., 1999). Detection in the early stages of infection (< 1 month) 

requires 2 of 3 antigens tested to show positive for IgM antibodies on a Western blot and 

later stage diagnosis (> 1 month) requires 5 of 10 bands to be present for IgG antibodies 

(Centers for Disease Control and Prevention, 1995).  

 

Lack of specificity is an issue in Lyme disease serological testing, particularly when using whole 

cell preparations for B. burgdorferi antigens, due to cross reactivity of Borrelia antigens with 

other bacterial proteins (Aguero-Rosenfeld et al., 2005). Specificity is improved in ELISAs using 

the synthetic C6 peptide instead of whole cell antigen preparations. A high frequency of false 

positives occur in IgM Western blot results, potentially due to misinterpretation of faint bands 

seen from low levels of reactivity to antigens such as OspC in patients with other infectious 

diseases (Aguero-Rosenfeld et al., 2005; Seriburi et al., 2012). This may lead to overdiagnosis 

and unnecessary treatment (Seriburi et al., 2012).  Finally, one of the major issues with Lyme 

disease testing is that IgG antibodies can be present years after the onset of infection, due to 

the strong immunological response produced by Borrelia, so positive serological tests do not 

always indicate an active infection (Talagrand-Reboul et al., 2020).  

 

Current treatment, after a diagnosis of Lyme disease, relies on the use of antibiotics.  For early 

localised or disseminated infections, such as patients presenting with an EM rash, doxycycline 

or amoxicillin is administered orally over a period of 2 weeks. Antibiotics such as ceftriaxone 

are administered intravenously for 2-4 weeks and are only recommended for patients with 

late stage infection or those presenting with neurological symptoms, even in early stages 

(Wormser et al., 2006). Despite appropriate treatment, symptoms can persist in some 
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patients for many years, known as Post Treatment Lyme Disease Syndrome (PTLDS) and 

symptoms in these cases can be ongoing for years (Novak et al., 2017). PTLDS is an area 

surrounded by controversy and debate. The term PTLDS is used to refer to patients with 

ongoing symptoms of Lyme disease despite finishing the course of treatment, but the 

scientific basis of this phenomenon is still unknown. After antibiotic therapy, remaining 

symptoms are reported by 3-27% of patients with EM rash and by 10-40% of patients with 

Lyme neuroborreliosis (Borchers et al., 2014).  

 

While there is currently no human vaccine for Lyme disease, there have been previous 

vaccines on the market. In the 1990’s two vaccines were developed; LYMErix™ 

(GlaxoSmithKline) and ImuLyme™ (PasteurMérieuxConnaught), both targeting the 

immunogenic Borrelia outer surface protein A (OspA) (Nigrovic & Thompson, 2007; Sigal et 

al., 1998; Steere et al., 1998) despite the genetic heterogeneity among B. burgdorferi isolates 

(Mathiesen et al., 1997). LYMErix™ showed an efficacy of 76% following three injections in 

patients with confirmed Lyme (Steere et al., 1998), but was later withdrawn from the market, 

as sales were low due to reports of side effects such as arthritis and the requirement for 

additional booster injections to maintain high levels of antibodies (Federizon et al., 2019). 

ImuLyme™ showed an efficacy of 92% after three injections, but the manufacturers did not 

go ahead with vaccine licensing due to the events following the LYMErix™ vaccination (Poland, 

2011). Recently, a potential new six-component vaccine has been developed from OspA- 

serotypes 1, 2, 3, 4, 5, and 7. The vaccine uses OspA fused to a bacterial ferritin to generate 

self-assembling nanoparticles which resulted in higher titres of antibodies and a more durable 

response in mice and non-human primates than previous marketed vaccines (Kamp et al., 

2020).  

 

1.1.4 Relapsing fever 

Relapsing fever is a zoonotic disease transmitted when a person is bitten by an infected tick 

or a human body louse, Pediculus humanus. Cases of relapsing fever in the US are recorded 

much earlier in history than Lyme disease, with tick-borne relapsing fever (TBRF) first reported 

in 1905 and louse-borne relapsing fever (LBRF) reported in 1844 (Dworkin et al., 2008). 

Distributed globally, TBRF causing Borrelia species are mainly transmitted by Ornithodoros 



 

 
19 

(soft bodied) ticks and include; B. hermsii, B. parkeri, B. turicatae, B. duttonii, B. hispanica, B. 

persica, B. caucasica and B. crocidurae (Talagrand-Reboul et al., 2018). Interestingly, Ixodes 

(hard bodied) ticks, the vector of Lyme disease causing Borrelia species,  have also been found 

to cause TBRF by the transmission of B. miyamotoi (Wagemakers et al., 2015). LBRF is 

exclusively transmitted by infection with B. recurrentis and although it has previously been 

prevalent globally, it is now only endemic in areas of Africa. In contrast to the tissue specific 

manifestations of Lyme disease, which affect the skin, joints, heart and nervous system, 

relapsing fever is characterised by high levels of spirochetes in the blood, causing flu-like 

symptoms and an intermittent recurring fever that ranges in severity (Bergström & Normark, 

2018).  

 

1.1.5 Distribution and transmission of Borrelia 

Borrelia species known to cause human infection of Lyme disease are known collectively as 

Borrelia burgdorferi sensu lato (s.l) and as previously mentioned, there are three main 

genospecies responsible for the majority of infections; Borrelia afzelii, Borrelia garinii and 

Borrelia burgdorferi sensu stricto. B. burgdorferi s.l genospecies are mainly transmitted by 

four species of hard-bodied Ixodes ticks; I. ricinus in Europe, Ixodes pacificus and I. scapularis 

in the USA and I. persulcatus in Asia (Radolf et al., 2012). The global distribution of Borrelia 

species corresponds with the distribution of the tick vector each species is commonly 

associated with (summarised in table 1.2) and thus the availability of animal reservoirs.  

 
 

Borrelia species Vector Geographical distribution 

B. afzelii I. ricinus, I. persulcatus, I. 
hexagonus 

Asia, Europe 

B. americana I. pacificus, I. minor USA 
B. andersonii I. dentatus USA 
B. bavariensis I. ricinus Europe 
B. bissettii I. ricinus, I. scapularis, I. 

pacificus, I. minor, I. affinis 
Europe, USA 

B. burgdorferi sensu stricto I. ricinus, I. scapularis, I. 
pacificus, I. spinipalpis, I. 
hexagonis, I. affinis, I. minor, I. 
muris 

Europe, USA 

B. californiensis I. pacificus, I. jellisonii, I. 
spinipalpis 

USA 

B. carolinensis I. minor USA 
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B. garinii I. ricinus, I. persulcatus, I. 
nipponensis, I. uriae 

Asia, Europe 

B. finlandensis I. ricinus Europe 
B. japonica I. ovatus Japan 
B. kurtenbachiia I. scapularis, (I. ricinus) Europe, USA 
B. lusitaniae I. ricinus Europe, North Africa 
B. sinica I. ovatus China 
B. spielmanii I. ricinus Europe 
B. tanukii I. tanuki Japan 
B. turdi I. turdus Japan 
B. valaisiana I. ricinus, I. granulatus, I. 

nipponensis, I. columnae 
Asia, Europe 

B. yangtze I. granulatus, I. nipponensis, 
Haemaphysalis longicornis 

China 

 
 
Borrelia is maintained in an enzootic cycle by Ixodes ticks and a variety of vertebrate hosts 

such as small rodents, deer and birds, with humans being an incidental host and a dead end 

to the cycle (Cerar et al., 2015). Ixodes ticks go through a two year life cycle where they 

develop from larva to nymph and finally to the adult stage (figure 1.2). The female tick has a 

blood meal in each stage of its cycle and its generalist feeding behaviour allows transmission 

of Borrelia between numerous different animals, linking the spirochete to many different 

niches (Kurtenbach et al., 2006). Upon hatching from eggs, larval ticks are uninfected and 

acquire B. burgdorferi during their first blood meal from an infected animal, usually a small 

mammal or birds at this stage. After feeding, the larval tick moults to a nymph and the 

spirochete is able to persist in the tick’s mid-gut despite the poor nutritional environment 

between feeds (Brisson et al., 2012).  

 

The nymphal blood meal triggers replication of the spirochete and results in its migration from 

the tick mid-gut to the salivary glands, where it is able to enter the bloodstream of its host 

along with the saliva of the tick (Brisson et al., 2012). The nymph feeds on either a small 

mammal, maintaining the natural cycle, or a human which is a dead end host and nymphs are 

the main cause of human infection. When a nymph has fed on a small mammal, it moults to 

an adult and will feed usually on deer which are not competent hosts but are important for 

maintaining the tick population (Kurtenbach et al., 2006). The infected adult tick lays 

uninfected eggs and continues the cycle. 

Table 1.2. Geographical distribution of species of Borrelia burgdorferi sensu lato. The species of Borrelia is 
listed in the first column, followed by its tick vector/s and finally the geographical location/s it is most commonly 
found in. Adapted from (Borchers et al., 2014). 
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Figure 1.2. Enzootic cycle of Borrelia burgdorferi. Borrelia burgdorferi is transmitted and maintained through 
an enzootic cycle. Ticks acquire the pathogen upon feeding from an infected animal. The infected tick moults to 
a nymph and feeds on other hosts, including humans and transmits the bacteria. The tick moults to the adult 
stage and feeds on a larger animal, where it mates and lays eggs. The eggs hatch into uninfected larvae and the 
cycle continues. Adapted from (Brisson et al., 2012) and created in BioRender.  
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1.2 Borrelia 

1.2.1 Introduction to spirochetes 

Spirochetes are a diverse group of coiled, motile bacteria that make up the monophyletic 

phylum Spirocheates, many of which are responsible for serious diseases (Paster & Dewhirst, 

2000). They are usually found in liquid environments (e.g. blood, plasma, mud) and can be 

either free living or host associated (Rosa et al., 2005a). The phylum comprises a single class, 

Spirochaetia, a single order, Spirochaetales, and four families; Spirochaetaceae, 

Brachyspiraceae, Leptospiraceae, and Brevinemataceae. The genus Borrelia come under the 

family Spirochaetaceae, along with Treponema, the causative agent of syphilis, yaws and 

periodontal disease (Fraser et al., 1998). Some Leptospira species in the family 

Leptospiraceae, such as Leptospira interrogans, are pathogenic and are responsible for Weil’s 

disease (Jia et al., 2003). Brachyspira are members of the Brachyspiraceae family and are the 

causative agent of intestinal spirochaetosis (Gupta et al., 2013).  

 

1.2.2 Known Borrelia species 

The genus Borrelia, named after French biologist Amédée Borrel, encompasses around 50 

species, many of which have been recognised over recent years (Kingry et al., 2018). While 

not all species cause disease, the genus is generally divided into two main clades; those that 

cause Lyme disease and those that cause relapsing fever. B. afzelii, B. garinii and B. 

burgdorferi sensu stricto are the three main species responsible for Lyme disease in humans 

and are known collectively as B. burgdorferi sensu lato (Stanek et al., 2012). As discussed in 

section 1.1.4, many species of Borrelia are responsible for relapsing fever, with  B. hermsii and 

B. duttonii  most common for TBRF from soft bodied ticks, B. miyamotoi for TBRF from hard 

bodies ticks and B. recurrentis responsible for LBRF. Recently, a new clade of Borrelia found 

in echidna (spiny anteater) and reptile hosts has been identified, consisting of two species; B. 

turcica and B. tachyglossi (Margos et al., 2018). This clade is genomically distinct from the 

Lyme disease and relapsing fever clades and shows early divergence from the relapsing fever 

clade (Gofton et al., 2018).  

 

Over recent years, there has been much debate surrounding the genus Borrelia after a 

phylogenomic study by Adeolu and Gupta in 2014 proposed separating the genus into two 
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genera, with relapsing fever spirochetes coming under the genus Borrelia and Lyme disease 

spirochetes coming under the genus Borreliella (Adeolu & Gupta, 2014). This was disputed by 

Margos et al who argued that the evidence provided was insufficient for division of the genus 

and concerns about the impact on public health and the patient have also been raised 

(Margos et al., 2017; Stevenson et al., 2019).  

 

 

 

 

1.2.3 Borrelia genomes 

The Borrelia genome is perhaps the most unusual bacterial genome, segmented into a linear 

chromosome, circular plasmids and linear plasmids. The first whole Borrelia genome to be 

Figure 1.3. Phylogenetic tree of Borrelia species. Taken from (Margos et al., 2018). The phylogenetic 
reconstruction was based on 791 aligned protein homologs built with the PEPR pipeline and FastTree2 with 100 
jackknifed resampling replicates. Lyme disease species are shown in red, relapsing fever species in blue and 
reptile associated species in purple.  
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sequenced was that of B. burgdorferi s.s B31, consisting of a linear chromosome nearly 

911,000 base pairs in size, 9 circular and 12 linear plasmids ranging in size from ~5-56 kilo 

base pairs (figure 1.4) (Beaurepaire & Chaconas, 2005; Fraser et al., 1997). Many other B. 

burgdorferi s.s genospecies have been sequenced since, along with other related Borrelia 

species including B. afzelii, B. garinii and B. bavariensis. The size and gene content of the linear 

chromosomes do not appear to differ greatly between different Borrelia species, suggesting 

the chromosome is evolutionary stable (Casjens et al., 2012). The linear chromosome of B. 

burgdorferi s.s B31 contains 815 predicted genes, which encode housekeeping proteins such 

as those required for replication of DNA, transcription and translation (Casjens et al., 2012; 

Fraser et al., 1997). Highly conserved β-barrel integral membrane proteins are also coded for 

on the chromosome.  

 

The plasmids make up ~47% of the Borrelial genome and encode many outer surface 

lipoproteins, some of which are essential for virulence (Norris et al., 2011), but carry very few 

genes that share homology with other bacterial proteins. There is a high variability in plasmids 

between not only different species of Borrelia, but also between strains such as those of B. 

burgdorferi s.s. The linear plasmids of B. burgdorferi contain an unusually high amount of non-

protein coding DNA and also contain many pseudogenes which are described as being in a 

state of mutational decay (Casjens, 2000). Another interesting feature of the B. burgdorferi 

genome is its high level of redundancy, particularly among the cp32 circular plasmids which 

contain long stretches of identical DNA interrupted by variable lipoprotein genes (Radolf et 

al., 2012).  

 

While the plasmids of Borrelia are variable between species and many are lost during in vitro 

culture, loss of the circular plasmid cp-26 has not been observed and it appears to be an 

essential plasmid.  An essential gene coded on cp-26 is the telomere resolvase, ResT, which is 

required for the replication of linear plasmids due to their covalently closed hairpin ends 

(Brisson et al., 2012; Kobryn & Chaconas, 2002). It also carries the gene for outer surface 

protein C (OspC), a lipoprotein involved in the transmission between the tick and host, further 

emphasising the importance of cp-26 for infectivity and survival (Byram et al., 2004). The 
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plasmids also contain a large number of pseudogenes and DNA sequence rearrangements 

between plasmids are common (Casjens et al., 2000).  

 

 

A further unusual feature of the Borrelia genome is the lack of genes for metabolic functions, 

such as those for synthesising amino acids, fatty acids, nucleotides and enzyme cofactors. It 

instead has genes encoding 16 distinct membrane transporters in order to obtain these 

factors (Fraser et al., 1997). This is possibly an evolutionary result of the spirochete acquiring 

a lifestyle where it parasitizes required nutrients from the tick vector and its hosts. B. 

burgdorferi also lacks genes encoding enzymes for oxidative phosphorylation and the 

tricarboxylic acid cycle and instead relies on energy from the fermentation of sugar into lactic 

acid (Radolf et al., 2012). Many studies have found that B. burgdorferi does not have a 

requirement for iron, an unusual feature for a bacterium, and its genome does not code for 

any iron-dependent metalloproteins (Posey & Gherardini, 2000). The spirochetes’ 

metalloproteins may instead rely on other metal co-factors, which is seen in the case of 

superoxide dismutase, which is suggested to be manganese dependent (Brown et al., 2019).  

 

Figure 1.4. The arrangement of the Borrelia burgdorferi B31 genome. The genome of the B31 strain of B. 
burgdorferi includes a linear chromosome, 9 circular plasmids and 12 linear plasmids. 



 

 
26 

1.2.4 Cellular architecture  

Borrelia are motile spirochetes of 10-30 µM in length and are described as having a flat wave 

structure formed by periplasmic flagella wrapping round a rod shaped protoplasmic cylinder 

(Krupka et al., 2007; Motaleb et al., 2000). The ultrastructure of the spirochete is shown in 

figure 1.5 and the main structural features are the outer membrane, the periplasmic space 

containing the flagella, the protoplasmic cylinder and the cytoplasmic membrane (Penza et 

al., 2016). B. burgdorferi s.l have 2 bundles of 7–11 periplasmic flagella attached at each end 

of the cytoplasmic membrane and consist of minor filament protein FlaA and major filament 

protein FlaB. The flagella of Borrelia species are important for both motility and morphology, 

with mutants lacking the major flagellar filament protein gene FlaB becoming rod-shaped and 

non-motile (Motaleb et al., 2000).  

 

Borrelia burgdorferi is often considered a Gram negative bacteria as it is composed of an inner 

cytoplasmic membrane surrounded by peptidoglycan and a loosely associated outer 

membrane. However, the outer membrane of Borrelia has unique characteristics that 

differentiate it from other Gram negative bacteria (section 1.3.1.), such as its lack of 

lipopolysaccharide (LPS) (Takayama et al., 1987) and its abundance of surface lipoproteins.  

 

Figure 1.5. The structure of Borrelia burgdorferi. Adapted from (Rosa et al., 2005b) and made in BioRender. 
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1.2.5 Motility and chemotaxis 

Borrelia have complex mechanisms of motility that allow the spirochete to move through gel-

like viscous solutions that would usually inhibit bacterial motility. As previously mentioned, B. 

burgdorferi has two bundles of 7-11 endoflagella attached at each end of the cytoplasmic 

membrane which wrap around the protoplasmic cylinder and overlap in the middle (Motaleb 

et al., 2000). It has three different modes of movement; run, flex and reverse and this is 

controlled by the movement of its periplasmic flagella. During a run, the two bundles of 

flagella rotate in opposite directions (asymmetrically), with one group rotating clockwise and 

the other rotating counter-clockwise, generating propagating waves that travel backward 

along the cell and move it forward (Sal et al., 2008). In well studied bacteria such as 

Escherichia coli and Salmonella enterica, counter clockwise rotation of the flagella results in 

tumble movement, which is thought to be equivalent to flex in Borrelia, where both groups 

of flagella rotate in the same direction rather than asymmetrically. B. burgdorferi is also able 

to simultaneously alter the movement of both groups of periplasmic flagella and reverse 

directions in under 0.3 seconds, achieving rapid communication between opposite poles of 

the cell (Samuels & Radolf, 2010).  The motors of the flagella are located at the poles of cell 

and are next to methyl-accepting chemotaxis proteins (MCPs) which are involved in bacterial 

chemotaxis transduction pathway and modulate flagella rotation (Steere et al., 2016).  

 

Chemotaxis is important and advantageous in motile bacteria as it allows them to move 

towards favourable chemicals, such as sources of energy and oxygen, and avoid unfavourable 

conditions (Adler, 1966). Borrelia is anaerobic and does not require oxygen, but does rely on 

nutrient acquisition from the host. It is thought that B. burgdorferi depends on a reliable 

chemotaxis response for virulence and to migrate in both the tick and host. In the bacterial 

chemotactic response, MCPs are located in the cytoplasmic membrane and bind to ligands in 

the periplasmic space to regulate the autophosphorylation of histidine kinase CheA. The 

phosphate group is transferred by CheA to the response regulator CheY forming CheY-P, 

which interacts with the flagella switch complex and regulates flagella motor rotation 

(Samuels & Radolf, 2010). In E. coli, chemotaxis protein methyltransferase CheR catalyses the 

transfer of methyl groups from S-adenosylmethionine (SAM) to the membrane bound MCPs, 

counterbalancing ligand binding effects and allows continuous detection of chemicals 
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(Djordjevic & Stock, 1997; Schmidt et al., 2011). CheB is a methylesterase and catalyses 

demethylation of MCPs upon dephosphorylation of CheY-P, allowing a return to pre-stimulus 

state. However, both CheR and CheB remain uncharacterised in Borrelia. While the 

chemotaxis genes of B. burgdorferi are similar to those found in rod shaped bacteria such as 

E. coli, it contains multiple copies of these genes including two CheA (CheA1 and CheA2), 

three CheY (CheY1, CheY2, and CheY3), three CheW (CheW1, CheW2, and CheW3), two CheB 

(CheB1 and CheB2) and two CheR (CheR1 and CheR2) (Fraser et al., 1997). B. burgdorferi also 

encodes CheX, which is required for CheY-P dephosphorylation (Motaleb et al., 2005). 

 

Chemotaxis protein methyltransferases (CheRs) are important enzymes involved in the 

chemotactic response in Gram negative bacteria. CheR catalyses the methylation of 

glutamate residues in the cytosolic signalling domain of chemoreceptors, using S-adenosyl-L-

methionine (SAM) as a substrate and methyl donor (García-Fontana et al., 2013). The reaction 

produces S-adenosyl-L-homocysteine (SAH), which is able to bind to CheR at the same site as 

SAM and inhibit methylation. Some CheRs bind to a pentapeptide sequence present on the 

C-terminal of chemoreceptors, which is thought to aid tethering of the enzyme to the 

receptor and these are referred to as pentapeptide dependent CheRs (PDCheRs). Those which 

do not bind the pentapeptide sequence are known as pentapeptide independent CheRs 

(PICheRs).  

 

The chemotactic response in Salmonella typhimurium and E. coli is well studied and these 

bacteria contain single copies of their chemotaxis genes, in contrast to Borrelia which contains 

multiple copies. The x-ray structure of S. typhimurium PDCheR in complex with SAH has been 

solved (figure 1.6) and shows consistency with other methyltransferase structures, with an 

overall Rossmann fold topology (Djordjevic & Stock, 1997). It is comprised of an α helical N-

terminal domain thought to be important for receptor recognition and binding, an α/β 

domain involved in SAM/SAH binding and a β subdomain containing a pentapeptide binding 

site (Djordjevic & Stock, 1997). This overall topology is also seen in the x-ray structure of a 

PICheR in complex with SAH from Bacillus subtilis (figure 1.6), but sequence identity of the N-

terminal region of StCheR and BsCheR was low at ~18%, suggesting differing mechanisms for 

recognition of chemoreceptors between different classes of CheRs (Batra et al., 2016).  
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1.3 Borrelial outer membrane 

1.3.1 Introduction to the bacterial outer membrane 

The Gram negative class of bacteria have a diderm structure, with an inner lipid bilayer and 

an outer lipid bilayer. The bacterial outer membrane (OM) is essential, allowing selective 

transport and serving as a protective barrier against potential toxins, including antibiotics 

(Silhavy et al., 2010). The outer membrane proteins (OMPs) of Gram negative bacteria have 

a vital role in virulence by various mechanisms, including facilitating host-pathogen 

interactions required for adhesion, dissemination and immune evasion (Koebnik et al., 2000). 

Furthermore, the surface exposed nature of these proteins make them important diagnostic 

and therapeutic targets in the treatment of bacterial infections.  

 

While Borrelia is considered Gram negative, its outer membrane is quite distinct compared to 

the proteobacteria. A notable difference is the lack of highly immunogenic glycolipid 

lipopolysaccharide (LPS), which are frequently found in Gram negative bacteria such as E. coli, 

but are also absent in related spirochete Treponema (Takayama et al., 1987). The spirochetes 

Leptospira and Brachyspira do synthesise LPS, but these genera are more distantly related to 

Figure 1.6. The crystal structure of StCheR and BsCheR in complex with SAH. A. The crystal structure of 
Salmonella typhimurium CheR in complex with S-adenosyl-L-homocysteine (PDB: 1AF7). B. The crystal structure 
of Bacillus subtilis CheR in complex with S-adenosyl-L-homocysteine (PDB: 5FTW). The α helical N-terminal 
domain, the α/β C-terminal domain and the β subdomain are indicated. Bound S-adenosyl-L-homocysteine is 
shown in yellow. Images produced using PyMol (Schrödinger, 2010). 
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Borrelia than Treponema (Saier, 2000). While lacking in LPS, Borrelia has three glycolipids; 

cholesteryl 6-O-acyl-β-D-galactopyranoside (ACGal) and cholesteryl-β-D-galacto-pyranoside 

(CGal), which both contain cholesterol and mono-α-galactosyl-diacylglycerol (MGalD) which 

does not (LaRocca et al., 2010). The cholesterol glycolipids make up a significant percentage 

of Borrelia’s glycolipid content, with ACGal constituting ~45% of the glycolipid content and 

~22% of the lipid content (Stübs et al., 2009).   

 

As well as cholesterol glycolipids, B. burgdorferi has also been found to contain free 

cholesterol, which is rarely found in bacteria (LaRocca et al., 2010). Interestingly, Borrelia is 

unable to synthesise cholesterol or any unsaturated or saturated long chain fatty acids and 

instead has been shown to acquire cholesterol through a two-way lipid exchange with 

eukaryotic cells which can occur by direct contact between cells or through outer membrane 

vesicles (Crowley et al., 2013). During this exchange, the spirochete acquires cholesterol from 

the plasma membrane of epithelial cells and transfers cholesterol glycolipids to the host cells. 

The cholesterol glycolipids in Borrelia are able to form lipid rafts, which were long thought to 

be exclusive to eukaryotic cells since the presence of sterols in prokaryotes is uncommon. 

Lipid rafts are ordered microdomains in the OM that are rich in cholesterol and some lipid 

anchored proteins and are important for lateral protein sorting, maintaining heterogeneity in 

membranes, elasticity and vesicle formation (LaRocca et al., 2010). 

 

1.3.2 Cell surface lipoproteins 

Bacterial lipoproteins are anchored to the membrane by fatty acids linked to an N-terminal 

cysteine residue (Wilson & Bernstein, 2015) and around two thirds of the expressed 

lipoproteins in B. burgdorferi localise to the cell surface (Zückert, 2014). In contrast to most 

Gram negative bacteria, Borrelia encode many surface lipoproteins and few transmembrane 

proteins. One of the major survival and immune evasion strategies of B. burgdorferi is the 

differential expression of its cell surface lipoproteins during transmission and infection. 

Borrelial cell surface lipoproteins facilitate in cell adhesion, host-pathogen interactions and 

immune evasion. At different stages of Borrelia infection, different groups of lipoproteins are 

upregulated and downregulated in response to environmental changes such as temperature 

and this variable expression allows the spirochete to adapt to host conditions (Kenedy et al., 
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2012; Pulzova & Bhide, 2014). A summary of some major outer surface proteins can be seen 

in table 1.3. 

 

The outer surface proteins OspA and OspB are both encoded on B. burgdorferi linear plasmid 

lp54 and are important lipoproteins for survival and migration in the tick vector. They are 31 

kDa and 34 kDa respectively and share 53% sequence identity. OspA is formed of 21 

antiparallel β-strands with a single α-helix at the C-terminus (figure 1.7)  (Li et al., 1997). While 

the complete structure of OspA has been solved by x-ray crystallography, only the structure 

of the 16.6 kDa C-terminus structure of OspB is available (figure 1.8) and was found to be 

homologous to the C-terminus of OspA (Becker et al., 2005). OspA is upregulated in the mid-

gut of an unfed tick and is required for spirochete adhesion to the tick mid-gut, as mutants 

lacking OspA are unable to colonise and survive (Yang et al., 2004). The protein mediates this 

adhesion by specific binding to a tick receptor found in the mid-gut known as the TROSPA 

(Tick Receptor for Outer Surface Protein A) receptor (Pal et al., 2004). When the tick feeds 

and has a blood meal, the increase in temperature in the mid-gut results in the 

downregulation of OspA on the spirochete surface and TROSPA in the tick to allow migration 

to the salivary glands of the tick and the spirochete instead upregulates the highly 

immunogenic outer surface protein C (Pal et al., 2000; Schwan et al., 1995).  

 

 

 

 

 

 

 

 

 

Figure 1.7. Crystal structure of B. burgdorferi OspA (PDB: 2G8C). A. Cartoon representation of OspA . B. Surface 
electrostatic potential of OspA. Images produced using PyMol (Schrödinger, 2010). 
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Outer surface protein C (OspC) is a dimeric 22 kDa lipoprotein encoded for on the circular 

plasmid cp26 and is essential for infection of the host (Grimm et al., 2004; Schwan et al., 

1995). It is thought that OspC is important for invasion of the tick salivary glands and OspC 

deficient mutants were unable to colonise the salivary glands (Pal et al., 2004). While OspC is 

highly immunogenic, it has been shown to bind to the tick salivary protein Salp15, which 

protects the spirochete from antibody-mediated killing during initial mammalian infection 

(Ramamoorthi et al., 2005). OspC is also down-regulated once initial infection is established, 

again protecting the spirochete from the host humoral response (Seemanapalli et al., 2010). 

The structure of monomeric OspC consists of four long α-helices and a fifth short α-helix and 

upon dimerization forms a hydrophobic core (figure 1.9) (Kumaran et al., 2001). The protein 

also has a highly negative electrostatic patch on the top surface of the protein (not seen in 

figure 1.9), which is potentially involved in interactions with a positively charged ligand and 

suggests a role for OspC in host interactions. 

Figure 1.9. Crystal structure of dimeric B. burgdorferi OspC  (PDB: 1GGQ). A. Cartoon representation of OspC . 
B. Surface electrostatic potential of OspC. Images produced using PyMol (Schrödinger, 2010). 

Figure 1.8. Crystal structure of the C-terminus of B. burgdorferi OspB  (PDB: 1P4P). A. Cartoon representation 
of the C-terminus of OspB . B. Surface electrostatic potential of the C-terminus of OspB. Images produced using 
PyMol (Schrödinger, 2010). 
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Borrelia is transferred to the human host along with the tick saliva through the bite wound 

and, upon transmission, other surface proteins are upregulated, including decorin binding 

proteins DbpA and DbpB, BBK32 and complement regulator-acquiring surface proteins 

(CRASPs). The ability of Borrelia to adhere to the extracellular matrix is essential for 

colonisation of tissues and this is facilitated by proteins such as DbpA/B and BBK32 (Fikrig et 

al., 2000; Fischer et al., 2003). BBK32 is a 47 kDa lipoprotein which has been found to bind to 

fibronectin, a large (~440 kDa) glycoprotein found as a component of the extracellular matrix 

(ECM) and also in body fluids (Probert & Johnson, 1998). As well as binding to fibronectin, 

BBK32 has also been found to bind glycosaminoglycans (GAGs) in the ECM, further facilitating 

bacterial adhesion and colonisation of host tissues (Fischer et al., 2006). Decorin binding 

proteins A and B  bind to decorin, a proteoglycan that interacts with collagen and can be found 

in connective tissue. Studies have found that DbpA and DbpB are not required for mammalian 

infection but may be important for dissemination and chronic infection of certain tissues 

(Kenedy et al., 2012).   

 

Complement regulator-acquiring surface proteins (CRASPs) are an important group of surface 

expressed proteins in Borrelia that contribute to immune response evasion as they bind with 

a high affinity to the human blood components factor H (FH), factor H like-1 (FHL1) and 

complement factor H-related proteins (CFHR) giving resistance to complement-mediated 

killing by inhibiting the formation of the terminal membrane attack complex (further 

discussed in section 1.4.2.) (Kenedy et al., 2009; Lackum et al., 2005). B. burgdorferi s.s 

encodes five CRASPS; BbCRASP-1 (CspA), BbCRASP-2 (CspZ), BbCRASP-3 (ErpP), BbCRASP-4 

(ErpC) and BbCRASP-5 (ErpA). Differing from BbCRASPs 1 and 2, BbCRASPs 3-5 have similar 

sequences and functions to one another and are collectively known as OspE related proteins 

(Erps) (Kraiczy & Stevenson, 2013). CRASP-1 is a 27.5 kDa protein consisting of five crossing 

α-helices and with two monomers making up its dimeric structure, creating a cleft thought to 

be the FH binding site (figure 1.10) (Cordes et al., 2005; Cordes et al., 2006).  
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Protein Alternative 
Names 

Function Expressed 
in 

References 

OspA BBA15 Adhesion to tick gut, 

spirochete-spirochete 

aggregation, degradation of 

ECM, adhesion and 

activation of host cells. 

Vector and 

host 

(Fuchs et al., 1994; Pal et 

al., 2000; Pal et al., 2004) 

OspB   Adhesion to tick gut. Vector (Fikrig et al., 2004) 

OspC   Adhesion to tick salivary 

glands, establishment of 

early host infection, ECM 

degradation. 

Vector/host (Lagal et al., 2006; Norgard 

et al., 2005; Pal et al., 

2004) 

BBK32   Adhesion to ECM. Vector/host (Fikrig et al., 2000) 

CRASP-

1 

BbCRASP-1 

CspA 

BBA68 
 

Complement system 

evasion, ECM degradation, 

adhesion to host cells, 

adhesion to ECM. 

Vector/Host (Hallström et al., 2010; 

Kraiczy & Stevenson, 2013) 

CRASP-

2 

BbCRASP-2 

CspZ 

BBH06 

Complement system 

evasion. 

Host (Brissette et al., 2009; 

Kraiczy et al., 2001) 

CRASP-

3 

BbCRASP-3 

ErpP 

BBN38 

Complement system 

evasion, ECM degradation. 

Vector/Host (Brissette et al., 2009; 

Haupt et al., 2007; Schwab 

et al., 2013; Siegel et al., 

2010) 

Figure 1.10. Crystal structure of BbCRASP-1 from B. burgdorferi (PDB: 1W33). A. Cartoon representation of 
BbCRASP-1. B. Surface electrostatic potential of BbCRASP-1. Images produced using PyMol (Schrödinger, 2010). 
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CRASP-

4 

BbCRASP-4 

ErpC 

Complement system 

evasion, ECM degradation. 

Vector/Host (Brissette et al., 2009; 

Haupt et al., 2007; Schwab 

et al., 2013; Siegel et al., 

2010) 

CRASP-

5 

BbCRASP-5 

ErpA 

BBP38 

BBL39 

Complement system 

evasion, ECM degradation. 

Vector/Host (Brissette et al., 2009; 

Haupt et al., 2007; Schwab 

et al., 2013; Siegel et al., 

2010) 

DbpA BBA24 Adhesion to ECM. Host (Fischer et al., 2003) 

DbpB BBA25 Adhesion to ECM. Host (Fischer et al., 2003) 

 
 

1.3.3 Integral β-barrel proteins 

Outer membrane β-barrel proteins are located in the outer membranes of Gram-negative 

bacteria, chloroplasts and mitochondria (Schulz, 2000). These β-barrels can exist in both 

monomeric and oligomeric form and vary in size, generally having between eight and twenty 

two β-strands spanning the OM (Schulz, 2000). They follow a set of construction principles 

outlined by Schulz which are listed in table 4. The circular barrel is formed by hydrogen 

bonding between the edge strands of a β-sheet and is stabilised by hydrogen bonds between 

the transmembrane anti-parallel β-strands (Schulz, 2002; Wimley, 2003). In contrast to water 

soluble proteins which have a hydrophobic core, transmembrane β-barrels contain a polar 

internal core with non-polar hydrophobic residues on the exterior of the barrel facing the lipid 

membrane and many smaller barrels contain water in their core (Schulz, 2002). They can 

therefore be described as inverted micelles. β-barrel proteins serve a variety of important 

functions in the bacterial OM, including porins, specific transport channels, signal 

transduction and aiding in adhesion and immune evasion (Koebnik et al., 2000).  

 

 

 

 

Table 1.3. A summary of some important outer surface proteins from Borrelia. The name of each protein is 
given, followed by an overview of its function and the whether the protein is upregulated in the tick vector or 
human host. Adapted from (Pulzova & Bhide, 2014). 
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1. The number of β strands is even* and the N and C termini are at the periplasmic barrel end. 

2. The β-strand tilt is always around 45° and corresponds to the common β-sheet twist. Only 

one of the two possible tilt directions is assumed, the other one is an energetically 

disfavoured mirror image. 

3. The shear number of an n-stranded barrel is positive and around n+2, in agreement with 

the observed tilt. 

4. All β strands are antiparallel and connected locally to their next neighbours along the chain, 

resulting in a maximum neighbourhood correlation. 

5. The strand connections at the periplasmic barrel end are short turns of a couple of residues 

named T1, T2 and so on. 

6. At the external barrel end, the strand connections are usually long loops named L1, L2 and 

so on. 

7. The β-barrel surface contacting the nonpolar membrane interior consists of aliphatic 

sidechains forming a nonpolar ribbon with a width of about 22 Å. 

8. The aliphatic ribbon is lined by two girdles of aromatic side chains, which have intermediate 

polarity and contact the two nonpolar–polar interface layers of the membrane. 

9. The sequence variability of all parts of the β barrel during evolution is high when compared 

with soluble proteins. 

10. The external loops show exceptionally high sequence variability and they are usually 

mobile. 

 

1.3.3.1 E. coli OMPs 

The OMPs of E.coli have been studied extensively. Knowledge of the structure and 

biochemistry of these model systems can be extended to other Gram negative bacteria, 

including the distantly related spirochetes. E. coli encodes approximately 26 integral outer 

membrane proteins and even fewer lipoproteins (~5) (Molloy et al., 2000). One of the best 

characterised outer membrane proteins is outer membrane protein A (OmpA) from E. coli 

(Smith et al., 2007) and this family of proteins is found in most Gram negative bacteria. OmpA 

is a heat modifiable protein and has an apparent molecular weight on SDS-PAGE dependent 

on the temperature conditions it is in, ranging between 28 and 36 kDa (Confer & Ayalew, 

2013). An eight-stranded β-barrel with short periplasmic turns and 4 external loops make up 

Table 1.4. Schultz’s set of construction principles for β-barrel membrane proteins. (Schulz, 2000) *An exception 
to this principle is voltage-gated anion channel (VDAC), which has 19 strands rather than an even number.   
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the highly conserved transmembrane (TM) domain of this protein (figure 1.11) (Krishnan & 

Prasadarao, 2012; Pautsch & Schulz, 2000). The interior of the barrel is polar and the exterior 

surface is hydrophobic, so the domain resembles an inverse micelle (Koebnik et al., 2000). It 

is thought that OmpA contributes towards bacterial surface stability, linking the outer 

membrane with the peptidoglycan layer (Koebnik et al., 2000). Bacterial OmpA proteins also 

have roles in bacterial invasion and adhesion, as well as survival in a host and immune evasion 

(Confer & Ayalew, 2013).  

 

 

 

OmpX is similar to OmpA in that its structure consists of 8 antiparallel β-strands making up 

the barrel (figure 1.12), but differs enough that attempting to solve the structure using OmpA 

for molecular replacement failed (Vogt & Schulz, 1999). Similar to other OMPs, it has aromatic 

residues forming two girdles and has non-polar residues attaching it to the interior of the 

membrane (Vogt & Schulz, 1999). OmpX resembles an inverse micelle and is not thought to 

form a pore. The barrel of OmpX is long in comparison to that of OmpA and it is thought to 

have a section that protrudes out of the exterior, leaving the edge of the β-sheet exposed to 

Figure 1.11. Crystal structure of the transmembrane domain of E. coli OmpA (PDB: 1BXW). A. Cartoon 
representation of OmpA transmembrane domain B. Surface electrostatic potential of OmpA transmembrane 
domain. Images produced using PyMol (Schrödinger, 2010). 

A B 
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bind to other proteins with a surface β-strand (Schulz, 2000). It is therefore thought to have 

a role in adhesion and invasion of cells, as well evasion of the complement response.  

 

OmpW is another small 8-stranded β-barrel protein found in the OM of E. coli (figure 1.13). It 

forms a long channel, differing from other small OMPs with its unusual hydrophobic core, 

suggesting a role in transport of small hydrophobic molecules across the OM (Hong et al., 

2006). It consists of short turns on one side and long loops on the other, with the longer loops 

thought to be on the extracellular surface as with similar proteins (Hong et al., 2006). It is 

thought to have versatile functionality, protecting  bacteria against environmental stresses 

such as temperature, osmosis and oxidation. E. coli OmpW has also been shown to have a 

role in bacterial immune evasion, as it was found to bind to human factor-H, contributing to 

resistance to complement-mediated killing via the alternative pathway (Li et al., 2016).  

A B 

Figure 1.13. Crystal structure of E. coli OmpW (PDB: 2F1V). A. Cartoon representation of OmpW B. Surface 
electrostatic potential of OmpW. Images produced using PyMol (Schrödinger, 2010). 

A B 

Figure 1.12. Crystal structure of E. coli OmpX (PDB: 1QJ8). A. Cartoon representation of OmpX B. Surface 
electrostatic potential of OmpX. Images produced using PyMol (Schrödinger, 2010). 



 

 
39 

1.3.3.2 Borrelia OMPs 

In contrast to E. coli and other Gram negative bacteria, Borrelia encodes a high number of 

lipoproteins (>100) and very few integral β-barrel outer membrane proteins (~10), most of 

which remain uncharacterised (Fraser et al., 1997; Kenedy et al., 2012). Some potential 

OmpA-like proteins have been identified in Borrelia but identification of these integral OMPs 

is difficult, likely due to their low abundance, their smaller membrane spanning region 

compared to other β-barrels and the lack of sequence conservation between orthologues due 

to variable external loops (Dyer et al., 2015; Kenedy et al., 2012). Unlike the outer surface 

lipoproteins, which are encoded on various different plasmids making them highly variable 

proteins, Borrelia transmembrane OMPs are encoded on the chromosome and are highly 

conserved (Fraser et al., 1997). 

 

OMPs have a variety of important roles including transporting nutrients into the cell via 

porins. Few porins have been identified in Borrelia and include P66 (BB0603, Oms66) (Kenedy 

et al., 2014; Skare et al., 1997), P13 (BB0034) (Noppa et al., 2001), DipA (BB0418, Oms38) 

(Thein et al., 2012), BesC (BB0142) (Bunikis et al., 2008) and BamA (BB0795) (Lenhart & Akins, 

2010) and are predicted to be β-barrels of between 16-24 strands. The most well studied 

Borrelia porin is p66, a 66 kDa protein encoded on the open reading frame BB0603 (Skare et 

al., 1997). Structural models predict p66 to have a β-barrel structure made up of 22-24 β-

strands, supported by circular dichroism analysis indicating that the protein is made up of 

48% β-sheet (Kenedy et al., 2014). As well as being found to form pores in artificial 

membranes, P66 was also shown to potentially have a role in adhesion by binding to β3-chain 

integrins (Coburn et al., 1999; Coburn & Cugini, 2003). Oms28 is a Borrelia protein that was 

originally thought to be an integral OMP with porin activity (Skare et al., 1996), but later 

research disputed this after circular dichroism data indicated the protein was 78% α-helix and 

it was suggested that Oms28 is periplasmic and associated with the OM (Mulay et al., 2007). 

BB0838 is predicted to be an amphiphilic OMP which is co-transcribed with two components 

of the nucleotide excision repair pathway, but the pore forming ability of this protein is 

unknown (Kenedy et al., 2016).  
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Other notable B. burgdorferi OMPs include the paralogous gene family BB_0405 and BB_406 

and predicted OMPs BB_0027 and BB_0562. These are predicted to be OmpA-like integral 

membrane proteins and may be involved in immune evasion (Bhide et al., 2009; Dyer et al., 

2015). One of these OmpA-like proteins from B. afzelii, BAPKO_0422 (BB0405 in B. 

burgdorferi) was analysed using small angle X-ray scattering and was shown to have a shape 

consistent with that of an 8-stranded β-barrel (Dyer et al., 2015). Functional studies found 

BAPKO_0422 binds to human factor-H, suggesting this protein potentially has a role in 

complement response regulation (Bhide et al., 2009; Dyer et al., 2015). However, a more 

recent study presents conflicting data, as it did not identify any factor-H binding by 

BAPKO_0422 (Shrestha et al., 2017).  

 

Hypothetical proteins BB0405 and BB0406 share 59% sequence similarity and were both 

found to be amphiphilic, localised to the B. burgdorferi membrane and able to form pores in 

large unilamellar vesicles, suggesting a role as porins (Kenedy et al., 2016). Both proteins were 

shown to be immunogenic but only BB0405 was shown to be essential for infectivity in mouse 

models. Further investigations into the role of these two OMPs found that they did not bind 

human factor-H, but further studies are needed to assess their role in virulence (Shrestha et 

al., 2017). Most recently, a study investigating the function of BB0406 found that it binds to 

laminin, a component of basal membranes such as the vascular basal membrane, suggesting 

this protein aids Borrelia adhesion and dissemination (Bista et al., 2020). Other predicted 

Borrelia OMPs such as BB0562 and BB0027 remain uncharacterised and further work to try 

and elucidate the structure and function of these proteins could contribute to our 

understanding of Borrelia pathogenesis and perhaps identify more proteins with a role in 

immune evasion. The surface exposed nature of these proteins, along with their potential 

involvement in immune evasion, could also make them future vaccine target candidates.  

 

 

 

 



 

 
41 

1.4 Immune evasion strategies 

1.4.1 Overview of Borrelia immune evasion 

Like many bacteria, Borrelia have adapted numerous strategies to overcome the host immune 

responses in order to establish infection and survive. These mechanisms are well reviewed by 

(Berndtson, 2013) and include; 

• Exploitation of tick salivary proteins to overcome early immune responses. 

• Masking of surface antigens to avoid the alternative pathway of complement.  

• Hijacking of host plasminogen activation.  

• Antigenic variation to avoid humoral immune responses. 

• Utilisation of chemotactic response and unique motility to avoid deleterious 

molecules. 

• Engaging in biofilm-like behaviour and quorum sensing.  

• Can assume alternate morphologies other than spirochaetal. 

 

This research will focus on the role of Borrelia proteins in evasion of the complement 

response.  

 

1.4.2 Evasion of the complement response 

The complement system forms part of both the innate and adaptive immune response and is 

a first line of defence against microbial infection. It is a tightly regulated system that 

comprises over 30 proteins that are found in serum and associated with cell membranes 

(Fujita, 2002). These proteins become activated sequentially in an enzymatic cascade, 

whereby activation of a protein results in cleavage and activation of the following protein. 

The complement response can be activated through three different pathways: the classical, 

the lectin and the alternative pathway (figure 1.14). All three of these pathways result in the 

activation of C3 which leads to; the production of C3a and eventually C5a, anaphylatoxins that 

induce the inflammatory response, opsonisation and attraction of macrophages and 

neutrophils (Lambris et al., 2008). The activation products of the complement response form 

the membrane attack complex, a transmembrane channel that leads to cell lysis.   
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The classical pathway is triggered by complexes of IgG or IgM antibodies with non-self 

antigens (Merle et al., 2015). These antibody-antigen complexes activate the C1-complex, 

which is made of molecules of C1q, C1r and C1s. This activation occurs when C1q binds to a 

region of the IgG or IgM antibodies in the immune complex (Merle et al., 2015). The C1-

complex cleaves C4 and C2 into C4a, C4b, C2a, and C2b, allowing C4b and C2a to form the 

C4b2a complex, which is a C3 convertase (Sarma & Ward, 2010). The pathway then converges 

with the lectin and alternative, cleaving C3 into C3a and C3b, which combines with the C4b2a 

complex to form the C5 convertase, C4b2a3b. This cleaves C5 into its products C5a and C5b 

and C5b is able to combine with C6, C7, C8 and C9 to form the C5b-9 membrane attack 

complex (Sarma & Ward, 2010).  

 

The lectin pathway is similar to the classical pathway, but does not involve C1q and is instead 

activated by mannose-binding lectin (MBL) or ficolin binding to carbohydrates on the surface 

of a pathogen (Merle et al., 2015). This binding activates MBL-associated proteins known as 

MASPs and activation of MASP-2 results in cleavage of C4 into C4a and C4b and C2 into C2a 

and C2b (Fujita, 2002). As in the classical pathway, C4b and C2a combine to form the C3 

convertase C4b2a and the pathway converges with the others.  

 

The alternative pathway is initiated by binding of C3b to proteins, lipids and carbohydrates 

on the surface of an invading pathogen. C3b is produced at a low level continuously due to 

unstable C3 being broken down (Sarma & Ward, 2010). When C3b is bound to a pathogenic 

surface, it is able to bind factor B to form C3bB, which is then cleaved by factor D into Ba and 

Bb and allows Bb to complex with Cb to form the C3 convertase C3bBb (Lambris et al., 2008; 

Sarma & Ward, 2010). The C3bBb complex is stabilised by properdin (factor P), which binds 

to C3b and allows the complex to break down more C3 (Kemper et al., 2010). This pathway is 

regulated by a large glycoprotein known as factor-H, which allows differentiation between 

invading pathogens and host cells. Factor-H can bind to host C3b, preventing formation of the 

C3bBb C3 convertase and further cleavage of C3 (Wu et al., 2009).  On the pathogen surface, 

C3bBb can bind to C3b to from the C5 convertase C3bBb3b, ultimately resulting in the 

formation of the membrane attack complex and apoptosis of the cell. 
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As the complement pathways provide early protection against infection, it is vital for invading 

bacteria to be able to evade this innate immune response. Bacteria employ various 

mechanisms that target different stages of the cascade, in order to evade complement 

mediated killing. The alternative pathway is continually active and evasion of killing via this 

pathway involves utilisation of the complement regulatory proteins that protect the host’s 

own cells, such as human factor-H (FH) and factor-H like-1 (FHL-1). Factor-H is a 155 kDa 

Figure 1.14. Overview of the complement activation pathways. Complement activation via the three pathways; 
classical, lectin and alternative. Made in BioRender.  
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glycoprotein found in human plasma and it is composed of 20 short consensus repeat (SCR) 

domains, each containing ~60 residues (figure 1.15) (Ripoche et al., 1988). Factor-H 

modulates the complement response by binding to the major complement component C3b 

via the SCR domains 1-4  (Gordon et al., 1995). This complex of FH and C3b recruits factor I, a 

protease which cleaves C3b thereby inactivating it. FH also regulates formation of C3b 

convertases as it competes with factor B to bind to C3b and can accelerate decay of existing 

C3b convertases, likely by electrostatic repulsion of factor B (Wu et al., 2009).  

 

Domains 19-20 are utilised for attachment to cell surfaces and are important for 

differentiation between self and non-self cells, with SCR 19 mainly binding deposited C3b to 

allow complement regulation and SCR 20 simultaneously binding glycosaminoglycans, which 

are not found on bacterial cells (Kajander et al., 2011). Domains 19 and 20 are also the binding 

site for microbial attachment to FH, with bacteria able to bind domain 20 causing an 

enhancement in C3b binding by domain 19 and a downregulation of the complement pathway 

(Meri et al., 2013).   

 

 

In Borrelia, the outer surface proteins aid not only in infectivity and dissemination, but also in 

immune evasion. One of the major Borrelia outer surface proteins involved in the evasion of 

the alternative complement pathway via FH binding is OspE. OspE is upregulated in response 

to a temperature shift during a blood meal and forms a tripartite complex with FH, binding to 

FH domain 20 with C3b simultaneously bound to domain 19 (Bhattacharjee et al., 2013; Hefty 

et al., 2002; Kolodziejczyk et al., 2017) (figure 1.16). This results in complement 

downregulation. The five Borrelia CRASPs (section 1.3.2) are also involved in evasion of the 

complement response, binding to various members of the FH family; factor H (FH), factor H 

Figure 1.15. The SCR domains of human complement factor-H. Human factor-H is composed of 20 short 
consensus repeat (SCR) domains. The major functional regions of the protein are highlighted, with SCR 1-4 a 
main C3b binding site for complement regulation and SCR 19-20 important for attachment of factor-H to host 
cells. Adapted from (Kopp et al., 2012) and created in BioRender.  
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like-1 (FHL1) and complement factor H-related proteins (CFHR) 1-5. As well inhibiting the 

complement response through FH and FHL1 binding, CRASP-1 binds C7 and C9, inhibiting the 

formation of the membrane attack complex (Hallström et al., 2013). The binding partners of 

CRASPs from B. burgdorferi B31 are summarised in table 1.5. While Borrelia CRASPs all have 

a role in evasion of complement mediated killing, they are upregulated at different stages of 

transmission and infection, suggesting separate roles for these proteins (Bykowski et al., 

2007; Lin et al., 2020).   

 

 

 

 

 

 

 

 

 

Figure 1.16. The crystal structure of OspE, FH domain 19-20 and C3dg (PDB: 5NBQ). OspE is shown in purple, 
factor-H domains 19-20 are shown in yellow and C3dg is shown in green. The image is shown as a cartoon 
representation and was produced using PyMol (Schrödinger, 2010).  

OspE 

Factor-H 
domains 19-20 

C3dg 
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CRASP-1 CRASP-2 CRASP-3 CRASP-4 CRASP-5 

Alternative 

names 

BbCRASP-1 

CspA 

BBA68 

 

 
 

BbCRASP-2 

CspZ 

BBH06 

 

BbCRASP-3 

ErpP 

BBN38 

OspE 

 

BbCRASP-4 

ErpC 

 

BbCRASP-5 

ErpA 

BBP38 

BBL39 

Gene name cspA cspZ erpA erpC erpP 

Gene location 

in B. burgdorferi 

B31 

lp54 lp28-3 cp32-1 

cp32-5 

cp32-8 

cp32-2 cp32-9 

Gene expression 

in unfed tick 

No No No No No 

Gene expression 

in feeding tick 

Yes No Yes Yes Yes 

Gene expression 

in skin at tick 

feeding site 

Yes (high) Yes (low) Yes Yes Yes 

Gene expression 

in mice/ 

disseminated 

infection 

No Yes (high) Yes Yes Yes 

Complement 

regulator binding 

CFH 

FHL1 
 

CFH 

FHL1 

CFH 

CFHR1 

CFHR2 

CFHR5 

CFHR1 

CFHR2 

CFH 

CFHR1 

CFHR2 

CFHR5 

PDB code  1W33 4CBE 4BOB 4BXM  

 

Table 1.5. BbCRASP expression and FH binding partners. A summary of BbCRASPS 1-5, highlighting which 
stages of transmission and infection they are expressed in and their FH binding partners. Adapted from 
(Kraiczy & Stevenson, 2013) and (Lin et al., 2020). 
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Borrelia is also able to evade the lectin pathway of complement mediated killing during the 

early stages of infection. This is via TSLPI (Tick Salivary Lectin Pathway Inhibitor), a tick protein 

which inhibits mannose binding lectin from binding to its ligand, preventing activation of the 

lectin complement pathway (de Taeye et al., 2013; Schuijt et al., 2011). When this protein was 

added to serum sensitive strains of B. garinii, a decrease in complement mediated killing was 

seen, highlighting the role of TSLPI and inactivation of the lectin pathway in overall 

complement evasion (de Taeye et al., 2013).  
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1.5 Research aims 

Borrelia genomes encode many lipoproteins (>100) and these have been the focus of much 

of the research into Borrelia and Lyme disease, leading to characterisation of many of these 

proteins and an understanding of their role in infection and immune evasion (Kenedy et al., 

2012). These lipoproteins are often encoded on the plasmids which vary between Borrelia 

genospecies and lipoproteins such as OspA have been the main candidate for vaccine 

development. Many of these lipoproteins form large paralogous gene families (such as the 

Erps), potentially hindering the effectiveness of any vaccine that targets one particular 

variant. In contrast to other Gram negative bacteria such as E. coli, the B. burgdorferi OM 

contains a low abundance of integral β-barrel outer membrane proteins and these are 

encoded on the stable chromosome (Fraser et al., 1997). Very few integral OMPs have been 

characterised in B. burgdorferi, with previous research exclusively exploring the Borrelia 

chromosome for identification of novel OMPs using a computational framework. This project 

aims to expand on this work and explore the plasmid proteomes of Borrelia to search for β-

barrel genes. 

 

Predicted OmpA-like integral membrane proteins have been identified in B. burgdorferi s.l 

using a Hidden Markov Model (HMM) approach (Dyer et al., 2015) and these are summarised 

in table 1.6. Previous research focused on a single full length OM protein from B. afzelii, 

potentially limiting the ability to crystallise this protein (Dyer et al., 2015). The aim of this 

research is to produce a series of truncation of paralogues in this gene family, to try to 

increase the chance of successful crystallisation.  

 

B. burgdorferi s.s B. afzelii B. garinii 

BB_0027 BAPKO_0026 BG_0027 

BB_0405 BAPKO_0422 BG_0407 

BB_0406 BAPKO_0423 BG_0408 

BB_0562 BAPKO_0591 BG_0572 

Table 1.6. Potential OmpA-like proteins in Borrelia. Gene names of orthologues of potential OmpA-like proteins 
in three main Borrelia species are given. Proteins were identified using Hidden Markov Model (HMM) searches 
and analysis of signal sequences (Dyer et al., 2015).  
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BB_0027 and BB_0562 remain uncharacterised and while some information regarding the 

function of BB_0405 and BB_406 has been established, a high resolution structure is not 

available for any of these proteins. Further research to try and elucidate the structure and 

function of these proteins could develop our understanding of Borrelia pathogenesis and 

perhaps identify more proteins with a role in infection, dissemination and immune evasion. 

These proteins could provide further targets for diagnostic immunoblots and may serve as 

novel vaccine targets. Therefore,  the aim of this work is to clone, express and purify both full 

length and a series of truncated recombinant versions of BB_0027, BB_0405, BB_0406 and 

BB_0562. As crystallography of membrane proteins presents many challenges, this research 

also aims to identify, clone and express a soluble protein target to increase the chance of 

obtaining a protein crystal structure.  

 

 

Summary of research aims- Borrelia outer membrane proteins (OMPs): 

• Using protein secondary structure prediction algorithms, design full-length and truncated 

constructs for four B. burgdorferi s.s OmpA-like proteins; BB_0027, BB_0405, BB_0406 

and BB_0562.  

• Identify a potentially soluble target for crystallisation experiments.  

• Clone multiple OMP and soluble target constructs using Ligation Independent Cloning 

(LIC) techniques. 

• Produce recombinant OMPs for structural and functional studies.  

• Attempt protein crystallisation of truncated OMPs and a soluble protein target.  

• Apply a computational framework approach to identify any putative OMPs in the Borrelia 

plasmid proteome.  
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Chapter 2   Materials and methods 

2.1 Materials 

2.1.1 DNA and primers 

B. burgdorferi B31 DNA isolated from Ixodes dammini (DSM No. 4680) was purchased from 

Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures (DSMZ) and 

was replicated using the REPLI-g Mini Kit (Qiagen) according to the manufacturer’s 

instructions to use as a template for PCR. Primers were designed to include extensions for 

Ligation Independent Cloning (table 2.1) and primer parameters were analysed using the 

Sigma Aldrich OligoEvaluator™. Primer sequences were produced by Eurofins Scientific and 

were provided as lyophilised samples, which were then diluted to 100 pmol/µL using nuclease 

free water.  

 

Target  Primer Name Primer Sequence (5'-3')  

BB0562 BB0562-f0 TACTTCCAATCCATGAAAAAAATTTTTATATTG 

BB0562-f1 TACTTCCAATCCATGACAAATGGTTTTACAAAAG  

BB0562-f2 TACTTCCAATCCATGAGAGGAATTGGCTTTGGAGC  

BB0562-f3 TACTTCCAATCCATGCCAATTATTAACTTAATAATGTC 

BB0562-r0 TATCCACCTTTACTGTCAAAAGATATAGTACTTAGC  

BB0027 BB0027-f0 TACTTCCAATCCATGAGAAAGTATATTTTTATAATAC 

BB0027-f1 TACTTCCAATCCATGAAGTATATTTTTATAATAC 

BB0027-f2 TACTTCCAATCCATGAACATAAAAAAAATTGC 

BB0027-f3 TACTTCCAATCCATGAACTCCACTTTAGGAATAG 

BB0027-r0 TATCCACCTTTACTGTCACAATTTATTTACATTCACTG 

BB0405 BB0405-f0 TACTTCCAATCCATGAGAATGCTATTAGCAAC 

BB0405-f1 TACTTCCAATCCATGTCCAAAAGCAAAAGTATGACTG 

BB0405-f2 TACTTCCAATCCATGGACTTTGATTTTGATAAACTTC 

BB0405-f3 TACTTCCAATCCATGCGTTTATTTGGCATAGGTTTTGG 

BB0405-r0 TATCCACCTTTACTGTCATATATATATTTTTATAAAGC 

BB0406 BB0406-f0 TACTTCCAATCCATGATAAAAATTTTTAAAAAAATATAC 

BB0406-f1 TACTTCCAATCCATGTCTTTTGCATCTGACAATTATATGG 

BB0406-f2 TACTTCCAATCCATGAAGCTTAAAGAAATAAAAG  

BB0406-f3 TACTTCCAATCCATGGACTTATTTTCAATGGGCATTGG 

BB0406-r0 TATCCACCTTTACTGTCAATTAAATGCAAATTTTATG  

BB0095 BB0095-f0 TACTTCCAATCCATGTTAGATTCATATTATTATG 

BB0095-f1 TACTTCCAATCCATGTCATATTATTATGTTTTATCTTC  

BB0095-f2 TACTTCCAATCCATGAGTGTTTCAGATTTTTTAAATAATG 

BB0095-f3 TACTTCCAATCCATGAGTAAAAAGGACTTCAATTTTTTAAAAG 

BB0095-r0 TATCCACCTTTACTGTCAAACTTTTTCATTAGTTTTATC 

BB0095-r1 TATCCACCTTTACTGTCAAAGATCAGTTAAAAATTGC 
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BB0095-r2 TATCCACCTTTACTGTCAAAACAAATTATGCCTTAAAAATAACC 

BB0040 BB0040-f0 TACTTCCAATCCATGAACACGAATCAAAACAAATTCAACC  

BB0040-f1 TACTTCCAATCCATGACTAAGGACGAACTTTCAAG 

BB0040-r0 TATCCACCTTTACTGTCAATTCTTTTTATAGGTGGCAGG 

PCNA PCNA for TACTTCCAATCCATGTTCGAGGCGCGCCTGGTCC 

PCNA rev TATCCACCTTTACTGTCAAGATCCTTCTTCATCCTCGATC 

Vector pLIC for TGTGAGCGGATAACAATTCC 

pLIC rev AGCAGCCAACTCAGCTTCC 

 

Two pET28-a based vectors were used for cloning, pNIC28-Bsa4 and pNH-TrxT, both of which 

were kindly provided by Dr Chris Cooper at The University of Huddersfield. Both vectors 

contain a T7 promotor and terminator, followed by a region coding for just a 6x Histidine tag 

in the pNIC28-Bsa4 vector and a 6x Histidine-Thioredoxin tag for the pNH-TrxT vector. 

Expression tag regions are followed by a TEV protease cleavage site to allow for tag removal 

and both vectors contain kanamycin resistance. Full vector maps can be seen in appendix 1.  

 

2.1.2 Reagents and buffers 

Unless stated otherwise, chemicals and reagents used throughout this research were 

purchased from Fisher Scientific (Loughborough, UK) or Sigma-Aldrich (Gillingham, UK) (table 

2.2). Kits required for replication or purification of DNA were purchased from Qiagen or 

Bioline. Reagents and kits for crystallography experiments were purchased from Molecular 

Dimensions. 

 
 

Reagent/Chemical Abbreviation Supplier 

Acrylamide (40% solution)  - Fisher 

Agar   - Fisher 

Ammonium persulfate APS Fisher 

Benzamidine  - Sigma 

Blue dextran  - Sigma 

β-mercaptoethanol βME Sigma 

Calcium chloride dihydrate CaCl2 Fisher 

Chloramphenicol Chl Fisher 

Lauryldimethylamine oxide LDAO Sigma 

n-Dodecyl-B-D-Maltoside DDM Molecular Dimensions 

Dithiothreitol DTT Sigma 

Table 2.1. Details of primers used for Ligation Independent Cloning. The name of the target is given in the first 
column, followed by the name given to the primer. The primer sequence is shown from 5’ to 3’ and extensions 
added to each primer for Ligation Independent Cloning are highlighted in bold. 
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Ethylenediaminetetraacetic acid EDTA Sigma 

Glycerol  - Fisher 

HEPES HEPES Fisher 

Imidazole  - Fisher 

Isopropyl β-D-1-thiogalactopyranoside IPTG Fisher 

Kanamycin Kan Fisher 

Lysozyme  - Fisher 

Manganese (II) chloride MnCl2 Sigma 

Sodium chloride NaCl Fisher 

Nickel Ni Fisher 

Phenylmethylsulfonyl fluoride PMSF Fisher 

Potassium acetate  - Fisher 

Rubidium chloride RbCl Fisher 

Sodium dodecyl sulfate SDS Fisher 

Sucrose  - Fisher 

SYBR safe  - Sigma 

Tetramethylethylenediamine TEMED Fisher 

Tris (hydroxymethyl)aminomethane-base Tris base Fisher 

Triton X-100  - Fisher 

Tryptone  - Fisher 

Tween-20  - Sigma 

Urea  - Fisher 

Yeast extract  - Fisher 

  

 

Buffer/Solution Components 

5x Lysis Buffer 2.5 M NaCl, 250 mM HEPES, 25% (v/v) glycerol, pH 7.5 

Coomassie Destain 20% (v/v) methanol, 10% (v/v) glacial acetic acid 

Coomassie Stain 40% (v/v) methanol, 10% (v/v) glacial acetic acid, 0.1% (w/v) 
Coomassie R250 

Denaturing Buffer 50 mM Tris, 300 mM NaCl, 8 M urea, pH 8.0 

Dialysis Buffer 20 mM HEPES, 500 mM NaCl, 5% (v/v) glycerol, pH 7.5 

Elution Buffer  1/5 5x Lysis Buffer, 300 mM imidazole, 4 mM βME 

Lysis Buffer 0 1/5 5x Lysis Buffer, 10 mM imidazole, 4 mM βME 

Lysis Buffer 1 1/5 5x Lysis Buffer, 10 mM imidazole, 4 mM βME, 1 mM PMSF, 1 
mM benzamidine 

Lysogeny Broth (LB) 1% (w/v) NaCl, 1% (w/v) tryptone, 0.5% (w/v) yeast extract 

OMP Elution Buffer 50 mM Tris, 300 mM NaCl, 300 mM imidazole, 0.1% LDAO, pH 8.0 

OMP Lysis Buffer 50 mM Tris, 300 mM NaCl, 0.1% Triton X-100, pH 8.0 

OMP SEC Buffer 1 50 mM Tris, 300 mM NaCl, 0.1% (w/v) DDM, pH 8.0 

OMP SEC Buffer 2 50 mM Tris, 300 mM NaCl, 0.1% (v/v) LDAO, pH 8.0 

OMP Wash Buffer 50 mM Tris, 300 mM NaCl, 20 mM imidazole, 0.1% LDAO, pH 8.0 

Table 2.2. General reagents used throughout this research project. The name of the reagent is given in the first 
column, followed by the common abbreviation of the reagent if applicable. The final column gives the name of 
the supplier the reagent was purchased from. 
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Pellet Wash Buffer 1 50 mM Tris, 300 mM NaCl, 1 mM EDTA, 4 mM βME, 0.5% (v/v) 
Triton X-100, pH 8.0 

Pellet Wash Buffer 2 50 mM Tris, 300 mM NaCl, 0.5% (v/v) Triton X-100, pH 8.0 

Pellet Wash Buffer 3 50 mM Tris, 300 mM NaCl, pH 8.0 

Refolding Buffer 50 mM Tris, 300 mM NaCl, 1 M urea, 0.1% LDAO, pH 8.0 

SEC Buffer 20 mM HEPES, 500 mM NaCl, 5% (v/v) glycerol, pH 7.5 

Super Optimal Broth (SOB) 1.5% (w/v) yeast extract, 1% (w/v) tryptone, 10 mM NaCl, 2 mM KCl 

TBS Buffer Tris base, NaCl, pH 7.6 

TBST Buffer Tris base, NaCl, 0.1% Tween-20, pH 7.6 

TFB1 30 mM potassium acetate, 100 mM RbCl, 10 mM CaCl2., 50 mM 
MnCl2, 15% (v/v) glycerol, pH 5.85 

TFB2 10 mM MOPS free acid, 10 mM RbCl, 75 mM CaCl2, 15% (v/v) 
glycerol, pH 6.5 

Transfer Buffer 10% (v/v) methanol, 1x Bolt Transfer Buffer 

Wash Buffer  1/5 5x Lysis Buffer, 30 mM imidazole, 4 mM βME 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.3. Buffers and solutions used throughout this project. The name given to the buffer/solution is given 
in the first column, followed by details of the components of the buffer/solution in the second column. 
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2.2 Methods 

2.2.1 Identification of plasmid encoded β-barrel proteins 

2.2.1.1 Filtering of sequences using a computational framework 

The plasmid proteomes of the Borrelia burgdorferi s.l complex (table 2.4) were obtained from 

Uniprot and a computational framework was used to predict putative OMPs. The framework 

used was based on previous methodology used on proteomes of Borrelia and Treponema (Cox 

et al., 2010; Kenedy et al., 2016). A custom R-script (written by Dr Jarek Byrk at The University 

of Huddersfield, appendix 5) was used to analyse and filter sequences based on the results 

from prediction algorithms. A total of 5923 protein sequences from the B. burgdorferi s.l 

plasmid proteomes were analysed. SpLip (Setubal et al., 2006) and LipoP (Juncker et al., 2003) 

were used to identify potential lipoproteins. Proteins were categorised as either ‘not 

lipoprotein’, ‘possible lipoprotein’ or ‘probable lipoprotein’ by SpLip and any proteins 

considered ‘probable’ or ‘possible’ lipoproteins were excluded. Remaining proteins were then 

analysed using LipoP, which identifies potential transmembrane helical proteins and cleavage 

sites for Signal Pepidase I or II. If these are not identified, the protein is classified as 

cytoplasmic. Sequences with a Signal Pepidase II site were excluded and proteins with a Signal 

Peptidase I site, transmembrane helical proteins and those considered cytoplasmic were 

subject to further analysis.  

 

TMHMM-2.0 (Krogh et al., 2001) was used to predict inner membrane proteins and only 

proteins with zero predicted transmembrane spanning regions were analysed further. To 

predict cytoplasmic proteins, PSORTb 3.0 (Yu et al., 2010) was used and separated proteins 

into 4 categories; ‘cytoplasmic’, ‘cytoplasmic membrane’, ‘outer membrane’ and ‘unknown’. 

Predicted ‘cytoplasmic’ proteins were removed and all others continued to the next stage of 

analysis.  SignalP 5.0 (Armenteros et al., 2019) was used for prediction of signal peptidase I-

type signal sequences and only proteins with a predicted signal sequence were retained. The 

final analysis stage used PRED-TMBB2 (Tsirigos et al., 2016) to predict potential β-barrel 

membrane proteins, where a score between 0 to 1 is given, with >0.43 a positive result.  
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Organism (strain) Proteome ID Taxon ID Number of 
plasmid genes 

B. afzelii (PKo) UP000005216 390236 566 

B. bavariensis (ATCC BAA-2496 / DSM 
23469 / PBi) 

UP000002276 290434 430 

B. bissettii (CO275) UP000183624 64897 0 

B. bissettii (DN127) UP000001634 521010 587 

B. burgdorferi (297) UP000243802 521009 453 

B. burgdorferi (64b) UP000006162 498740 684 

B. burgdorferi (ATCC 35210 / B31 / CIP 
102532 / DSM 4680) 

UP000001807 224326 512 

B. burgdorferi (ZS7) UP000006901 445985 359 

B. chilensis (VA1) UP000030940 1245910 93 

B. finlandensis (SV1) UP000006166 498741 409 

B. garinii (PBr) UP000006103 498743 515 

B. japonica (ATCC 51557) UP000199262 34095 0 

B. mayonii (MN14-1539) UP000185492 1674146 328 

B. spielmanii (A14S) UP000003481 498742 323 

B. valaisiana (VS116) UP000006163 445987 517 

Candidatus B. tachyglossi (Bc-F10-
1268) 

UP000244655 1964448 147 

 

 

 

2.2.1.2 Phylogenetic analysis of BBJ25 homologs  

BBJ25 from B. burgdorferi B31 was used as a query sequence for PSI-BLAST searches (NCBI) 

and two iterations were used to yield 91 full-length sequences. Expasy Decrease Redundancy 

was then used and sequences with >95% identity to other sequences were removed. The 

subsequent 30 sequences were aligned using MUSCLE (Edgar, 2004) and a phylogenetic tree 

was generated in MEGAX using the Maximum Likelihood method and a JTT matrix-based 

model. The JTT+G model was chosen based on a ranking of 60 models by prottest3 (Darriba 

et al., 2011). A bootstrap method was applied using 1000 replications.  

 

2.2.1.3 Phylogenetic analysis of the BBJ25 operon 

Genomic DNA corresponding to the predicted operon were extracted from the NCBI 

Nucleotide database. The precise region was determined by the first/last codon of the 

first/last gene  (either BBJ23 to BBJ29 for Group 1 or BBJ23 to BBJ25 for Group 2). Reverse 

Table 2.4. Non-redundant proteomes of B. burgdorferi s.l. Plasmid information was obtained from UniProtKB.  
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Complement (Stothard, 2000) was used as necessary to convert all sequences to the forward 

strand.  

 

Accession Code Region Species Plasmid Name 

CP001309.1  13943-20412 B. garinii PBr PBr_lp17 

CP002258.1  13122-19592 B. burgdorferi 297 297_lp38 

AE000787.1 16520-23008 B. burgdorferi B31 lp38 

NC_012185.1  55156-61633 B. valaisiana VS116 VS116_lp28-3 

NZ_QBLM01000004.1  

 

31228-37699 

(reverse) 

B. turdi  

TPT2017  

lp30 contig4 

CP005719.1  2259-9343 B. hermsii  

YBT 

Contig0014 

CP005838.1  1-8253  

(reverse) 

B. anserina  

BA2  

Contig0010 

CP028884.1:  947190-953518 B. turcica  

IST7  

chromosome 

CP001442.1 

 

5941-11964 

(reverse) 

B. valaisiana VS116 VS116_lp28-8 

NZ_QBLN01000011.1  

 

6179-12518 B. turdi strain 

T1990A  

contig11 

CP002947.1  5392-11724 

(reverse) 

B. afzelii  

PKo  

lp28-8 

CP001465.1  9552-15884 

(reverse) 

B. spielmanii A14S  lp28-8 

FMTE01000008.1 10240-16576 B. japonica ATCC 

51557  

contig: 

Ga0052881_scaffold00007.7 

NZ_CP025786.1  

 

76006-78423 

(reverse) 

Candidatus B. 

tachyglossi  

Bc-F10-1268  

pl78 

MDCO01000010.1  171623-177612 Brachyspira 

hampsonii  P280/1  

chromosome 

Table 2.5. GenBank accession codes and genomic regions used for phylogenetic analysis of the putative 
operon. 
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DNA sequences were aligned using MUSCLE (Edgar, 2004) using the default parameters in 

MEGAX (penalties for gap open -400, gap extend 0, maximum iterations 16, cluster method 

UPGMA, Max Diagonal Length 16). The sequence alignment was exported in NEXUS format 

(number of sequences: 15, number of sites: 10158). In order to use Maximum Likelihood 

algorithms, jModelTest (Posada, 2008), was used to select a nucleotide substitution model. 

The initial base tree was inferred by Maximum Likelihood. The models were then ranked 

according to Akaike Information Criterion (AIC) (Akaike, 1974), and Akaike Information 

Criterion corrected for small sample sizes (AICc) (Hurvich & Tsai, 1989). Phylogenetic trees 

were inferred using the bootstrap method (1000 replicates) and the General Time Reversible 

Model (GTR) with Gamma Distributed rates among sites (number of discrete gamma 

categories = 5) using MEGAX (Kumar et al., 2018). Neighbouring genes and their locations 

were identified from complete genome sequences in GenBank (NCBI) and displayed using the 

gggenes package in R (R Core Team, 2021). Predicted operons were identified using Operon-

Mapper (Taboada et al., 2018). 

 

2.2.2 Secondary structure prediction  

DNA sequences of genes of interest were obtained from the National Centre for 

Biotechnology Information (NCBI) database and were translated using the ExPASy Translate 

tool. Protein sequences were first subject to protein BLAST analysis to identify any similar 

sequences in the protein databank. The NCBI BLAST tool was used for BLAST searches and 

default algorithm parameters were used, with BLOSUM62 as the scoring matrix. Outer 

membrane protein sequences were then analysed using SignalP 5.0 to identify signal 

sequence sites for removal when designing constructs for recombinant expression in inclusion 

bodies. Gram negative was selected as the organism group and default parameters were 

used. All target sequences were then submitted to the secondary structure prediction server 

PSI-PRED to identify any potential structural elements and disordered regions, which was 

essential for designing truncations where sequences shared low homology to known 

sequences in the Protein Data Bank (PDB).  
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2.2.3 Preparation of competent E. coli  

E. coli cells were streaked onto LB agar plates (no antibiotics) from either a Mach1 

(Invitrogen™) or Rosetta glycerol stock and were grown overnight at 37°C. A single colony was 

used to inoculate 5 mL of SOB and the culture was grown overnight at 37°C/250 rpm. The 

following day, 200 mL of SOB medium was inoculated with 5 mL of overnight culture and was 

grown until an OD600 of 0.45-0.55 was reached. Aliquots of culture were dispensed into 

centrifuge tubes and cells were centrifuged at 2500 g for 5 minutes. The supernatant was 

discarded and the pellets were gently resuspended in ice cold TFB1 and centrifuged as before. 

The buffer was discarded and the cells were resuspended in ice cold TFB2 and split into 500 

µL aliquots, which were frozen in liquid nitrogen.  

 

2.2.4 High throughput Ligation Independent Cloning (LIC) 

Ligation Independent Cloning (LIC) techniques were used to allow a high-throughput 

approach to produce multiple constructs. A graphical summary of the process can be seen in 

figure 2.1.  
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Figure 2.1. Schematic diagram of the Ligation Independent Cloning method. 
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2.2.4.1 PCR amplification of genomic DNA 

The appropriate forward and reverse primers for each construct (table 2.1) were mixed to a 

concentration of 2.5 µM each. A master mix was prepared consisting of the following; 5x 

Phusion HF Buffer, dNTP set (Bioline) mixed to a final concentration of 10 mM, sterile nuclease 

free H2O (Invitrogen), Phusion® High-Fidelity DNA Polymerase (New England Biolabs®), 

template DNA (30 ng/µL). 1x master mix was added to each tube, followed by primer mix.  

Standard PCR was carried out in a thermocycler using the following conditions: 94°C for 5 

minutes, 25 cycles at [94°C for 30 seconds; 50°C for 30 seconds; 68°C for 1 minute], 72°C for 

10 minutes. PCNA was used as the template DNA for the positive control and the negative 

control substituted the DNA for sterile nuclease free water. For optimisation where a low 

yield was obtained, PCR was carried out using 30 ng/µL of the B. burgdorferi DNA from DSMZ 

as a template, rather than the genomic DNA obtained from the replication kit.  

 

2.2.4.2 Preparation of vectors and inserts 

Digestion of vectors was carried out by mixing sterile nuclease free water (Invitrogen), 

CutSmart® Buffer (New England Biolabs®), 5 µg of plasmid and BsaI restriction enzyme (New 

England Biolabs®). The mixture was incubated at 50°C for 2 hours. Both the amplified inserts 

and digested plasmids were then purified using the QIAquick PCR Purification Kit (Qiagen) 

according to the manufacturer’s instructions. Following purification, the BsaI- digested 

vectors and the inserts were treated with T4 DNA polymerase to create cohesive ends. The 

mixture for the inserts contained: 10x NEB Buffer 2.1 (New England Biolabs®), 25 mM dCTPs, 

100 mM DTT, sterile nuclease free water (Invitrogen), purified insert and T4 DNA Polymerase 

(New England Biolabs®). The vector mixture was the same except the dCTPs were substituted 

for dGTPs. The mixtures were then incubated in a thermocycler at 22°C for 30 minutes and 

then 75°C for 20 minutes. 

 

2.2.4.3 Ligation and transformation into Mach1 competent E. coli 

For ligating the T4 treated vectors and inserts, a ratio of 1:2 was used of vector to insert and 

the mixture was incubated at room temperature for 30 minutes. 30 µL of Mach1 E. coli cells 

(Invitrogen) were then added to the plasmid/insert mixture and this was incubated on ice for 

30 minutes. A heat shock was carried out in a water bath at 42°C for 45 seconds and the tubes 
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were placed back on ice for 2 minutes. 90 µL of 2x LB was added to the tubes and this was 

incubated at 37°C, 200 rpm for at least 60 minutes. 100 µL of each transformation was then 

spread onto LB agar plates containing 5% sucrose and kanamycin (50 µg/mL) and these were 

incubated overnight at 37°C. 

 

2.2.4.4 Colony screen PCR 

Colonies present on sucrose selection plates were screened for the presence of the correct 

construct. The reaction mixture was prepared using 5x MyTaq™ Reaction Buffer Red (Bioline), 

DMSO, sterile nuclease free H2O (Invitrogen), 10 μM pLIC primer mix and MyTaq™ Red DNA 

Polymerase (Bioline). A colony was picked from the plate using a sterile pipette tip and was 

dipped into the reaction mixture before being used to inoculate 5 mL of LB containing 

kanamycin (50 µg/mL). The thermocycler was pre-heated to 95°C and the colony PCR was 

carried out using the following conditions: 95°C for 10 minutes, 30 cycles at (95°C for 30 

seconds; 50°C for 30 seconds; 72°C for 1 minute), 72°C for 5 minutes. Cultures were grown at 

37°C/180 rpm overnight.  

 

2.2.4.5 Plasmid miniprep and transformation into Rosetta cells 

Cells containing successful clones identified through DNA agarose gel analysis (section 2.2.4.7) 

were used to prepare overnight cultures for a plasmid miniprep. The plasmids were isolated 

using the ISOLATE II Plasmid Mini Kit (Bioline) according to the manufacturer’s instructions. 

Purified plasmids were then transformed into E. coli Rosetta cells using methods described in 

section 2.2.4.3 and were grown on LB agar plates containing kanamycin (50 µg/mL) and 

chloramphenicol (34 µg/mL).  

 

2.2.4.6 DNA quantification 

To assess the concentration and purity of the DNA samples, a NanoDrop™ 2000/2000c 

Spectrophotometer (Thermo Scientific™) was used. Water was used as a blank and then 2 µL 

of sample was loaded on to the pedestal. The concentration given was noted and the A260/A280 

value was used to assess purity.  
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2.2.4.7 DNA agarose gel electrophoresis 

DNA agarose gel electrophoresis was used to analyse PCR products. 1x TBE buffer was 

prepared and a 1.5% agarose gel was poured containing SYBR® Safe DNA Gel Stain 

(Invitrogen™). Samples were diluted with ddH2O and 6x DNA Gel Loading Dye (New England 

Biolabs®) was added. Colony screen samples were loaded directly onto the gel. The gel was 

ran at 80 V for 1 hour in 1x TBE buffer.  

 

2.2.5 Small scale protein expression  

Successful clones identified from DNA agarose gel electrophoresis of colony screen samples 

were transformed into E. coli Rosetta cells and streaked on LB agar containing kanamycin (50 

µg/mL) and chloramphenicol (34 µg/mL). Colonies were scraped from the plate and used to 

inoculate 5 mL of LB containing the appropriate antibiotics. Cultures were grown overnight at 

37°C/180 rpm in an orbital shaker. The following day, 50 mL of LB (kanamycin, 50 µg/mL) was 

inoculated with 500 µL of overnight culture and grown at 37°C/180 rpm until an OD600 of ~0.6 

was reached. Cells were then induced by the addition of isopropyl β-D-1-

thiogalactopyranoside (IPTG) to a working concentration of 1 mM.  

 

Protein expression was carried out overnight at 18°C/180 rpm and cells were then pelleted 

using centrifugation at 2500 g, 4°C for 30 minutes. The supernatant was discarded and the 

pellets resuspended in 3 mL of Lysis Buffer 1. To aid lysis and remove contaminating DNA, 0.5 

mg/mL lysozyme was added along with Thermo Scientific™ Pierce™ Universal Nuclease for 

Cell Lysis and samples were incubated at 4°C for 1 hour. The cells were placed on ice and 

further disrupted by pulsed sonication at an amplitude of 50%, 5 seconds on 10 seconds off 

for 2 minutes. Lysates were then split into microfuge tubes and centrifuged in a benchtop 

centrifuge at 13,500 rpm, 4°C for 30 minutes. Following centrifugation, the supernatant was 

retained as the soluble fraction and the insoluble pellet resuspended in Denaturing Buffer for 

SDS-PAGE analysis. The soluble fraction was then transferred to a 15 mL conical tube and 

diluted 2-fold with Lysis Buffer 1 to reduce viscosity.  
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2.2.6 Soluble protein screening  

For equilibration and to remove residual ethanol, 1 volume of Nickel-Nitrilotriacetic acid (Ni-

NTA) beads were centrifuged at 2500 g for 2 minutes and the ethanol poured off. The beads 

were then resuspended in 1 volume of ddH2O and centrifuged as before. This process was 

repeated a further 2 times. Finally, 1 volume of Lysis Buffer 0 was added to the beads and 

centrifuged as before 3 times.  

 

500 µL of equilibrated 50% Ni-NTA beads were added to the soluble fractions and the tubes 

were incubated at 4°C/100 rpm overnight to bind the protein to the beads. The following day 

the beads were pelleted by centrifuging samples at 2500 g, 4°C for 5 minutes and the 

supernatant was poured off. The soft pellet was then resuspended in 1 mL of Lysis Buffer 1 

and transferred to a microfuge tube. This was incubated for 10 minutes as an initial wash step 

and centrifuged at 2500 g for 2 minutes, with the supernatant removed following 

centrifugation. A further 5 washes were performed by resuspending the beads in 1 mL of 

Wash Buffer and centrifuging as before. To elute the bound protein, 200 µL of Elution Buffer 

was added to each pellet and incubated for 30 minutes at 4°C/100 rpm. Samples were 

centrifuged as previously described and the supernatant was retained and stored at 4°C. 

Eluates were analysed using SDS-PAGE to determine whether soluble protein was present.  

 

2.2.7 Chemotaxis protein methyltransferase (BbCheR) 

2.2.7.1 Recombinant soluble expression  

E. coli Rosetta cells containing the recombinant plasmid were streaked on an LB agar plate 

containing kanamycin (50 µg/mL) and chloramphenicol (34 µg/mL) and overnight cultures 

were prepared as previously described. The following day, 6 Erlenmeyer flasks containing 500 

mL of LB (kanamycin, 50 µg/mL) were each inoculated with 5 mL of overnight culture and 

were grown at 37°C/180 rpm until an OD600 of 0.6 was reached. Cells were induced with 1 

mM IPTG and protein expression carried out at 18°C/180 rpm overnight. Cultures were 

centrifuged at 10,000 g, 4°C for 30 minutes to pellet the cells. Cell pellets were then 

resuspended in 50 mL of Lysis Buffer 1 per litre of culture and were incubated on ice with 0.5 

mg/mL lysozyme and Thermo Scientific™ Pierce™ Universal Nuclease for Cell Lysis for 1 hour. 

Following incubation, cells were split into 50 mL batches and were further disrupted by 
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sonication at an amplitude of 80%, 10 seconds on 10 seconds off for 10 minutes. Lysates were 

centrifuged at 33,000 g, 4°C for 60 minutes to separate soluble and insoluble material. The 

supernatant containing the soluble protein was retained for purification and the pellet 

resuspended in Denaturing Buffer for SDS-PAGE analysis.  

 

2.2.7.2 Ni-NTA Immobilised Metal Affinity Chromatography (IMAC) 

The Ni-NTA IMAC column was prepared by pipetting 4 mL of 50% Nickel-Nitrilotriacetic acid 

(Ni-NTA) beads (Thermo Scientific™) into a 30 mL Econo-Pac column and the storage ethanol 

was allowed to drip through, leaving a 2 mL bed volume. The resin was equilibrated with 10-

column volumes of H2O and then 10-column volumes of Lysis Buffer 0. The clarified lysate was 

applied to the equilibrated resin and the flow through collected. The resin was then washed 

with 10-column volumes of Wash Buffer and the flow through collected. Finally, the protein 

was eluted with 10-column volumes of Elution Buffer and 2-column volume fractions were 

collected.   

 

2.2.7.3 Expression tag removal 

The protein concentration of the pooled fractions was estimated using a NanoDrop™ 

2000/2000c Spectrophotometer (Thermo Scientific™). To cleave the tag, TEV protease was 

added to the sample at a minimum mass ratio of 1:20 (TEV:Protein). The sample was then 

pipetted into pre-wetted Thermo Scientific™ SnakeSkin™ 3.5K MWCO Dialysis Tubing, with 

one end sealed. The other end was sealed after removing air and the tubing was attached to 

a float and left in Dialysis Buffer overnight. The following day, the sample was passed through 

equilibrated Ni-NTA resin in a 30 mL Econo-Pac column twice and the flow through retained. 

To remove any remaining protein, the TEV protease and the bound expression tag, 2-column 

volume elutions of 20 mM, 40 mM, 100 mM and 300 mM imidazole were collected. Samples 

containing the cleaved protein were pooled and concentrated using a Pierce™ Protein 

Concentrator PES, 10K MWCO (Thermo Scientific™). 

 

2.2.7.4 Size Exclusion Chromatography (SEC) 

A GE Healthcare Superdex 75/300 GL column was equilibrated with 2 column volumes of SEC 

Buffer and 1 mL of sample was injected into a 1 mL flow loop. The sample was applied to 
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column and proteins eluted with 1-column volume of SEC Buffer. Fractions under peaks were 

collected and analysed using SDS-PAGE. Fractions containing the protein of interest were 

pooled, concentrated and snap frozen in liquid nitrogen in preparation for structural studies. 

The void volume of the column was determined using blue dextran and a calibration curve 

was prepared using BioRad Gel Filtration Standards (figure 2.2).  

 

 

2.2.8 Outer Membrane Proteins (OMPs) 

2.2.8.1 Harvesting of OMPs from inclusion bodies 

OMP constructs were expressed following the same procedure as for the soluble protein. Cell 

pellets were resuspended in OMP Lysis Buffer, incubated with 0.5 mg/mL lysozyme and 

Thermo Scientific™ Pierce™ Universal Nuclease for Cell Lysis for an hour and were then 

sonicated as previously described. After centrifuging the lysate to separate the soluble and 

insoluble components, a sample of supernatant was taken for SDS-PAGE and the pellet 

retained for further purification. The pellet was resuspended in 10 mL of Pellet Wash Buffer 

1 per gram of pellet and was sonicated at an amplitude of 50%, 5 seconds on, 10 seconds off 

for 30 seconds. The sample was centrifuged at 10,000 g, 4°C for 20 minutes and the 

supernatant discarded. Wash 1 was repeated. The pellet was then resuspended in Pellet Wash 

Figure 2.2. Size exclusion calibration curve of known molecular weight protein standards. The log molecular 
weight of the protein standards is plotted against the volume they eluted in. 
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Buffer 2 and centrifuged as previously described. The final two washes were carried out using 

Pellet Wash Buffer 3. The washed pellet was resuspended in Denaturing Buffer and incubated 

at room temperature overnight. The solubilised pellet was then clarified by centrifugation at 

20,000 g for 40 minutes.   

 

2.2.8.2 IMAC and on-column refolding 

A 5 mL GE Healthcare HiTrap HP Ni-NTA column was attached to an AKTA Prime FPLC and was 

equilibrated with Denaturing Buffer. The sample was loaded by cycling it through the column 

at 0.1 mL/min overnight. After loading, the column was re-equilibrated with 10-column 

volumes of Denaturing Buffer until a baseline was reached. Protein refolding was performed 

on the column, using a gradient from Denaturing Buffer to Refolding Buffer at 0.5 mL/min 

over 180 mL. On completion of the gradient, a further 5-column volumes of Refolding Buffer 

was ran through. This was followed by 10-column volumes of OMP Wash Buffer to remove 

any non-specific proteins and other contaminants. Finally, OMP Elution Buffer was ran 

through while collecting 1 mL fractions until the target protein had eluted. Fractions under 

the peak were collected for SDS-PAGE analysis and pooled. Pooled samples were then 

concentrated using a Pierce™ Protein Concentrator PES, 10K MWCO (Thermo Scientific™). 

 

2.2.8.3 Size exclusion chromatography and detergent exchange 

Following protein concentration, ~500 µL of protein was injected onto a GE Healthcare 

Superdex 75/300 GL column equilibrated with OMP SEC Buffer 1 or OMP SEC Buffer 2. As 

OMP SEC Buffer 1 contained a different detergent to the one present in the protein solution, 

size exclusion chromatography enabled exchange of the detergent without the need for 

dialysis. The sample was applied to column using a 1 mL flow loop and was eluted with 1-

column volume of buffer. Fractions under peaks were collected for SDS-PAGE analysis and 

those containing the protein of interest were pooled, concentrated and snap frozen in liquid 

nitrogen.  

 

2.2.9 Protein concentration determination 

Protein concentrations were estimated using a NanoDrop™ 2000/2000c Spectrophotometer 

(Thermo Scientific™). An appropriate buffer was used as a blank and then 2 µL of protein 



 

 
67 

sample was loaded on to the pedestal. The concentration was estimated using the absorbance 

of the sample at 280 nm and the theoretical extinction coefficient of the sample as calculated 

by the online ExPASy ProtParam tool.  

 

2.2.10  SDS-PAGE 

Samples were prepared by mixing NuPAGE™ LDS Sample Buffer (4X), NuPAGE™ Sample 

Reducing Agent (10X) and an appropriate amount of protein sample. These were then heated 

at 75°C for 10 minutes and were loaded onto either a precast or homemade gel. 10 µL of 

either Invitrogen™ Novex™ Sharp Pre-stained Protein Standard or Precision Plus Protein™ 

Dual Xtra Prestained Protein Standard was also loaded. For precast gels, samples were loaded 

onto an Invitrogen™ Bolt™ 4-12% Bis-Tris Plus Gels, 12-Well gel and were ran in Invitrogen™ 

Novex™ Bolt™ MES SDS Running Buffer at 165 V constant for 45 minutes. When not using 

precast gels, 12% gels were cast using the Invitrogen™ SureCast™ Gel Handcast System. A 

resolving gel was prepared using SureCast™ Acrylamide (40%), SureCast™ Resolving Buffer, 

ddH2O, SDS, 10% SureCast™ APS and SureCast™ TEMED. A 4% stacking gel was prepared with 

the same components, replacing the SureCast™ Resolving Buffer for SureCast™ Stacking 

Buffer. Prepared gels were then ran in Invitrogen™ Novex™ Tris-Glycine SDS Running Buffer 

at 125 V constant for 90 minutes.  After gels had been removed from the cassette, they were 

stained in Coomassie Blue R250 stain and then destained until background stain had been 

removed.  

 

2.2.11  Western blotting 

Following SDS-PAGE, the wells and foot of the gel were removed ready for transfer. A PVDF 

membrane was activated in methanol, followed by H2O and finally transfer buffer. The 

sponges and filter paper were also pre-wetted in transfer buffer. The transfer sandwich was 

prepared as shown in figure 2.3, with the gel placed on the PVDF membrane and a sponge 

and two pieces of filter paper each side of the gel/membrane. The sandwich was then placed 

into an Invitrogen™ Mini Blot Module, with the gel closest to the module cathode. A wet 

transfer was carried out in transfer buffer at 20 V for 60 minutes. The membrane was blocked 

overnight in 5% milk TBS and was then washed 3 times in 0.1% TBST. Primary and secondary 

antibodies were made up in 5% milk TBST, as described in table 2.5. Primary antibody 
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incubation was carried out for 1 hour and was followed by 3 washes in 0.1% TBST. The 

membrane was then incubated with a secondary antibody for 1 hour and was washed 3 times 

in 0.01% SDS TBST. After a final wash in TBS, the membrane was imaged at 680nm using a 

LICOR Odyssey infrared imaging device (LI-COR Biosciences).  

 

 

 

 

 

 

Antibody  Description  Ratio 
(in 5% milk TBST) 

Mouse anti-HisTag Monoclonal 
Antibody (ProteinTech) 

Primary antibody detecting the 
histidine tag of recombinant proteins 

1:10000 

Mouse anti Human Complement 
Factor H Antibody (BioRad) 

Primary antibody detecting the human 
complement factor H 

1:5000 

IgG (H+L) Cross-Adsorbed Goat 
anti-Mouse, Alexa Fluor® 680 
(Invitrogen™) 

Secondary antibody with fluorescence 
at 680nm  

1:15000 

 

2.2.12  Affinity ligand binding immunoblot (ALBI) 

In order to identify if any of the OMP targets bound to human complement factor H (FH), an 

ALBI was carried out using the dot blot method. Each protein was prepared in OMP SEC Buffer 

Table 2.6. Antibodies used for Western blotting. The name and supplier of the antibody is given in the first 
column, followed by a description including whether it used as a primary or secondary antibody and what it 
detects. The final column shows the concentration of antibody used, given as a ratio, in 5% milk TBST. 

Figure 2.3. Arrangement of the blot sandwich. The blot sandwich is arranged with a sponge and two filter 
papers either side of the gel and PVDF membrane. The gel is placed underneath the membrane, closest to the 
module cathode. The current during transfer passes from the cathode to the anode. 
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2 at a concentration of 1 mg/mL. A grid was marked on a PVDF membrane and proteins were 

pipetted directly onto the membrane, increasing from 1 µL dots up to 4 µL dots (1 µg – 4 µg). 

The membrane was blocked overnight in 5% milk TBS and was then washed 3 times in 0.1% 

TBST. Following this, the membrane was incubated overnight with 30 µg/mL of complement 

factor H from human plasma (Sigma Aldrich) in TBS. Washes were carried out as before in 

0.1% TBST and antibody incubations were carried out as described above, using 1:5000 mouse 

anti human complement factor H antibody (BioRad) as the primary antibody and 1:15000 IgG 

(H+L) cross-adsorbed goat anti-mouse, Alexa Fluor® 680 (Invitrogen™) as the secondary 

antibody. 

 

2.2.13  Crystallography screens  

2.2.13.1  Hanging drop vapour diffusion  

Membrane protein crystal trials were carried out using hanging drop vapour diffusion. Trays 

were set up using CELLSTAR® 24 well culture plates and MemPlus™ reagents were purchased 

from Molecular Dimensions (Newstead et al., 2008). The edge of each well was lined with 

high vacuum grease and 500 µL of reagent was added to each well. The protein solution (~5 

mg/mL) was centrifuged at 13,500 rpm for 10 minutes to remove any precipitates formed 

when thawing and 1 µL of sample was pipetted in the centre of an 18 mm x 18 mm coverslip. 

The protein drop was mixed with 1 µL of well solution and the coverslip inverted with the 

drop facing into the well. The plate was then analysed under a microscope to assess the initial 

appearance of drops and then it was placed in a 20°C incubator. The plate was viewed after 3 

and 7 days and then once per week thereafter to screen for crystals.  
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2.2.13.2 Sitting drop vapour diffusion  

High throughput protein crystal screens for soluble BbCheR protein were set up using sitting 

drop vapour diffusion. Trays were set up using JCSG-plus™ and PACT premier™ sparse matrix 

screens from Molecular Dimensions (Newstead et al., 2008) and 50 µL of reservoir solution 

was pipetted into the wells of a Swissci 96-well 2 drop MRC-Crystallization Plate (Molecular 

Dimensions) using a multichannel pipette. Protein solution (~8.9 mg/mL) was rapidly thawed 

from a frozen stock and was centrifuged at 13,500 rpm for 10 minutes to remove any 

precipitate present from thawing. Two plates were set up using the JCSG-plus™ screen and 

one using the PACT premier™ screen. For the first JCSG-plus™ screen and the PACT premier™ 

screen, 1 µL of protein was pipetted onto the raised conical wells and was mixed with 1 µL of 

reservoir solution. The JCSG-plus™ screen utilised both drop wells, with the first containing 

0.75 µL of protein and 1.5 µL of reservoir solution and the second containing 1.5 µL of protein 

and 0.75 µL of reservoir solution. Plates were then sealed with a sealing film and initial drop 

observations were done under a microscope. The plates were incubated at 20°C and 

monitored for crystal formation at 3 and 7 days and then once per week thereafter. For co-

crystallisation attempts,  protein in 20 mM HEPES pH 7.5, 125 mM NaCl and 5% glycerol at a 

concentration of ~8.9 mg/mL was mixed with S-adenosyl-L-homocysteine (SAH) to 1.25 mM. 

The BbCheR-SAH solution was used to prepare trays as previously described.  

 

Figure 2.4. A diagram summarising the hanging drop vapour diffusion well setup. 24 well plates were used and 
each well was set up as demonstrated in the diagram. 500 µL of well solution was used and protein drops 
contained 1 µL of protein mixed with an equal amount of well solution. 
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Figure 2.5. A diagram summarising the sitting drop vapour diffusion well setup. Swissci 96-well 2 drop MRC-
Crystallization Plates were used and each well was set up as demonstrated in the diagram. 50 µL of reservoir 
solution was used and protein drops contained varied amounts of protein to reservoir solution depending on 
the screening conditions. 
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Chapter 3   Target identification and cloning of Borrelia constructs 

3.1 Target identification and construct design 

3.1.1 Identification of Borrelia OMPs and potential soluble proteins 

Six protein targets coded on the B. burgdorferi B31 chromosome were identified for this 

project (table 3.1 and 3.2) which included 4 predicted OmpA-like β-barrel proteins and 2 

potentially soluble targets. Predicted β-barrel outer membrane proteins from Borrelia were 

selected based on previous work by Dr Adam Dyer (Dyer et al., 2015). OmpA-like proteins 

were identified using a Hidden Markov Model (HMM) approach, as BLAST searches using E. 

coli OMPs such as OmpA, OmpX and OmpW as a reference were not sensitive enough to 

identify homologues based on sequence similarity due to the high sequence variability of 

OmpA proteins (Schulz, 2000). While previous research focused on a single protein from 

Borrelia afzelii, BAPKO_0422, this project widened the approach to investigate 4 paralogous 

genes in Borrelia burgdorferi s.s; BB_0027, BB_0405, BB_0406 and BB_0562.  

 

Name Accession 
Number (NCBI) 

Protein (B31 
Chromosome) 

No of 
Amino 
Acids 

BLAST (PDB) 

BB_0027 NP_212161 Hypothetical protein 212 No putative conserved domains 

BB_0405 NP_212539 Hypothetical protein 203 No putative conserved domains 

BB_0406 NP_212540 Hypothetical protein 203 No putative conserved domains 

BB_0562 NP_212696   Hypothetical protein 180 No putative conserved domains 

 

Potentially soluble targets were selected due to the challenges of crystallising membrane 

proteins and soluble proteins are more likely to produce quality crystals. The search for 

potentially soluble target proteins was narrowed down to the B. burgdorferi B31 chromosome 

and then proteins under positive selection were selected. This was defined by a Ka/Ks 

(number of non-synonymous substitutions per non-synonymous site (Ka)/the number of 

synonymous substitutions per synonymous site (Ks)) value above 1, based on supplementary 

data from (Mongodin et al., 2013). After sequences were analysed for homology to other 

known structures in the Protein Data Bank (PDB), domains predicted and signal sequences 

Table 3.1. Overview of the outer membrane protein targets. The gene/protein name is given in the first column 
followed by the NCBI accession number, the function of the protein, the size in amino acids and the result from 
a protein BLAST sequence search against the Protein Data Bank (PDB). 
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identified, any proteins predicted to be membrane proteins were ruled out as potential 

targets.  

 

Name Accession 
Number 
(NCBI) 

Protein (B31 
Chromosome) 

Ka/Ks 
Value 

No of 
Amino 
Acids 

BLAST (PDB) 

BB_0095 NP_212229 Hypothetical 
protein 

2.03 181 No putative conserved 
domains 

BB_0040 NP_212174 Chemotaxis protein 
methyltransferase 

2.01 283 Putative conserved 
domains 

 

3.1.2 Signal sequence analysis 

The four membrane proteins (BB_0027, BB_0405, BB_0406 and BB_0562) were analysed 

using SignalP 5.0 to predict their signal sequences (figure 3.1). While full length proteins were 

cloned, primers were also designed in order to exclude the signal sequence and avoid 

translocation of the protein into the membrane of E. coli during expression, allowing inclusion 

body formation. All four OMPs; BB_0027, BB_0405, BB_0406 and BB_0562, showed a 

predicted signal sequence score equal to or above the cut-off probability of 0.5.  

 

 

 

 

 

 

 

Table 3.2. Overview of the potentially soluble protein targets. The gene/protein name is given in the first 
column followed by the NCBI accession number, the function of the protein, the Ka/Ks value (Mongodin et al., 
2013), the size in amino acids and the result from a protein BLAST sequence search against the Protein Data 
Bank (PDB). 
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Figure 3.1. Outputs from SignalP 5.0 analysis of Borrelia OMP targets. A) BB_0562. B) BB_0027. C) BB_0405. 
D) BB_0406. The amino acid sequence of each protein is shown along the bottom of the graph, with S 
representing the signal sequence, C showing the cleavage site and L referring to a lipoprotein signal sequence. 
The red line represents the probability of each amino acid being part of the signal sequence, with a score above 
0.5 considered significant. The green dashed line shows the probability of the cleavage site location and the 
blue dotted line represents the probability of a lipoprotein signal sequence. 

A B 

C D 
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3.1.3 Multiple sequence alignments 

Sequences of the predicted OmpA-like proteins; BB_0027, BB_0405, BB_0406 and BB_0562 

from B. burgdorferi s.s were aligned using MUSCLE (Edgar, 2004) (figure 3.2). The areas of 

similarity are proposed to be the membrane spanning regions separated by loop/turn regions 

which have much lower similarity (Dyer et al., 2015). Paralogues BB_0405 and BB_0406 share 

52% sequence identity, but BB_0027 appears more distantly related, with similarity only seen 

in the proposed membrane spanning regions.  

 

A BLAST search of the protein sequence for BB_0040 against sequences in the PDB showed 

yielded 3 chemotaxis protein methyltransferases from the CheR family, with BB_0040 sharing 

36% sequence identity to the PICheR from Bacillus subtilis (BsCheR), 34% identity to CheR1 

 

 

Figure 3.2. Multiple sequence alignment of Borrelia OMPs. The sequences BB_0405, BB_0406 and predicted 
OMPs BB_0562 and BB_0027 were aligned using MUSCLE (Edgar, 2004). The signal sequence as predicted by 
SignalP 5.0 is highlighted. 
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from Pseudomonas aeruginosa and 33% identity to the PDCheR from Salmonella typhimurium 

(StCheR). Using MUSCLE (Edgar, 2004), a multiple sequence alignment of the Borrelia 

burgdorferi CheR (BbCheR) with 11 other CheR proteins from different Gram negative 

bacteria (figure 3.3) identified that BbCheR contains the conserved structural motif thought 

be involved in catalytic activity and the binding of S-adenosylmethionine (SAM) and S-

adenosyl-L-homocysteine (SAH). BbCheR lacks the conserved residues found in the β-

subdomain of PDCheRs that are  involved in pentapeptide binding and is therefore likely a 

PICheR.  
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Figure 3.3. Multiple sequence alignment of CheR sequences from various Gram negative bacteria. The amino 
acid sequence for B. burgdorferi CheR was aligned with PDCheRs (S. flexneri, Escherichia coli, S. typhimurium, Y. 
pestis, P. laumondii) and PICheRs (H. hepaticus, W. succinigenes, C. acetobutylicum, T. maritima, B. subtilis, C. 
jejuni). The black box highlights a conserved sequence motif thought to be involved in catalytic activity. The 
green boxes highlight residues in the β-subdomain that are important in PDCheRs for binding to the 
pentapeptide sequence. The red boxes highlight three conserved glycine residues in the β-subdomain of 
PDCheRs. Adapted from (Batra et al., 2016). 
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3.1.4 Secondary structure predication and primer design 

Truncations made to the N- and C- terminus of proteins have been found to increase 

recombinant protein expression levels and could help crystal formation (Gräslund et al., 

2008). For this reason, each protein target sequence was cloned full length and with a range 

of truncations made to either the N-terminal, C-terminal or a combination of both (figure 3.5). 

In order to determine truncation sites for each protein target, amino acid sequences obtained 

through NCBI were analysed using BLAST and SMART to identify any known homology to 

other proteins in the Protein Data Bank (PDB) and domain boundaries. PSI-PRED was used to 

predict secondary structure elements and disordered regions. The output from SignalP 

analysis was used to design constructs with just the signal sequence removed, but full length 

OMPs with the predicted signal sequence included were also designed. Two further N-

terminal truncations were also made for each OMP using the PSI-PRED outputs, to avoid 

removing major structural elements which could be detrimental to protein production and to 

remove any potential disordered regions. The PSI-PRED output for BB_0406 can be seen in 

figure 3.4 and outputs for the remaining proteins are provided in appendix 2.  

 

Numerous truncations of BB_0095 were made to both the N and C-terminus primarily using 

secondary structure predications from PSI-PRED, as a BLAST search of this protein did not find 

any conserved domains or significant similarities to other proteins in the PDB. Only one 

truncation was designed for BbCheR and this was at the N-terminus, removing the short 

region before the large SAM domain. Primers were designed starting from the first codon of 

each truncation and included appropriate sequence extensions for Ligation Independent 

Cloning, which was used to amplify each sequence and clone the constructs into the desired 

expression vector. 
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Figure 3.4. PSI-PRED output for BB_0406. The protein sequence for BB_0406 was obtained from NCBI and PSI-
PRED was used to predict protein secondary structure elements. 
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Construct code Protein (aa) 20 40 60 80 100 120 140 160 180 200 220 240 260 280

A05

A01 BB_0562 (1-180)

A02

A03

A04

BB_0027 (18-212)

BB_0027 (33-212)

BB_0405 (1-203)

BB_0405 (21-203)

A06

A07

A08

A09

A10

B10

BB_0405 (30-203)

BB_0405 (45-203)

B01

B02

B03

B04

A12

A11

B05

B06

B07

B08

B09

C05

C06

BB_0406 (21-203)

BB_0406 (1-203)

BB_0406 (43-203)

BB_0406 (54-203)

BB_0095 (1-181)

BB_0095 (4-181)

BB_0095 (24-181)

BB_0095 (37-181)

B11

B12

C01

C02

C03

C04

BB_0095 (24-157)

BB_0095 (37-157)

BB_0040 (1-283)

BB_0040 (15-283)

1

BB_0095 (1-130)

BB_0095 (4-130)

BB_0095 (24-130)

BB_0095 (37-130)

BB_0095 (1-157)

BB_0095 (4-157)

BB_0562 (16-180)

BB_0562 (27-180)

BB_0562 (38-180)

BB_0027 (1-212)

BB_0027 (3-212)

Figure 3.5. Borrelia protein constructs designed for LIC. Amino acid number is shown along the top. Blue bars: BB_0562 constructs, green bars: BB_0027 constructs, orange 
bars: BB_0405 constructs, purple bars: BB_0406 constructs, red bars: BB_0095 constructs, yellow bars: BB_0040 constructs. The first bar for each protein represents the 
full-length construct.  
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Code Construct (aa) Primer 
(forward) 

Primer 
(reverse) 

Length 
(bp) 

Vector PCR screen 
expected 
size 

A01 BB_0562 (1-180) BB0562-f0 BB0562-r0 543 pNIC28-Bsa4 828 

A02 BB_0562 (16-180) BB0562-f1 BB0562-r0 498 pNIC28-Bsa4 783 

A03 BB_0562 (27-180) BB0562-f2 BB0562-r0 465 pNIC28-Bsa4 750 

A04 BB_0562 (38-180) BB0562-f3 BB0562-r0 432 pNIC28-Bsa4 717 

A05 BB_0027 (1-212) BB0027-f0 BB0027-r0 639 pNIC28-Bsa4 924 

A06 BB_0027 (3-212) BB0027-f1 BB0027-r0 633 pNIC28-Bsa4 918 

A07 BB_0027 (18-212) BB0027-f2 BB0027-r0 588 pNIC28-Bsa4 873 

A08 BB_0027 (33-212) BB0027-f3 BB0027-r0 543 pNIC28-Bsa4 828 

A09 BB_0405 (1-203) BB0405-f0 BB0405-r0 612 pNIC28-Bsa4 897 

A10 BB_0405 (21-203) BB0405-f1 BB0405-r0 552 pNIC28-Bsa4 837 

A11 BB_0405 (30-203) BB0405-f2 BB0405-r0 525 pNIC28-Bsa4 810 

A12 BB_0405 (45-203) BB0405-f3 BB0405-r0 480 pNIC28-Bsa4 765 

B01 BB_0406 (1-203) BB0406-f0 BB0406-r0 612 pNIC28-Bsa4 897 

B02 BB_0406 (21-203) BB0406-f1 BB0406-r0 552 pNIC28-Bsa4 837 

B03 BB_0406 (43-203) BB0406-f2 BB0406-r0 486 pNIC28-Bsa4 771 

B04 BB_0406 (54-203) BB0406-f3 BB0406-r0 453 pNIC28-Bsa4 738 

B05 BB_0095 (1-181) BB0095-f0 BB0095-r0 546 pNH-TrxT 1158 

B06 BB_0095 (4-181) BB0095-f1 BB0095-r0 537 pNH-TrxT 1149 

B07 BB_0095 (24-181) BB0095-f2 BB0095-r0 477 pNH-TrxT 1089 

B08 BB_0095 (37-181) BB0095-f3 BB0095-r0 438 pNH-TrxT 1050 

B09 BB_0095 (1-130) BB0095-f0 BB0095-r1 393 pNH-TrxT 1005 

B10 BB_0095 (4-130) BB0095-f1 BB0095-r1 384 pNH-TrxT 996 

B11 BB_0095 (24-130) BB0095-f2 BB0095-r1 324 pNH-TrxT 936 

B12 BB_0095 (37-130) BB0095-f3 BB0095-r1 285 pNH-TrxT 897 

C01 BB_0095 (1-157) BB0095-f0 BB0095-r2 474 pNH-TrxT 1086 

C02 BB_0095 (4-157) BB0095-f1 BB0095-r2 465 pNH-TrxT 1077 

C03 BB_0095 (24-157) BB0095-f2 BB0095-r2 405 pNH-TrxT 1017 

C04 BB_0095 (37-157) BB0095-f3 BB0095-r2 366 pNH-TrxT 978 

C05 BB_0040 (1-283) BB0040-f0 BB0040-r0 852 pNH-TrxT 1464 

C06 BB_0040 (15-283) BB0040-f1 BB0040-r0 810 pNH-TrxT 1422 

 

 

Table 3.3. Details of the selected B. burgdorferi B31 gene targets. The code for each construct is shown in the 
first column, followed by the protein/gene name. The numbers under the name indicate which amino acid the 
construct begins and ends with. The forward and reverse primers used for amplification are indicated, followed 
by the length of the construct sequence in base pairs. The plasmid the construct was attempted to be cloned 
into is shown, followed by the expected colony screen size of the cloned construct in base pairs. 
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3.2 PCR amplification of target genes 

Genomic DNA from B. burgdorferi (DSMZ) was replicated using the REPLI-g Mini Kit (Qiagen) 

and 30 ng/µL was used as a template to amplify variations of six Borrelia genes from the B. 

burgdorferi chromosome. Each target was amplified using standard PCR conditions and a 

combination of the primers shown in table 2.1. Primer combinations for each construct are 

shown in table 3.3. A standard PCR reaction consists of an initial denaturing step, 

amplification cycles and a final extension step. The amplification cycles have three main 

stages:  

• Denaturing - Similar to the initial denaturing step, this involves heating the DNA to 

95°C to separate the double stranded DNA helix into single strands, to allow primers 

and enzymes to bind for amplification.  

• Annealing - The temperature is lowered to allow binding of primers to the DNA 

strand. This temperature is usually determined by the lowest melting temperature 

(Tm) of the primers.  

• Extension - The temperature is raised to 72°C to allow synthesis of the new DNA 

strand by Taq polymerase. The extension time is determined by the longest DNA 

template.  

 

A general annealing temperature of 50°C was used for all of the constructs as both forward 

and reverse primers are designed with long extensions for LIC, which affects the primer Tm.  

The forward primer extension and reverse primer extension sequences are highlighted in 

table 2.1. Initially, a low yield was obtained for inserts C5 and C6, so 30 ng/µL of the original 

non-replicated B. burgdorferi DNA purchased from DSMZ was used as a template, rather than 

the DNA product from the kit, producing a much higher yield. All constructs, apart from C5 

and C6, amplified first time and did not require optimisation of conditions. Both C5 and C6 

were optimised as previously mentioned. All the bands seen in figure 3.6 appear to be in the 

correct relative positions (sizes shown in table 3.3) and a pattern of decreasing band size can 

be seen for each gene, corresponding to a smaller length in base pairs due to truncations. The 

expected size for the PCNA positive control is 786bp and a band can be seen in around this 

size on each of the gels. PCNA was used as the template DNA for the positive control as it is 

considered robust for PCR applications.  
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Figure 3.6. A 1.5% DNA agarose gel of the amplified genomic DNA inserts A1-C6 from the B. burgdorferi B31 
chromosome. A Lane 1: NEB 2-Log DNA Ladder (0.1-10.0 kb). Lanes 2-13: Inserts A1-A12. Lane 14: Negative 
Control. Lane 15: PCNA positive control. Lane 16: NEB 2-Log DNA Ladder (0.1-10.0 kb). B Lane 1: NEB 2-Log DNA 
Ladder (0.1-10.0 kb). Lanes 2-13: Inserts B1-B12. Lane 14: Negative control. Lane 15: PCNA positive control. Lane 
16: NEB 2-Log DNA Ladder (0.1-10.0 kb). C Lane 1: NEB 2-Log DNA Ladder (0.1-10.0 kb). Lanes 2-7: Inserts C1-
C6. Lane 8: Negative control. Lane 9: PCNA positive control. Lane 16: NEB 2-Log DNA Ladder (0.1-10.0 kb). 
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3.3 Preparation of expression vectors 

Two pET28a expression vectors, pNIC28-Bsa4 and pNH-TrxT, were selected for cloning 

(appendix 1). For soluble targets, pNH-TrxT was used as it not only contains a 6x-Histidine tag 

but also thioredoxin, which can aid protein solubility. For OMP constructs, which are expected 

to be insoluble, pNIC28-Bsa4 was used as it only contains the 6x-His tag without a solubility 

partner. Both vectors are under the T7 promotor and lac operon system, allowing for tight 

control of expression using IPTG, and contain a TEV cleavage site for expression tag removal 

using a TEV protease.  Vectors were digested by incubation with BsaI restriction enzyme and 

samples were ran on a 1.5% agarose gel to ensure digestion. Both vectors are a similar size, 

with pNIC28-Bsa4 being 7284bp and pNH-TrxT being 7602bp and despite the bands of the 

ladder not being clear above 3000bp, the bands appear to be the correct relative size as they 

are near the highest ladder band of 10,000bp (figure 3.7). The smaller band visible at ~2000bp 

is a SacB stuffer region that is released during digestion. The SacB region is used as a negative 

selection marker, coding for levansucrase which breaks down sucrose into products that are 

toxic to E. coli, meaning that cells containing uncut vector are unable to grow when streaked 

on 5% sucrose plates.  

 

 

Figure 3.7. A 1.5% DNA agarose gel of the two cloning vectors after digestion with BsaI. Lane 1: NEB 2-Log 
DNA Ladder (0.1-10.0 kb). Lane 2: 10 µL of digested pNIC28-Bsa4 vector. Lane 3: 10 µL of digested pNH-TrxT 
vector. 
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3.4 Colony PCR of cloned constructs 

The digested vectors and PCR products from insert amplification were purified and then 

treated with T4 DNA polymerase to create cohesive ends for ligation and transformation into 

Mach1™ E. coli cells. T4 DNA polymerase is used in the presence of dCTP only for inserts and 

dGTP only for vectors. As T4 DNA pol has 3’-5’ exonuclease activity and no 5’-3’ exonuclease 

activity, it will remove bases in the 3’-5’ direction only. Bases will be removed up to the first 

complementary base to the nucleotide added to the reaction mixture, where the polymerase 

activity will incorporate the nucleotide. When using LIC techniques, long overhangs are 

created so a ligase is not required when combining the vector and insert, producing an 

annealed but nicked product. During transformation into E. coli, the host cell ligase is able to 

repair the nicks in the phosphodiester backbone of the new cloned construct.  

 

 

 

 

 

 

 

 

 

 

 

 

For transformation, the initial ligation ratio of 1:2 vector to insert did not produce any 

colonies, so a ratio of 2:3 was used and this produced colonies on all plates. Colonies from the 

Figure 3.8. Diagram showing the generation of cohesive ends and ligation of vectors and inserts during LIC. 
The amplified sequence is shown with the LIC extension from the forward primer in green and the LIC extension 
from the reverse primer in red. Sense represents the target gene sequence sense strand and ‘anti’ represents 
the complementary target gene sequence on the anti-sense strand. The added nucleotide during T4 treatment 
is shown in bold. 
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transformation of ligated vectors and inserts into Mach1 competent E. coli were then 

screened for the presence of successful clones. Colony PCR was performed using pLIC primers 

(table 2.1) which are specific to the vector sequence either side of the insert site and PCR 

products were analysed using DNA agarose gel electrophoresis. Numerous colonies were 

screened for each construct and a final summary gel of all the successful constructs can be 

seen in figure 3.9. The bands present in each lane, including the PCNA, appear around the 

expected size with the exception of construct C6 (sizes are given in table 3.3). Construct C6 

(BB_0040 residues 15-283) did not successfully clone even after multiple attempts with 

different vector: insert ratios. While the band for C5 is present, it is fainter than the other 

bands, possibly due to an error in the amount of DNA added to the PCR reaction mix for this 

construct. Constructs A3, A8, A10, B4, B6 and C5 were all confirmed to be in frame by DNA 

sequencing. Construct plasmids were isolated and transformed into Rosetta™ cells for 

expression. 
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Figure 3.9. DNA agarose gel electrophoresis of successful clones from colony PCR screens. Construct plasmids 
were diluted to 10 ng/µL and were used for a final colony PCR. The first lane of each gel contains 6 µL of prepared 
NEB 2-Log DNA Ladder (0.1-10.0 kb). For each construct 10 µL of PCR mixture was loaded into each lane and the 
lanes are labelled with the construct code. Negative controls (-) contained nuclease free water instead of DNA 
as a template and the positive control (+) contained PCNA. 
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3.5 Summary 

High Throughput Ligation Independent Cloning was used to allow production of numerous 

truncations of each protein target, to increase the targets available for structural 

experiments. This method is an alternative to traditional cloning techniques, negating the 

need for restriction enzymes, DNA ligases and alkaline phosphatases and allows screening of 

multiple genes simultaneously (Aslanidis & de Jong, 1990). Constructs were cloned into 2 

different pET based expression vectors, with membrane protein genes cloned into pNIC28-

Bsa4 and potentially soluble targets cloned into pNH-TrxT. Both of these vectors contained 

the sequence for an N-terminal 6x Histidine tag, but pNH-TrxT also contained the sequence 

for thioredoxin, an attached fusion protein known for increasing the solubility of recombinant 

protein. Truncations were made exclusively to the N-terminus of BB0027, BB0405, BB0406 

and BB0562, as the C-terminal region is predicted to form the terminal strand of the β-barrel 

without any significant C-terminal extension beyond this. As the N-terminal of these proteins 

was predicted to be disordered, removal of this flexible region may facilitate better crystal 

packing.  
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Chapter 4   Recombinant protein expression and purification  

4.1 Test expression and protein solubility screening 

Small scale protein test expression was carried out using 50 mL of LB to assess whether the 

successfully cloned constructs produced soluble or insoluble protein (figure 4.1). Proteins 

were expressed in Rosetta™ E. coli cells and both the soluble and insoluble fractions were 

analysed using SDS-PAGE, as OMPs are expected to be insoluble. Proliferating cell nuclear 

antigen (PCNA) has an expected size of ~36kDa and was used as a robust soluble protein 

control. For BB_0095 constructs and BbCheR, the soluble fraction was purified using Ni-NTA 

resin only if no obvious protein was present in the insoluble fraction (figure 4.2) as these are 

not predicted to be membrane proteins. The expected protein sizes can be seen in table 4.1. 

Only one of the full-length OMPs (A9) expressed, whereas the other 3 OMPs had an absence 

of a band of the expected size in the soluble and insoluble fractions. This is expected of outer 

membrane proteins, as they contain a signal sequence which will result in translocation of the 

protein to the membrane of E. coli after expression, which can disrupt the membrane and 

inhibit cell growth and further expression. Neither the full length nor any of the truncated 

constructs expressed for BB_0027 (A5-A8). All other OMP constructs appeared to successfully 

express as bands are visible around the correct expected size for each construct in the 

insoluble fractions, meaning all of these constructs were potential proteins for large scale 

production. 

 

BB_0095 was a potentially soluble hypothetical protein and the full-length protein, as well as 

11 truncated versions, were successfully cloned. Expression was attempted for 7 of the 

truncations, as B12 and C2 were successfully cloned at a later date. While 7 of the BB_0095 

constructs appeared to express protein, this was present in the insoluble fraction and no 

obvious bands could be seen in the soluble fraction. The remaining 3 BB_0095 constructs (C1, 

C3, C4) did not show any obvious bands in the insoluble fraction, so the soluble fractions were 

purified to see if they were expressed soluble at low levels (figure 4.2). Bands were not 

present for C1, C3 or C4 after Ni-NTA, so these constructs were not expressed. As BB_0095 

was only of interest as a potentially soluble target, this protein was not continued as neither 

the full-length construct or truncated constructs produced soluble protein. The only BbCheR 

construct to be test expressed was the full-length protein (C5), as the truncated construct did 
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not clone. The soluble fraction for this protein showed a large band around the expected size, 

so the soluble fraction was purified using Ni-NTA to confirm this was not an E. coli protein. 

The purified soluble fraction showed a strong band around the expected size of 47.57 kDa 

(figure 4.2), so BbCheR was carried forward as a soluble protein target. The other bands 

present in the soluble fractions are likely soluble E. coli proteins, which are still expected to 

be seen at this stage.  
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Code Construct (aa) Accession 
number 

Protein 
length 
(aa)  

Vector Expected 
size (kDa) 

Expected 
size + tag 
(kDa)  

A01 BB_0562 (1-180) AAC66924.1 180 pNIC28-Bsa4 20 22 

A02 BB_0562 (16-180) AAC66924.1 165 pNIC28-Bsa4 18 21 

A03 BB_0562 (27-180) AAC66924.1 154 pNIC28-Bsa4 17 19 

A04 BB_0562 (38-180) AAC66924.1 143 pNIC28-Bsa4 16 18 

A05 BB_0027 (1-212) O51058.1 212 pNIC28-Bsa4 24 26 

A06 BB_0027 (3-212) O51058.1 210 pNIC28-Bsa4 24 26 

A07 BB_0027 (18-212) O51058.1 195 pNIC28-Bsa4 22 25 

A08 BB_0027 (33-212) O51058.1 180 pNIC28-Bsa4 21 23 

A09 BB_0405 (1-203) AAC66795.1 203 pNIC28-Bsa4 22 25 

A10 BB_0405 (21-203) AAC66795.1 183 pNIC28-Bsa4 20 23 

A11 BB_0405 (30-203) AAC66795.1 174 pNIC28-Bsa4 19 22 

A12 BB_0405 (45-203) AAC66795.1 159 pNIC28-Bsa4 18 20 

B01 BB_0406 (1-203) AAC66794.1 203 pNIC28-Bsa4 23 25 

B02 BB_0406 (21-203) AAC66794.1 183 pNIC28-Bsa4 20 23 

B03 BB_0406 (43-203) AAC66794.1 161 pNIC28-Bsa4 18 21 

B04 BB_0406 (54-203) AAC66794.1 150 pNIC28-Bsa4 17 19 

B05 BB_0095 (1-181) O51122.1 181 pNH-TrxT 22 36 

B06 BB_0095 (4-181) O51122.1 178 pNH-TrxT 22 35 

B07 BB_0095 (24-181) O51122.1 158 pNH-TrxT 19 33 

B08 BB_0095 (37-181) O51122.1 145 pNH-TrxT 18 32 

B09 BB_0095 (1-130) O51122.1 130 pNH-TrxT 16 29 

B10 BB_0095 (4-130) O51122.1 127 pNH-TrxT 15 29 

B11 BB_0095 (24-130) O51122.1 107 pNH-TrxT 13 27 

B12 BB_0095 (37-130) O51122.1 94 pNH-TrxT 11 25 

C01 BB_0095 (1-157) O51122.1 157 pNH-TrxT 19 33 

C02 BB_0095 (4-157) O51122.1 154 pNH-TrxT 19 33 

C03 BB_0095 (24-157) O51122.1 134 pNH-TrxT 16 30 

C04 BB_0095 (37-157) O51122.1 121 pNH-TrxT 15 29 

C05 BB_0040/CheR 
(1-283) 

O51069.1 283 pNH-TrxT 34 48 

C06 BB_0040/CheR 
(15-283) 

O51069.1 269 pNH-TrxT 32 45 

 

 

 

 

Table 4.1. Details of the selected B. burgdorferi B31 protein targets. The code for each construct is shown in 
the first column, followed by the protein/gene name. The numbers next to the name indicate which amino acid 
number the construct begins and ends with. The NCBI accession number for the protein is given, followed by 
the length of the protein in number of amino acids. The plasmid the construct was cloned into is shown, followed 
by the ExPASY predicted protein size without the expression tag and with the tag.  
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Figure 4.1. SDS-PAGE analysis of Borrelia construct test expressions. Constructs were expressed in E. coli 
Rosetta cells and soluble (s) and insoluble (i) samples analysed on Bolt™ 4-12% Bis-Tris Plus Gels (Invitrogen). 
The first lane in each gel shows 10 µL of Novex™ Sharp Pre-stained Protein Standard (Invitrogen) and the last 
lane is the PCNA control. A Constructs A1-A5. B Constructs A6-A10. C Constructs A11-A12. D Constructs B1 and 
B3-B6. E Constructs B7-B11. F Constructs C1 and C3-C5. 
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Figure 4.2. SDS-PAGE analysis of Ni-NTA purified soluble fractions. Soluble fractions were purified using Ni-
NTA resin and samples analysed on Bolt™ 4-12% Bis-Tris Plus Gels (Invitrogen). Lane 1: 10 µL of SeeBlue® Plus2 
Pre-Stained Protein Standard. Lane 2-4: Purified C1-C4 (BB_0095) soluble fractions. Lane 5: Purified C5 
(BB_0040) soluble fraction. Lane 6: Purified PCNA control soluble fraction.  
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4.2 Large scale expression, purification and refolding of Borrelia OMP 

constructs 

Membrane protein constructs were selected for large scale expression based on estimated 

test expression yield. For structural studies, such as crystal screens, a truncated BB_406 

construct (B4) was expressed in 3 L of LB overnight using 1 mM IPTG for induction. For binding 

studies, a construct was expressed for each OMP target; BB_562, BB_405 and BB_406. These 

were: A3, A10 and B4 as these were successfully expressed and purified on a large scale and 

were as close to full-length as possible. BAPKO_0422 and superoxide dismutase A (SodA) from 

B. afzelii were produced to provide control proteins for binding studies.   

 

4.2.1 Purification of inclusion bodies 

While expression in the form of inclusion bodies is not ideal, due to the need to subsequently 

denature and refold the protein, it did produce a high expression yield. After lysis of the cells, 

the soluble and insoluble material was separated using centrifugation and the insoluble pellet 

was subject to a series of washes described in section 2.2.8.1. This multi-step washing 

procedure allows higher purity to be achieved prior to any chromatography techniques, as it 

removes some contaminating insoluble E. coli proteins and cell debris.  The supernatant from 

each wash was analysed using SDS-PAGE and shows removal of contaminating proteins with 

minimal loss of the target protein. The soluble fraction appears dark as it contains soluble E. 

coli proteins and is not purified. Analysis of B4 inclusion body preparation can be seen as an 

example in figure 4.3 below.  After washing, the pellet was solubilised in buffer containing 8 

M urea (Denaturing Buffer) and was clarified to remove insoluble debris.  
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4.2.2 IMAC and on-column refolding  

Denatured membrane proteins were loaded onto a Ni-NTA pre-packed column using an AKTA 

Prime FPLC and were refolded using a gradual removal of denaturant and an addition of 

detergent (0.1% DDAO). The flow rate and length of the refolding gradient was optimised by 

(Dyer et al., 2015) to improve protein yield, allow proper refolding of proteins and to 

potentially prevent misfolding and aggregation. The column containing the bound refolded 

protein was then washed with a buffer containing a low concentration (20 mM) of imidazole 

to remove any weakly bound contaminants and the protein of interest was eluted using a 

high imidazole concentration (300 mM). Figure 4.4 shows a screenshot of the chromatogram 

produced by the PrimeView software for the purification and refolding of B4. The first peak 

corresponds to protein loading and the final sharp peak shows elution of B4 from the column. 

Fractions were collected and analysed using SDS-PAGE, along with the flow-through from 

loading to identify any unbound protein (figure 4.5). The approximate size of B4 is 19 kDa and 

bands can be seen around this size in the majority of the elution fractions, confirming that 

the peak corresponds to the elution of B4. In comparison to the protein prior to purification 

shown in figure 4.3,  many contaminants have been removed by the IMAC purification step. 

Figure 4.3. SDS-PAGE analysis of B4 inclusion body preparation. A multi-step washing procedure was used to 
increase inclusion body purity prior to chromatography purification. Samples were analysed on a Bolt™  4-12% 
Bis-Tris Plus Gel (Invitrogen). Lane 1: 10 µL of Novex™ Sharp Pre-stained Protein Standard (Invitrogen). Lane 2: 
A sample taken before inducing protein expression with IPTG. Lane 3: Soluble fraction. Lanes 4-6: Supernatant 
from inclusion body washes. Lane 7: B4 solubilised in 8 M urea denaturant. 
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However, a high level of purity is required for crystallography and fractions were pooled and 

concentrated for further purification.  

 

 

 

 

 

Figure 4.4. Screenshot of the AKTA Prime chromatogram of B4 IMAC. Denatured B4 was loaded onto a 5 mL 
GE Healthcare HiTrap HP Ni-NTA column and was refolded by gradual removal of denaturant. The refolded 
protein was then washed and eluted with imidazole . The absorbance at 280 nm in mAU is given on the Y-axis 
and the volume in mL is given on the X-axis. The blue line represents the UV absorbance trace and the red lines 
show fractions collected. 
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4.3.3 SEC of refolded protein  

After IMAC, proteins were concentrated and subject to Size Exclusion Chromatography as a 

final purification step. A Superdex 75/300 column was equilibrated with buffer containing 

DDM detergent, as this is the most successful detergent used for membrane protein crystal 

structures in the Protein Data Bank (Parker & Newstead, 2016). The concentrated protein (~3 

mg/mL) was injected onto the column using a flow loop and was eluted at a flow rate of ~0.5 

mL/min, depending on column pressure. Figure 4.6 shows the chromatogram produced from 

the elution of B4. Fractions were collected during elution and fractions under the peak were 

collected and analysed using SDS-PAGE (figure 4.7). While a calibration graph was produced 

as seen in section 2.2.7.4, molecular weight estimation of membrane proteins using SEC is not 

accurate as detergent molecules mimic the lipid membrane and bind to the hydrophobic core 

of the protein, forming a protein-detergent complex (PDC). The number of detergent 

molecules bound is unknown and dependent on the detergent concentration and micelle 

properties. Therefore, the PDC molecular weight and shape is different to that of the protein 

alone and can affect separation during SEC (Anandan & Vrielink, 2016). A double peak can be 

Figure 4.5. SDS-PAGE analysis of Immobilised Metal Affinity Chromatography purification of B4. Fractions 
collected from the elution of B4 were analysed on a Bolt™ 4-12% Bis-Tris Plus Gel (Invitrogen). Lane 1: 10 µL of 
Novex™ Sharp Pre-stained Protein Standard (Invitrogen). Lane 2: The flow-through from protein loading. Lane 
3-12: Fractions collected from the elution of B4. 
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seen in figure 4.6 and fractions under the second peak were pooled and the protein 

concentrated to ~5 mg/mL for use in initial crystal screens.  

Figure 4.6. Size Exclusion Chromatography chromatogram of B4. B4 was injected onto a GE Healthcare 
Superdex 75/300 GL column equilibrated with buffer containing 0.1% DDM and elution fractions were collected. 
The absorbance at 280 nm in mAU is given on the Y-axis and the elution volume in mL is given on the X-axis. 

Figure 4.7. SDS-PAGE analysis of B4 elution fractions after Size Exclusion Chromatography. B4 was injected 
onto a GE Healthcare Superdex 75/300 GL column equilibrated with buffer containing 0.1% DDM and elution 
fractions were collected. Samples were analysed on a Bolt™ 4-12% Bis-Tris Plus Gel (Invitrogen). Lane 1: 10 µL 
of Novex™ Sharp Pre-stained Protein Standard (Invitrogen). Lane 2-7:  Fractions from B4 elution.  

4 5 6 8 9 7 
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4.4 Expression and purification of a chemotaxis protein methyltransferase 

4.4.1 Large scale soluble protein expression and purification 

Following the successful test expression of full-length BbCheR (BB_0040, C5), the protein 

expression procedure was scaled up to use 3 L of culture as large quantities of protein are 

required for structural studies. Expression was induced in E. coli Rosetta cells by the addition 

of IPTG, the cells were lysed and the soluble fraction was retained for purification using IMAC. 

Soluble and insoluble fractions were analysed using SDS-PAGE to confirm that the protein had 

been expressed (figure 4.8). Fractions were collected from a Ni-NTA column, following elution 

of the protein with imidazole, and analysed to identify which contained the protein of interest 

and to assess the purity (figure 4.8).  In the soluble fraction prior to purification, a large band 

can be seen around 48 kDa, which is the predicted size of BbCheR with its expression tag, but 

isn’t clear due to the large amount of E. coli contaminants present. After purification using a 

Ni-NTA column, this band becomes more prominent as the protein becomes more 

concentrated upon elution and the level of contaminants decreases. Despite purification, 

many other bands are still present in the elution fractions and these contaminants are due to 

E. coli proteins that have interacted with the Ni-NTA resin. As IMAC is used an initial 

purification step, this is expected.  

 

 
 
 
 
 
 
 
 
 

Figure 4.8. SDS-PAGE analysis of large-scale soluble expression and Ni-NTA purification of CheR. Recombinant 
BbCheR was expressed in E. coli Rosetta cells and was purified using Ni-NTA resin. Samples were analysed on a 
Bolt™ 4-12% Bis-Tris Plus Gel (Invitrogen). Lane 1: 10 µL of Novex™ Sharp Pre-stained Protein Standard 
(Invitrogen). Lane 2: A sample of cells before induction with IPTG. Lane 3: Insoluble fraction. Lane 4: Soluble 
fraction prior to purification. Lane 5-12: Elution fractions from Ni-NTA purification. 
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4.4.2 Expression tag removal and IMAC rebind 

BB_0040 (BbCheR, C5) was cloned into a vector containing a TEV protease cleavage site 

followed by a 6xHis-Thiorodoxin expression tag, which is a large tag with the potential to 

interfere with downstream experiments such as protein crystallography. For this reason, 

complete removal of the tag was attempted. The protein was dialysed to remove imidazole 

and was incubated with a TEV protease. The TEV treated protein was then passed back 

through Ni-NTA resin as without the 6x His tag, the protein should not bind to the column and 

should elute in the flow-through. Increasing concentrations of imidazole were used to ensure 

all of the target protein was eluted from the column, as well as the protease and the tag. 

Samples were analysed using SDS-PAGE (figure 4.9). The size of the protein with and without 

the tag can be seen in table 4.1. A sample of uncut protein was ran to allow size comparison 

after TEV incubation and to assess whether tag cleavage was successful.  

 

Following tag cleavage, the 47.57 kDa band of the uncut protein is minimal in the flow-

through and imidazole elution fractions, suggesting successful removal of the tag.  Some of 

the cleaved protein did appear in the flow-through, around the expected size of 34 kDa, but 

the majority can be seen in the 20 mM and 40 mM imidazole elution. These concentrations 

of imidazole are used as wash steps to remove weakly bound proteins, so cleaved protein can 

still be expected to elute in these fractions. Some of the BbCheR protein does not elute until 

100 mM and 300 mM imidazole concentrations, which is likely due to charged surface regions 

on the protein interacting with the nickel resin. The TEV protease is ~27 kDa and a band of 

this size is present in the 300 mM imidazole elution. Finally, the 6x His-Thiorodoxin tag (~13 

kDa) elutes at 300 mM imidazole as the tag binds strongly to the Ni-NTA resin. The 20 mM 

and 40 mM elution fractions were combined and the protein was concentrated in preparation 

for further purification. 

 

A Western blot was performed on uncut protein and the fraction following treatment with 

the TEV protease, using an anti-His antibody to confirm tag removal (figure 4.10). A strong 

band can be seen for the uncut protein, which would be expected as the protein still contains 

the 6x histidine tag. The uncut protein band is not present in any of the other lanes and bands 

are absent for the 20 mM and 40 mM imidazole elution fractions, suggesting removal of the 
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tag was achieved. For the 100 mM and 300 mM imidazole elution fractions, a band is present 

in each lane and does not appear to be the same molecular weight as the uncut protein (figure 

4.10).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. SDS-PAGE analysis of Ni-NTA rebind of CheR after TEV cleavage of the expression tag. Purified 
BbCheR was incubated with TEV protease to remove the His-Thioredoxin tag and was passed through Ni-NTA 
resin. Samples were analysed on a Bolt™ 4-12% Bis-Tris Plus Gel (Invitrogen). Lane 1: 10 µL of Novex™ Sharp 
Pre-stained Protein Standard (Invitrogen). Lane 2:  A sample of protein prior to TEV cleavage. Lane 3: The flow-
through from loading the protein onto the resin. Lanes 4-7: Fractions from elution with increasing 
concentrations of imidazole (given in mM). 
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4.4.3 SEC of BbCheR  

A Superdex 75/300 column was equilibrated and calibrated as described in section 2.2.6.4 

and concentrated BbCheR (~10 mg/mL) was injected onto the column using a flow loop at a 

flow rate of ~0.5 mL/min, depending on column pressure. Figure 4.11 shows the 

chromatogram produced from the elution of BbCheR and the protein peak is seen at an 

elution volume of ~12 mL, which corresponds to a molecular weight of approximately 32 kDa. 

The expected size of BbCheR with the expression tag removed was 35 kDa, so this suggests 

the eluted protein is monomeric and not aggregated. Fractions were collected during elution 

and fractions under the peak were collected and analysed using SDS-PAGE (figure 4.12). A 

high yield of protein was obtained after gel filtration and fractions 8-10 were pooled and 

concentrated to ~8.89 mg/mL for use in crystal screen set up.   

 

Figure 4.10. Western blot analysis of Ni-NTA rebind of CheR after TEV cleavage of the expression tag. The 
membrane was incubated with 1:10000 Mouse anti-HisTag Monoclonal Antibody (ProteinTech) as the primary 
antibody and 1:15000 IgG (H+L) Cross-Adsorbed Goat anti-Mouse, Alexa Fluor® 680 (Invitrogen™) was used as 
the secondary antibody. The membrane was imaged at 680nm using a LICOR Odyssey infrared imaging device 
(LI-COR Biosciences). Lane 1: Precision Plus Protein™ Dual Xtra Prestained Protein Standards (BioRad). Lane 2:  
A sample of protein prior to TEV cleavage. Lane 3: The flow-through from loading the protein onto the resin. 
Lanes 4-7: Fractions from elution with increasing concentrations of imidazole (given in mM). 
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Figure 4.11. Size Exclusion Chromatography chromatogram of BbCheR. Cleaved BbCheR protein was injected 
onto a GE Healthcare Superdex 75/300 GL column and elution fractions were collected. The absorbance at 280 
nm in mAU is given on the Y-axis and the elution volume in mL is given on the X-axis. 

Figure 4.12. SDS-PAGE analysis of BbCheR fraction after Size Exclusion Chromatography. Cleaved BbCheR 
protein was injected onto a GE Healthcare Superdex 75/300 GL column and elution fractions were collected. 
Samples were analysed on a Bolt™ 4-12% Bis-Tris Plus Gel (Invitrogen). Lane 1: 10 µL of Novex™ Sharp Pre-
stained Protein Standard (Invitrogen). Lane 2-9:  Fractions from BbCheR elution. 
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4.5. Vapour diffusion crystallography trials of a BB_0406 construct 

Hanging drop vapour diffusion screens were set up as outlined in section 2.2.13.1 using ~5 

mg/mL of truncated BB_0406 (B4) protein. DDM was used as the detergent in the protein 

buffer due to its success in the crystallisation of membrane proteins in the PDB. Prior to 

preparation of B4 in buffer containing DDM, tetraethylene glycol monooctyl ether (C8E4)  was 

used as this detergent was used for crystallisation of OmpA from E. coli, as well as other 

integral β-barrel OMPs. During buffer exchange into the C8E4 buffer, the protein solution 

precipitated. Many of the drops showed immediate precipitation upon mixing of the reservoir 

solution with the protein. Trays were checked consistently over a period of 3 months, with 

one drop containing 0.2 M ammonium sulfate, 0.1 M CHES 10.0, 14% w/v PEG 4000 showing 

formation of small crystals measuring approximately 10-20 micrometres after this time (figure 

4.13). Attempts to collect the crystals for x-ray analysis proved challenging, as they were 

difficult to manipulate due to the formation of a membrane-like layer over the drop. Cryo-

solution containing the reservoir solution with the addition of 10% glycerol was added to the 

drop to try and dislodge the crystals, but this resulted in the crystals dissolving. Optimisation 

trays of this condition were set up using thawed protein from the same batch, but these were 

unsuccessful.  

 

 

Figure 4.13. Vapour diffusion crystallisation trials of truncated BB_0406. Photograph of a protein drop after 3 
months of incubation at 20°C. The drop was prepared using 1 µL of protein solution and 1 µL of reservoir 
solution, which contained 0.2 M ammonium sulfate, 0.1 M CHES 10.0, 14% w/v PEG 4000. Small crystals 
measuring approximately 10-20 micrometres can be seen.  

20 µm 
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4.6. ALBI of Borrelia OMPs with human factor H 

Due to time limitations, an affinity ligand binding immunoblot was carried out using the dot 

blot method, as protein can be applied directly to a PVDF membrane without the requirement 

of a native PAGE and a blot transfer. All protein samples used, including the FH control, were 

at a concentration of ~1 mg/mL and 1-4 µL (1-4 µg) was applied to the membrane. 

Complement factor-H from human plasma was used as a control for the anti-FH antibody. 

Borrelia SodA was used a negative control, as it is not known to bind human factor-H. A 

positive control is not present and a suitable factor-H binding protein, such as a BbCRASP, 

would be needed for future binding studies.  The membrane was incubated with 30 µg/mL of 

complement factor-H, which is approximately 10 times lower than the concentration found 

in human plasma and this was due to the expense of purchasing factor-H. No binding can be 

detected for any of the Borrelia OMPs (figure 4.14), including BAPKO_0422, which has 

previously been found to bind to FH (Dyer et al., 2015). However, these results do agree with 

the most recent literature, where BB_0405, BB_0406 and BAPKO_0422 were found not to 

bind FH (Shrestha et al., 2017). A dot can be seen for 1 µL of SodA likely due to contamination 

with factor H pipetted on the row below, as no dots are seen with the increasing 

concentrations of the protein.  

Figure 4.14. Affinity ligand binding dot-blot of Borrelia OMPs with complement human factor H. A PVDF 
membrane was marked with a grid and was activated with methanol. Each protein was prepared to 1 mg/mL 
and 1-4 µL of protein solution was pipetted onto the membrane. Borrelia SodA was used as a negative control 
as it is not known to bind human factor-H. Complement human factor-H was used as a control for the anti-FH 
antibody.  
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4.7 Discussion 

4.7.1 B. burgdorferi β-barrel outer membrane proteins 

Borrelia contain many lipoproteins (>100) but very few integral OMPs, with only around 9 

identified in Borrelia burgdorferi s.l including: P66 (BB0603, Oms66), P13 (BB0034), BesC 

(BB0142), BamA (BB0795), DipA (BB0418, Oms38), BB0838, BB0405 and BB0406 (Bunikis et 

al., 2008; Dyer et al., 2015; Kenedy et al., 2016; Kenedy et al., 2014; Lenhart & Akins, 2010; 

Noppa et al., 2001; Skare et al., 1997; Thein et al., 2012). This project focused on 4 predicted 

small β-barrel OMPs from Borrelia burgdorferi s.s; BB_0027, BB_0405, BB_0406 and BB_0562, 

all predicted to be similar in structure to E. coli OmpA.  As small angle x-ray scattering (SAXS) 

has previously been used to acquire some structural information on a BB_0405 homologue, 

BAPKO_0422, as well as BB_0406 and BB_0562 (Brown, 2016), the main aim of this project 

was to successfully crystallise these proteins, attempts of which had previously failed. SAXS 

data allowed a molecular envelope for these Borrelia proteins to be generated and were 

consistent with a small β-barrel structure, with homology modelling fitting that of an 8-

stranded β-barrel (Brown, 2016).  

 

Paralogues BB_0405 and BB_0406 have been the focus of a few studies, while BB_0027 and 

BB_0562 remain uncharacterised. Both BB_0405 and BB_0406 have been found to be 

amphiphilic proteins, with localisation to the membrane of B. burgdorferi and an ability to 

form pores in large unilamellar vesicles (Kenedy et al., 2016). These OMPs have also been 

shown to be immunogenic as antibodies against these proteins demonstrated to be 

borreliacidal, but only BB_0405 has been shown to be essential for infectivity in mouse 

models (Kung et al., 2016; Shrestha et al., 2017). A study found that BB_0405 and BB_0406 

do not bind to human factor H (Shrestha et al., 2017) and recent research investigating the 

role of BB_0406 identified that this OMP binds to the basal membrane component laminin, 

suggesting a role for this protein in later infection and dissemination, rather than immune 

evasion (Bista et al., 2020). The importance of this protein in later infection is also suggested 

by previous findings showing a weak antibody response to BB_0406 in the first 6 weeks of 

infection in baboon sera, with a robust response seen following this time (Shrestha et al., 

2017).  
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Test expressions were carried out in E. coli Rosetta cells for each full length OMP, as well as 

for each truncated protein. Both the soluble and insoluble fractions were analysed and 

expression was seen for truncations of BB_0405 and BB_0406. The full length proteins still 

contained the signal sequence and were therefore not expected to express, as they will likely 

translocate to the E. coli outer membrane, potentially disrupting the membrane and inhibiting 

further cell growth and protein expression. This was seen by an absence of bands of the 

expected size in both the soluble and insoluble fractions of the full length OMPs. No 

expression was seen for any of the BB_0027 truncations and this was therefore discarded as 

a target for large scale expression. Optimisation of expression conditions could result in 

protein expression of this target, such as testing differing IPTG concentrations and expression 

temperatures. Although many targets were available, large scale production of recombinant 

protein as insoluble inclusion bodies is time consuming and therefore one target was initially 

selected for expression. A BB_0406 construct with the first 53 amino acids removed, labelled 

as B4, was chosen due to its visually high expression yield on SDS-PAGE from test expression 

attempts and its absence of the two cysteine residues at positions 31 and 40, which caused 

issues with formation of high order oligomers during previous research (Brown, 2016). 

 

Expression using 3 L of E. coli culture yielded around 5 mg of recombinant BB_0406 (B4) 

following refolding and SEC, providing limited quantities for use in crystallography 

experiments. Protein was refolded over a long gradient of decreasing urea concentration, 

based on previously successful methods for refolding these Borrelia proteins. However, 

confirmation of successful refolding would be useful as misfolded protein could form 

aggregates and impact crystallisation experiments. This would be especially useful due to the 

truncations made based on predicted secondary structure, as essential structural 

components could have been removed and prevented proper refolding of the protein. 

Circular dichroism is useful for rapid determination of protein secondary structure and is 

defined by the disproportionate absorption of left-handed and right-handed circularly 

polarised light, which occurs in the presence of chiral chromophores (Greenfield, 2006). This 

technique generates a spectra which allows the percentage of secondary structure elements, 

such as β-strand, to be calculated, providing an indication on whether proper folding was 

present.  
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Size exclusion chromatography (SEC) was used as a final purification step, separating proteins 

based on their size and molecular weight. A calibration curve of proteins with known sizes 

was produced (figure 2.2, section 2.2.7) and allows the molecular weight of the protein of 

interest to be calculated based on its elution volume. For the production of the Borrelia OMPs, 

SEC was only used for the purpose of purification and not for molecular weight estimation. 

This is due to the addition of detergent to the protein buffers, which is required to maintain 

membrane protein solubility by binding to the hydrophobic core and mimicking the proteins 

natural environment in the lipid bilayer. As an unknown number of detergent molecules bind 

to the protein, the molecular weight of the protein-detergent complex is difficult to 

determine and protein separation can be affected (Anandan & Vrielink, 2016). During SEC, 

the detergent used was exchanged from DDAO to DDM when protein was to be used for 

crystallography trials. This was because DDM is the most common detergent used for 

membrane protein crystal structures in the Protein Data Bank (Parker & Newstead, 2016). 

However, the majority of membrane proteins in the PDB are transmembrane α-helical 

proteins, rather than β-barrels. For this reason, detergent exchange from DDAO to 

tetraethylene glycol monooctyl ether (C8E4) was also attempted, as this detergent was used 

in the crystallisation of OmpA from E. coli (PDB: 1BXW). This resulted in immediate 

precipitation of the protein sample, so this detergent was not used for crystallisation trials.  

 

Another common detergent used for β-barrel membrane protein crystallisation is DDAO, 

which was used as the detergent for purification using IMAC, or for proteins intended for 

binding studies. While DDAO has been successfully used for crystallisation of β-barrel proteins 

in the PBD, it was not used for crystallisation attempts during this research. This is because 

previous attempts to crystallise a BB_0406 homolog, BAPKO_0422, using DDAO as the 

detergent, were unsuccessful. This research therefore focussed on alternative detergents. 

DDM was not used until the crystallography stage, as it is a much more expensive detergent 

than DDAO. The truncated BB_0406 protein (B4) elution showed a poorly defined double 

peak, potentially due to differing amounts of bound detergent to protein molecules or 

formation of oligomers. Analysis using SDS-PAGE did not show evidence of oligomerisation, 

but this was under denaturing conditions and a native-PAGE would be useful to identify if this 
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had occurred. Samples following SEC were centrifuged at high speeds to try to remove any 

potential aggregates.  

 

Crystallisation trays were set up using the vapour diffusion method for the BB_0406 

truncation, B4, which had the first 53 amino acids removed. As crystallography had previously 

been attempted using full length Borrelia OMPs, truncated protein was used in this research 

to potentially remove disordered, flexible regions and loops that could prevent crystal 

formation. MemPlus™ reagents from Molecular Dimensions were used for crystal screens as  

they were developed based on successful conditions used for β-barrel membrane proteins in 

the PDB (Newstead et al., 2008). Further screens could be used for future experiments as this 

only provided a limited number of conditions. Upon mixing of the well solution to the protein 

drop, immediate precipitation was seen for many of the conditions tested. Some crystal 

formation was seen for one condition containing 0.2 M ammonium sulfate, 0.1 M CHES 10.0, 

14% w/v PEG 400 after 3 months. As crystal formation was slow, difficulties were encountered 

when attempting to pick the crystals due to a membrane-like layer on the drop. This made 

manipulation of the crystals difficult and as they were fragile, some broke. Addition of 

reservoir solution to the drop was attempted to try loosen the crystals, but dilution of the 

drop resulted in the remaining crystals dissolving, so x-ray diffraction could not be performed. 

This means it is still unclear as to whether protein crystals were formed or if these were 

crystals of detergent or salt.  

 

For membrane protein crystallography, detergent choice is a critical factor in the formation 

of high quality crystals (Parker & Newstead, 2016). For crystallisation trials of B4, DDM was 

the only detergent used. While this detergent has been shown to be most popular in 

membrane protein crystallography, it forms large micelles which could potentially hinder 

protein-protein interactions needed for formation of well diffracting crystals (Newstead et al., 

2008). Future success of crystallising this protein, as well as other OMP targets, will likely 

require screening of a wide range of different detergents. The polyhistidine tag was not 

removed prior to crystallisation experiments and this, along with the TEV protease cleavage 

site sequence, could have resulted in a flexible region hindering crystal packing. For future 

experiments, the expression tag could be removed via cleavage with a TEV protease or 
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untagged protein could be produced, but the latter would not allow purification and refolding 

using immobilised metal affinity chromatography.  

 

The B. afzelii OmpA-like protein BAPKO_0422 was identified as a factor-H binding protein by 

Dyer et al, using affinity binding immunoblot assays (Dyer et al., 2015). However, more recent 

research by Shrestha et al did not find any factor-H binding by BAPKO_0422, or its B. 

burgdorferi homologue BB_0405 and BB_0406 (Shrestha et al., 2017). Due to this conflicting 

data, this project attempted FH binding using an affinity ligand binding dot-blot on B. 

burgdorferi OMPs; BB_0562, BB_0405 and BB_0406 and included the B. afzelii OMP 

BAPKO_0422. The research undertaken by Dyer et al (2015) identifying BAPKO_0422 as a FH 

binding protein loaded a much higher concentration of protein onto the SDS-PAGE gel used 

for blot transfer, using up to 50 µg for ALBI assays. In contrast, for the ALBI assays carried out 

by Shrestha et al (2017), only 1 µg of protein was used, which is around the concentration 

recommended for Western blotting. A similar concentration of target protein was applied to 

the membrane in the dot-blot included in this research. The concentration of protein used for 

the FH binding studies could therefore be significant for whether binding can be detected or 

not, as the use of high concentrations showed positive binding. The FH used by Dyer et al was 

not pure and contained traced of contaminating proteins. It is possible that BAPKO_0422 

binds to one of these contaminating proteins, which are likely to bind to FH as they co-purified 

with it. The concentration of FH used by Dyer et al was higher than the concentration used 

for this research at 73 μg/ml and it may be that the binding is only seen when using higher 

concentrations of FH, as the concentration of FH binding contaminants will also be increased.  

 

Another major difference in these two studies was the use of a positive control, as Shrestha 

et al included B. burgdorferi CRASP-1 in their experiments, a well-known FH binding protein 

that showed positive bands. The binding studies by Dyer et al and in this research project did 

not include a positive control and this would be essential for any future binding studies. Due 

to time limitations, a dot-blot was used for the FH binding study in this research project 

meaning proteins were not separated via SDS-PAGE prior to application on the membrane. 

To try and reduce the presence of contaminating proteins, pure protein was used. However, 

existing pure protein stocks had to be used and only truncated versions of BB_0405, BB_0406 
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and BB_0562 available for use in the dot blot. If these proteins were factor H binding, the 

binding site is unknown and could have been removed by the truncation made. BAPKO_0422 

and sodA were full length pure protein. Ideally, the full length proteins would have been 

separated using native-PAGE and Western Blotting used to transfer the proteins onto the 

membrane. While all current literature agrees that BB_0405 and BB_0406 do not bind human 

factor-H, further studies could be necessary to confirm whether BAPKO_0422 from B. afzelii 

indeed binds human factor-H or binds to a factor-H binding protein. As BB_ 0406 was recently 

found to bind the ECM component laminin (Bista et al., 2020), future binding studies for other 

small Borrelia OMPs could focus on other components of the ECM such as heparin, fibronectin 

and collagen.  

 

In summary, this project aimed to acquire structural and functional information on a small 

group of predicted Borrelia OMPs; BB_0405, BB_0406, BB_0027 and BB_0562, with 

truncations made to these proteins for crystallography attempts. BB_0406 with the first 53 

amino acids removed (B4) was soluble in DDM to a concentration of 5 mg/mL and protein 

crystal trials produced small crystals in 0.2 M ammonium sulfate, 0.1 M CHES 10.0, 14% w/v 

PEG 400. These were fragile and difficult to manipulate and x-ray diffraction data was unable 

to be collected to establish if these were protein crystals. An ALBI was performed as a dot blot 

for BB027, BB0562, BB405, BB406 and BAPKO_0422 to assess factor-H binding, with no 

binding identified for any of these proteins. This agrees with current literature, but conflicting 

data is available for the FH binding ability of BAPKO_0422.  

 

Due to time restraints, many experiments could not be completed and there is extensive 

scope for future work. Despite the difficulties membrane protein crystallography presents, a 

high resolution structure of these small B. burgdorferi OMPs would be invaluable and further 

experiments could be attempted to try to crystallise these proteins. While BB_0027 and 

BB_0562 are thought to be β-barrel OMPs, these remain uncharacterised and structural data 

could establish whether these do indeed belong to the OmpA-like family of proteins. While 

evidence suggests that the four proteins in this project do not bind human factor H, recent 

research identifying BB_0406 as a laminin binding protein could suggest a role for other 

Borrelia β-barrels in establishing infection and dissemination, rather than evasion of the 



 

 
113 

complement immune response. The surface exposed nature of these proteins mean they 

have potential in improving current diagnostic tests for Borrelia infection and may provide 

targets for vaccine development.  
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4.7.2 B. burgdorferi chemotaxis protein methyltransferase (BbCheR) 

As membrane protein crystallography presents many challenges, a soluble protein target was 

selected for this project in order to increase the likelihood of a crystal structure. Using data 

from Mongodin et al (2013), two potentially soluble targets were identified; BB_0095 and 

BB_0040. As BB_0095 did not produce any soluble protein during protein test expressions, it 

was ruled out as a target. BB_0040 was identified as a chemotaxis protein methyltransferase 

(CheR), an enzyme involved in the chemotactic response in Gram negative bacteria. The 

CheRs from Salmonella typhimurium and Bacillus subtilis are well studied, but BbCheR and 

many of the other chemotaxis proteins of Borrelia remain uncharacterised.  

 

A multiple sequence alignment of BbCheR with both pentapeptide dependent and 

pentapeptide independent CheRs showed a conserved structural motif involved in the 

binding of S-adenosylmethionine (SAM) and S-adenosyl-L-homocysteine (SAH), which was 

expected. As both PD and PI CheRs were used, it could be determined which of these groups  

BbCheR likely belonged to, with three conserved glycine residues involved in pentapeptide 

binding found in the β-subdomain of PDCheRs (Perez & Stock, 2007). As BbCheR lacked these 

residues, it is likely a PICheR, the most common type of CheR employed by bacteria and the 

addition of a pentapeptide sequence was therefore not required (Perez et al., 2004).  

 

Expression of BbCheR produced reasonable yields of soluble protein, with 3 L of E. coli culture 

providing ~10 mg of protein after tag removal and purification steps. A 6x histidine 

thioredoxin tag was used for BbCheR expression, as thioredoxin is known to enhance the 

solubility of recombinant proteins. This large tag (~ 13 kDa) was removed using a TEV protease 

prior to crystallisation experiments, to avoid any flexible regions interfering with crystal 

formation. Tag removal appeared to be successful, with SDS-PAGE analysis showing no bands 

of the tagged protein size in any of the elution samples following Ni-NTA rebinding. Western 

blot analysis using an anti-His antibody confirmed this, with a strong band present in the 

uncut sample where the His tag is still present, and no bands of this size seen in the elution 

samples following rebind. In the 100 mM and 300 mM imidazole elution fractions, a strong 

band can be seen at a lower molecular weight than the uncut protein. As this appeared at a 

lower molecular weight, it is not likely to be uncut protein still containing the 6x His tag. As it 



 

 
115 

is unknown what these two bands correspond to, further analysis would need to be carried 

out by slicing the band from the gel and using this for mass spectrometry. This would 

determine the amino acid sequence of the protein and therefore determine what this band 

is. Following tag removal, ion exchange chromatography was attempted, but the lower salt 

concentration required for this resulted in precipitation of the protein. Size exclusion 

chromatography was performed and showed a single peak corresponding to monomeric 

BbCheR.  

 

Initial sitting drop vapour diffusion crystal screens were set up as described in section 2.2.13.2 

using ~8.86 mg/mL of BbCheR without the addition of SAH. The protein solution for these 

initial screens contained 500 mM NaCl, which is high and not ideal for protein crystallography. 

Reduction of salt concentration was attempted in previous protein preparations prior to size 

exclusion chromatography and resulted in rapid precipitation of the protein. The initial 

screens of BbCheR did not produce any crystals. As problems with protein aggregation were 

noted by Batra et al when the Bacillus subtilis CheR was prepared without the presence of 

SAM or SAH, as well as a lack of crystals with CheR alone or in complex with SAM (Batra et al., 

2016), co-crystallisation of BbCheR in complex with SAH was attempted. Due to solubility 

limitations when preparing a stock solution of SAH, 1.25 mM SAH was added to 8.86 mg/mL 

of BbCheR instead of the desired 2.5 mM SAH, resulting in 5 fold ligand compared to protein 

rather than 10 fold. The salt concentration of the protein solution was reduced from 500 mM 

to 125 mM for co-crystallisation attempts and trays were set up as previously described. This 

co-crystallisation attempt was unsuccessful and no crystals were formed under any of the 

conditions attempted. 

 

Due to time limitations, the binding affinity of BbCheR for SAH could not be determined using 

a suitable method such as isothermal titration calorimetry (ITC). For this reason, SAH 

concentration was determined based on previous methodology for the crystallisation of the 

pentapeptide independent CheR from Bacillus subtilis (BsCheR), which used a similar 

concentration of CheR protein (Batra et al., 2016). Future work attempting to crystallise this 

protein should focus on determining the concentration of SAH to add to pure BbCheR, as the 
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instability of the protein without a co-factor makes it difficult to work with. A wider range of 

crystallisation conditions could be used to increase the probability of crystal formation.  
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Chapter 5   A computational framework to search for β-barrel genes in the 

plasmid proteomes of Borrelia  

5.1 Introduction  

The genome of the Borrelia species is unique in its structure, comprised of a linear 

chromosome approximately 1 Mbp in size and multiple variable circular and linear plasmids, 

ranging in size from ~5-56 kilo base pairs (Beaurepaire & Chaconas, 2005; Fraser et al., 1997). 

This unique composition is not shared by other spirochete families under the phylum 

Spirochaetes. Like Borrelia, Treponema is an obligate parasite with a small genome, but its 

genome consists only of a circular chromosome of ~ 1.1 Mbp (Fraser et al., 1998). Brachyspira, 

a parasitic spirochete able to transiently survive in soil and faeces, has a larger circular 

chromosome of ~ 3 Mbp and a circular plasmid of 36 kbp (Bellgard et al., 2009). The genome 

of Leptospira interrogans, an obligate aerobic spirochete capable of surviving in aquatic 

environments, is significantly larger than that of the previously mention spirochetes, 

consisting of a large circular chromosome of ~4.3 Mbp and a smaller circular chromosome of 

~ 3.5 kbp (Jia et al., 2003). The linear and circular plasmids of Borrelia make up ~47% of the 

genome and are variable between different species and strains, with the occurrence of 

recombination events and horizontal gene transfer (Casjens, 2000; Casjens et al., 2017). Many 

of the plasmids encode proteins important for virulence, such as outer surface proteins A, B 

and C and loss of plasmids can result in loss of infectivity in mice models (Norris et al., 2011).  

 

While B. burgdorferi s.l is considered Gram negative, the components of its outer membrane 

differ to other Gram negative bacteria in that it contains an abundance of lipoproteins and 

relatively few integral β-barrel outer membrane proteins  (Fraser et al., 1997; Kenedy et al., 

2012). Of the OMPs that have been characterised, many are porins and are listed by their 

given name, followed by the gene locus and any alternative names; P66 (BB0603, Oms66) 

(Kenedy et al., 2014; Skare et al., 1997), P13 (BB0034) (Noppa et al., 2001), DipA (BB0418, 

Oms38) (Thein et al., 2012), BesC (BB0142) (Bunikis et al., 2008), BamA (BB0795) (Lenhart & 

Akins, 2010), BB0405 and BB0406 (Dyer et al., 2015; Kenedy et al., 2016). Other 

uncharacterised OMPs include BB0838 (Kenedy et al., 2016), BB0027 and BB0562 (Dyer et al., 

2015).  
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The analysis of whole proteomes for ab initio prediction of β-barrel membrane spanning 

proteins relies on more than a single prediction algorithm, due to the high rate of false 

positives. For this reason, a computational framework is generally used where sequences are 

successively eliminated based on the results from a range of different prediction algorithms 

(Cox et al., 2010; Kenedy et al., 2016). This computational framework has been used on the 

B. burgdorferi s.l chromosome, identifying the β-barrel OMPs BB405, BB406 and BB0838 

(Kenedy et al., 2016). However, the plasmid proteomes of Borrelia have not been subject to 

analysis to identify potential β-barrel OMPs. Therefore, this project aimed to develop a 

computational framework based on previous work to comprehensively search the linear and 

circular plasmids of 14 Borrelia genomes for putative β-barrel sequences.  
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5.2 Identification of a plasmid encoded β-barrel outer membrane protein 

The non-redundant proteomes of 16 Borrelia genospecies from the B. burgdorferi s.l complex 

were obtained from UniProtKB and the plasmid components of 14 of these were extracted to 

give a total of 5923 protein sequences. A computational framework was used to filter out 

sequences after analysis by various prediction algorithms, to identify any potential β-barrel 

outer membrane proteins (figure 5.1).  

 

Potential lipoproteins can be reliably identified based on identification of an N-terminal signal 

sequence and a conserved cysteine residue within the lipobox motif (Wilson 2015). However, 

the spirochete C-terminal lipobox differs to that of other Gram negative bacteria and so the 

SpLip 1.0 predication algorithm was used for more specific prediction of spirochaetal 

lipoproteins (Setubal et al., 2006). Results from SpLip 1.0 filtered out 795 lipoproteins, with 

5129 proteins progressing to the next stage. LipoP was used to further filter out lipoproteins, 

removing 123 proteins from the data set. As SpLip 1.0 identifies lipoproteins based on 

spirochetes and LipoP is based on Gram negative bacteria, using both algorithms may result 

in false positive identification of lipoproteins in the spirochaetal proteomes. However, these 

proteins are removed from further analysis and may reduce false positive β-barrel 

identification.  

 

TMHMM – 2.0 was used to predict proteins with transmembrane helices based on a Hidden 

Markov model (Krogh et al., 2001) and identified 704 sequences predicted to form 1 or more 

transmembrane helices, which were removed. PSORTb 3.0 was then used to predict bacterial 

protein subcellular localisation, with 5 localisations predicted for Gram-negative bacteria; 

extracellular, outer membrane, periplasmic, inner membrane and cytoplasmic (Yu et al., 

2010). Only 45% of the Borrelia plasmid proteome sequences submitted received a prediction 

in any category, with the remaining 55% considered ‘unknown’. A total of 1817 sequences 

were predicted to be cytoplasmic proteins and were removed from the process.  

 

The final stages of the framework focused on identification of outer membrane proteins, 

starting with prediction of the presence of a signal peptide using SignalP 5.0 (Armenteros et 

al., 2019). Proteins localised to the bacterial outer membrane possess a short sequence of 
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amino acids at the N-terminus, a signal peptide, in order to allow processing and translocation 

to the outer membrane. SignalP 5.0 identifies proteins with a Signal Peptidase 1-type (SP1) 

signal sequence and 2421 proteins negative for this were removed. This left 63 sequences 

which were submitted to PRED-TMBB2, which utilises Hidden Markov models to predict the 

topology of β-barrel proteins located in the outer membrane (Tsirigos et al., 2016). This 

resulted in 13 sequences predicted to be β-barrel outer membrane proteins (table 5.1). As 

the initial sequences were from the plasmid proteomes of various genospecies of B. 

burgdorferi s.l, some of which were different plasmids from the same isolate, the 13 putative 

β-barrel sequences were not likely to be unique.  

 

 

 

 

 

Figure 5.1. Computational Framework to identify potential OM β-barrels encoded by plasmid genes of B. 
burgdorferi s.l. The workflow is based on similar frameworks used previously on Borrelia and Treponema 
proteomes (Cox et al., 2010; Kenedy et al., 2016). The number of protein sequences eliminated at each stage is 
indicated. 
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 RefSeq UniProt 
Accession 
number 

Sequence 
length 

Species 
(strain) 

Taxon id Plasmid 

Outer membrane 
porin OMS28 
 

WP_01170383
3.1 

Q0SLT3 273 B. afzelii 
(PKo) 

390236 lp54 

WP_01025719
1.1 

O50963 257 B. 
burgdorferi 
(B31) 

224326 lp54 

WP_01118721
7.1 

Q6ASF1 257 B. 
bavariensis 
(PBi) 

290434 lp54 

WP_01593951
7.1 

B8F1P7 264 B. garinii 
(PBr) 

498743 lp54 

WP_01025719
1.1 

A0A0E0ST
G3 

257 B. 
burgdorferi 
(64b) 

498740 lp54 

WP_01266570
1.1 

C0R8A8 272 B. 
valaisiana 
(VS116) 

445987 lp54 

WP_01267232
2.1 

C0RQK4 257 B. 
finlandensi
s 

498741 lp54 

WP_01025719
1.1 

A0A0H3C0J
6 

257 B. 
burgdorferi 
(ZS7) 

445985 lp54 

 WP_01402325
4.1 

G0APJ4 273 B. bissettii 
(DN127) 

521010 lp54 

Uncharacterised 
protein 

WP_01089036
8.1 

O50780 346 B. 
burgdorferi 
(B31) 

224326 lp38 

WP_01089036
8.1 

A0A0E0ST8
9 

346 B. 
burgdorferi 
(64b) 

498740 lp38 

WP_01589931
5.1 

C0R918 346 B. 
valaisiana 
(VS116) 

445987 lp28-3 

ACN53112.1 C0R9H1 332 B. 
valaisiana 
(VS116) 

445987 lp28-8 

 

 
 

Table 5.1. List of hits identified from the computational search of Borrelia plasmid sequences. The NCBI 
Reference Sequences (RefSeq) are given, along with the Uniprot Accession numbers, taxonomic identifiers 
(NCBI) and plasmid name. The hits fall into two main groups, nine with homology to OMS28 (Ordered Locus 
Name BB_A74), and four uncharacterized proteins with homology to BB_J25, two of which are paralogs from 
the same organism (B. valaisiana). 
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5.3 Phylogenetic analysis of BBJ25 homologs 

A computational search of the sequences found 9 to be orthologous to each other, annotated 

as OMS28 from 9 different Borrelia species. The remaining 4 sequences were all sequences 

with homology to the uncharacterised protein BBJ25. Two of these BBJ25 sequences were 

found to be from two different strains of B. burgdorferi s.s, B31 and 64b. The other two 

(COR918 and COR9H1) are homologous sequences sharing 54% sequence identity from the 

same species, B. valaisiana (VS116), but are located on different plasmids, lp28-3 and lp28-8 

respectively. BBJ25 from B. burgdorferi B31 was used as a query sequence for PSI-BLAST 

searches, to identify homologous sequences from other families in the Spirochaetes phylum. 

The initial search yielded 75 sequences from Borrelia species and Brachyspira, with a second 

iteration yielding a total of 98 sequences from Borrelia, Brachyspira and Treponema. No 

homologous sequences were found in Leptospira.  The redundancy of these sequences was 

decreased, leaving a total of 30 BBJ25 homologues with a sequence identity around 20-24% 

between the Borrelia, Brachyspira and Treponema families (appendix 6). All potential 

homologues were confirmed by reciprocal BLAST (Ward & Moreno-Hagelsieb, 2014). 

Phylogenetic analysis demonstrated clustering into three distinct groups corresponding to 

each spirochete family (figure 5.2).  
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Clustering within the Borrelia genus did not correlate with relapsing fever or Lyme disease 

causing species and did not appear to be correlated with host vectors, geographical location 

or plasmid type. Horizontal gene transfer has historically occurred between Borrelia linear 

plasmids and the genetic content of plasmids can vary between Borrelia genospecies (Casjens 

et al., 2017). Evidence of gene transfer may be available from analysis of neighbouring genes 

and the location of BBJ25 homologs within each plasmid was therefore investigated. A 

putative operon was identified and tested using Operon Mapper (Taboada et al., 2018) (table 

5.3). The operon is predicted to be involved in lipoprotein release, but this would need 

experimental validation. The BBJ25 open reading frame (ORF) was found on a range of linear 

plasmids within Borrelia: lp38, lp17, lp28-3 and lp28-8 and in B. turcica IST7, BBJ25 was 

located near the end of the linear chromosome. Analysis of the genes surrounding BBJ25 

Figure 5.2. Maximum likelihood phylogenetic tree of BBJ25 homologs. The phylogenetic tree was generated in 
MEGAX using the Maximum Likelihood method and a JTT matrix-based model (Kumar et al., 2018). A bootstrap 
method was applied using 1000 replications. Branch lengths are measured in number of substitutions per site. 
This tree is unrooted.  

Borrelia 

Brachyspira 

Treponema 
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showed separate clusters of two distinct groups in the phylogenetic analysis, labelled Group 

1 and Group 2 (figure 5.4). As the phylogenetic analysis was originally based only on the  

protein sequence of BBJ25 (figure 5.3), a phylogenetic tree was generated using the DNA 

sequence of the whole predicted operon (figure 5.4). jModelTest (Posada, 2008), was used to 

select an appropriate nucleotide substitution model for phylogenetic analysis of the BBJ25 

operon. A total of 88 models were tested and ranked according to both Akaike Information 

Criterion (AIC) and AIC corrected for small sample sizes (AICc) (Hurvich & Tsai, 1989). The top 

four nucleotide substitution models are shown in table 5.2.  

 

 

 

Gene ID Type COGgene PosLeft PosRight Strand Function 

BKHGOCJI_00001              CDS COG0457              521 1330 + FOG: TPR repeat    

BKHGOCJI_00002              CDS COG0457              1389 2171 + FOG: TPR repeat    

BKHGOCJI_00003              CDS NA 2215 3255 + NA 

BKHGOCJI_00004              CDS COG4181 3314 4009 + Predicted ABC-type 

transport system involved 

in lysophospholipase L1 

biosynthesis 

BKHGOCJI_00005              CDS COG4591 4110 5231 + [M] ABC-type transport 

system, involved in 

lipoprotein release 

BKHGOCJI_00006              CDS NA 5221 5949 + NA 

BKHGOCJI_00007              CDS NA 5972 7009 + NA 

Table 5.2. Prediction of the putative operon containing BBJ25 from B. burgdorferi B31. The operon prediction 
was produced using Operon Mapper (Taboada et al., 2018). The gene ID is given, followed by gene type (CDS = 
protein coding gene), clusters of orthologous group (COG) assignment if available, the position of the gene on 
the operon, the strand the gene is on and the predicted function of the gene if known. 
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The overall grouping of the tree based on the whole operon is very similar to the tree based 

on BBJ25 alone with only minor differences in the terminal branches. Within both Group 1 

and Group 2, the predicted operon consists of 7 genes: a Tetratricopeptide repeat domain 

protein (BBJ23), an ABC transporter with both ATP-binding (BBJ26) and permease domains 

(BBJ27), BBJ25 and three hypothetical proteins (BBJ23, BBJ28 and BBJ29). A conserved gene 

order is seen among the Borrelia species, with the exception of BBJ25 which is located in the 

third position on the predicted operon or the last position. BBJ25 is seen immediately 

upstream or downstream of the ABC-transporter genes in both groups. In Group 2, the 

predicted operon containing BBJ25 is followed by a Streptolysin S-like (SLS) operon (Molloy 

et al., 2015). The order of chromosomal genes in Brachyspira is similar to that of Group 2, 

with collinearity of the two ABC transporter genes and BBJ25 homolog, but these are 

separated by two pseudogenes. The gene structure in Treponema genospecies appears to be 

Name Description Weight deltaAICc 

TVM +G transversion model with gamma distribution: 

variable base frequencies, variable transversion 

rates, transition rates equal, 

G= gamma distributed rate variation among sites 

0.4609 0 

GTR + G general time reversible with gamma distribution:  

variable base frequencies, 

symmetrical substitution matrix, 

G = gamma distributed rate variation among sites  

0.2771 1.01 

TVM +I +G transversion model with gamma distribution): 

variable base frequencies, variable transversion 

rates, transition rates equal, 

G= gamma distributed rate variation among sites 

I = with a proportion of invariable sites  

0.1642 2.06 

GTR +I +G general time reversible with gamma distribution:  

variable base frequencies, 

symmetrical substitution matrix, 

G = gamma distributed rate variation among sites  

I = with a proportion of invariable sites 

0.0979 3.10 

Table 5.3. jModelTest recommended nucleotide substitution models for the operon dataset. From 88 
nucleotide substitution models, the four highest scoring models ranked by both AIC and AICc are shown (the 
top four models from both AIC and AICc were the same).  DeltaAICc shows the decrease in AICc score from the 
highest ranked model. The DeltaAICc scores ranged from 0 for the best to 8531 for the worst scoring model. The 
GTR +G model was chosen for phylogenetic analysis as this can be implemented in MEGAX.  
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quite different and the BBJ25 homologues are surrounded by unrelated genes (results not 

shown). 
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Figure 5.3. Phylogenetic analysis of BBJ25 protein sequences from Borrelia species and Brachyspira. The phylogenetic tree was generated in MEGAX using the Maximum 
Likelihood method and a JTT matrix-based model (Kumar et al., 2018). The JTT+G model was chosen based on a ranking of 60 models by prottest3 (Darriba et al., 2011). A 
bootstrap method was applied using 1000 replications. Branch lengths are measured in number of substitutions per site. A graphical representation of the predicted operon 
is shown and the group each species belongs to is indicated as either Lyme disease (LD), Relapsing Fever (RF) or reptile (REP) associated. Graphical representation generated 
using the gggenes package in R (R Core Team, 2021) and nucleotide sequence lengths in GenBank (NCBI). 
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Figure 5.4. Phylogenetic analysis of predicted BBJ25 operon DNA sequences from Borrelia species and 
Brachyspira. A) Analysis of the whole operon based on genomic regions shown in table 2.5 with 10158 positions. 
B) Analysis of the equivalent regions with omission of the BBJ25 coding sequence with a total of 7845 positions.  
DNA sequences were aligned using MUSCLE (Edgar, 2004) as described in the Methods section. The evolutionary 
history was inferred by using the Maximum Likelihood method and General Time Reversible model (Nei & 
Kumar, 2000). The trees with the highest log likelihood is shown (A =  -46915.60, B = -39097.67). The percentage 
of trees in which the associated taxa clustered together is shown next to the branches based on 1000 bootstrap 
replications (Felsenstein, 1985). Initial tree(s) for the heuristic search were obtained automatically by applying 
Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Maximum Composite 
Likelihood (MCL) approach, and then selecting the topology with superior log likelihood value. A discrete 
Gamma distribution was used to model evolutionary rate differences among sites with 5 categories (+G, 
parameter = 0.8601 for panel A and 0.9021 for panel B). The tree is drawn to scale, with branch lengths 
measured in the number of substitutions per site. This analysis involved 15 nucleotide sequences. Evolutionary 
analyses were conducted in MEGA X (Kumar et al., 2018). 
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As the framework used in this research only utilised one algorithm for identification of β-

barrel proteins, PRED-TMBB2, additional algorithms were used to improve confidence of 

topology predications. BBJ25 sequences from Borrelia, Treponema and Brachyspira species 

(appendix 6) were analysed using BOMP (Berven et al., 2004) and BOCTOPUS2 (Hayat et al., 

2016). Both algorithms are consistent with PRED-TMBB2 predication of a β-barrel topology, 

but there are discrepancies between the number of β-strands. PRED-TMBB2 predicted a β-

barrel topology spanning the whole BBJ25 sequence with 16-18 β-strands. BOCTOPUS2 

predicted a smaller β-barrel at the N-terminus between 8-10 strands, with the C-terminus 

containing a non-barrel domain. 
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5.4 Homology modelling of BBJ25 from B. burgdorferi B31  

Homology models were produced for BBJ25 from B. burgdorferi B31 using the structural 

prediction algorithms I-TASSER, MODELLER, PHYRE2 and Robetta. The model produced using 

I-TASSER lacked a complete β-barrel structure, with the N-terminal region not forming any 

ordered secondary structure (figure 5.5). The surface electrostatics do not fit what would be 

expected of a β-barrel OM protein, as the barrel region shows charged regions where non-

polar residues would be expected to interface with the non-polar glycolipids of the Borrelia 

membrane. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
HHsearch  utilises hidden Markov models (HMMs) and is noted as the method with the 

highest sensitivity for detecting distant evolutionary relationship that other methods 

generally do not detect (Pereira & Alva, 2021). Sequences are aligned and submitted to 

MODELLER (Šali & Blundell, 1993). The first 10 available templates were selected for 

homology modelling (table 5.4). The topology of this model is more consistent with that of 

other known β-barrels in Gram negative bacteria, with an even number of strands, both the 

N and C-termini on the same side and all of the strands in an anti-parallel conformation. 

However, some of the strands in this model show low confidence in the prediction. While the 

surface electrostatics are more like that expected of a β-barrel OMP in comparison to the I-

TASSER model, charged regions are still seen around the centre of the barrel.  

Figure 5.5. BBJ25 homology model using I-TASSER. Left: Cartoon representation with B-factors to show 
prediction confidence. This is shown as a rainbow spectrum from red (low confidence) to dark blue (high 
confidence). Right: Model showing surface electrostatic potential. Images produced using PyMol (Schrödinger, 
2010). 
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Template Sequence identity Probability 

BamA – E.coli (6QGW) 15% 94.94% 

Outer membrane transporter CdiB – E.coli (6WIM) 10% 94.46% 

Substrate-engaged Bam complex – E. coli (6V05) 15% 94.22% 

BamA with one POTRA domain – E. coli (4C4V) 15% 93.56% 

BamABCDE complex – E. coli (5D0O) 15% 92.07% 

Filamentous hemagglutinin transporter protein FhaC - 

Bordetella pertussis (4QL0) 

9% 91.69% 

Translocation and assembly module TamA - E. coli 

(4C00) 

14% 91.45% 

Hemolysin activator protein CdiB - Acinetobacter 

baumannii (6WIL) 

11% 91.23% 

BamA lacking POTRA domains 1-3 - Haemophilus 

ducreyi (4K3C) 

14% 90.27% 

BamA - Neisseria gonorrhoeae (4K3B) 17% 89.71% 

 
 

Figure 5.6. BBJ25 homology model using MODELLER. Left: Cartoon representation with B-factors to show 
prediction confidence. This is shown as a rainbow spectrum from red (low confidence) to dark blue (high 
confidence). Right: Model showing surface electrostatic potential. Images produced using PyMol (Schrödinger, 
2010). 

Table 5.4. MODELLER templates for homology modelling. The name of the template and the corresponding 
PDB is given, followed by the percentage sequence identity to BBJ25.   
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PHYRE2 selected 3 templates for homology modelling (table 5.5) and 55% of residues 

modelled at >90% confidence. The highest scoring template was an outer membrane channel 

from E. coli, but this only shared 11% sequence identity with BBJ25 (table 5.5). Low sequence 

identity is also seen for the templates used by MODELLER (table 5.4). This model shows two 

domains, a β-barrel domain and a C-terminal non-barrel domain.  

 

 

Template Sequence identity Confidence Coverage 

Probable n-acetylneuraminic acid outer 

membrane channel – E. coli (2WJQ) 

11% 92.1 54% 

BamA - Haemophilus ducreyi (4K3C) 15% 73.1 22% 

BamA- E. coli (4C4V) 18% 68.3 21% 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

The BBJ25 sequence was submitted to the Robetta server and RoseTTAfold modelling method 

was selected. RoseTTAfold is a deep modelling method that predicts protein structure based 

on a 3-track network and is suggested as the most accurate method available on the Robetta 

server (Baek et al., 2021). The five models produced from this method show a 16 stranded β-

barrel topology, consistent with Schulz’s rules for OM β-barrels (table 1.4, section 1.3.3). The 

Table 5.5. PHYRE2 templates for homology modelling. The name of the template and the corresponding PDB 
is given, followed by the percentage sequence identity to BBJ25, the prediction confidence and the sequence 
coverage.  

Figure 5.7. BBJ25 homology model using PHYRE2. Left: Cartoon representation. Right: Model showing surface 
electrostatic potential. Images produced using PyMol (Schrödinger, 2010). 
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membrane spanning strands are predicted with high confidence, with the exception of the 

first and last strand where the barrel closes. The terminal strand should likely be further 

extended to form a more closed barrel, as is seen for other β-barrel OMPs. There is low 

confidence in the prediction of the loop regions, but this is expected due to the high variability 

in the loops of β-barrel proteins, which share little homology with one another and are 

frequently mobile. All five models have a loop region between β-strands 11 and 12, that 

occupies the centre of the barrel. This loop region forms one or more short α-helices in 4 out 

of the 4 models. Surface electrostatics for these models fit that expected of a β-barrel OMP, 

with a non-polar core region and charged loop regions. Alignment of the five models (figure 

5.10) shows consistent orientation of the 16 β-strands, whereas the orientation of the eight 

external loops show some variation.  

 

 

 

1 2 3 

4 5 

Figure 5.8. BBJ25 homology models using Robetta RoseTTAfold. Models are shown as a cartoon representation 
with B-factors to show prediction confidence. This is shown as a rainbow spectrum from red (low confidence) to 
dark blue (high confidence). Images produced using PyMol (Schrödinger, 2010). 
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4 5 

Figure 5.9. BBJ25 homology models using Robetta RoseTTAFold. Models showing surface electrostatic 
potential. Images produced using PyMol (Schrödinger, 2010). 

Figure 5.10. Alignment of BBJ25 RoseTTAfold models. The 5 models produced by RoseTTAfold were aligned in 
PyMol (Schrödinger, 2010) and superimposed. Model 1 = green, Model 2 = light blue, Model 3 = pink, Model 4 
= gold, Model 5 = salmon.  
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The computational search of the Borrelia plasmid proteomes yielded 9 homologues of Oms28, 

a protein originally identified as a predicted integral OM protein with porin activity (Skare et 

al., 1996). Homology models of Oms28 were generated using PHYRE2 and Robetta 

RoseTTAfold, with both servers predicting this protein as a predominantly helical and 

therefore soluble (non-membrane) protein (figure 5.11). This is consistent with circular 

dichroism data identifying Oms28 as 78% α-helix and a periplasmic protein associated with 

the OM (Mulay et al., 2007). The PHYRE2 model showed low confidence, with 0% of residues 

modelled at >90% confidence. Despite this helical topology, Oms28 was identified as a 

potential β-barrel protein after filtering through a series of prediction algorithms and 

highlights a limitation of this method. The computational framework used could be modified, 

perhaps by the addition of a secondary structure prediction algorithm such as PSI-PRED, to 

prevent periplasmic proteins appearing as false positives.  

 
 

 

 

 

 

 

 

Figure 5.11. Oms28 homology models. Left: Robetta RoseTTAFold model as a cartoon representation with B-
factors to show prediction confidence. This is shown as a rainbow spectrum from red (low confidence) to dark 
blue (high confidence). Right: PHYRE2 model as a cartoon representation. Confidence is not shown. Images 
produced using PyMol (Schrödinger 2010). 
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5.5 Discussion 

This project developed a computational framework to search for β-barrel OM proteins, based 

on previous work which filtered sequences through a series of prediction algorithms to 

identify those predicted to form transmembrane β-barrels (Kenedy et al., 2016). As this 

previous framework focussed on identification of OMPs on the B. burgdorferi B31 

chromosome, we extended this search to the plasmid proteomes of 14 Borrelia species. After 

sequential elimination of sequences through various prediction algorithms, we identified only 

two potential OM-β-barrel proteins, OMS28 which is annotated as a porin, and the 

uncharacterised protein, BBJ25. This low number was expected, as Borrelia contain few 

integral β-barrel OM proteins compared to other Gram-negative bacteria and currently 

characterised Borrelia OMPs are coded for on the chromosome. Analysis of the location of 

BBJ25 homologs within each plasmid showed that BBJ25 is associated with a 7-gene operon, 

neighboured by a Tetratricopeptide repeat domain protein (BBJ23), an ABC transporter with 

both ATP-binding (BBJ26) and permease domains (BBJ27) and three hypothetical proteins 

(BBJ23, BBJ28 and BBJ29).  

 

Phylogenetic analysis of the BBJ25 operon  

The phylogenetic analysis showed that the evolutionary history of this region does not match 

what would be expected from vertical transmission alongside the chromosome, possibly 

because of a combination of horizontal gene/whole-plasmid transfer followed by 

recombination. The clustering seen is unusual as LD and RF Borrelia are closely related and 

share a large common subset of genes (Margos et al., 2018), generally forming two distinct 

groups even if a phylogenetic tree is constructed from a single chromosomal gene (appendix 

8). Throughout the Borrelia genus, the BBJ25-operon is located on linear genetic elements, 

either the smaller linear plasmids (lp38, lp17, lp28-3, lp28-8) or close to the end of the linear 

chromosome in the case of B. turcica. These smaller linear plasmids are relatively unstable, 

and it is well documented that there have been several inversions, recombination events and 

lateral gene transfer both within and between different Borrelia species (Casjens et al., 2018). 

Even whole plasmids can, on occasion be exchanged, although this is relatively rare (Casjens 

et al., 2018). In addition, it has been shown that there is extensive horizontal transfer of small 

sections of DNA (<2000bp) within sympatric populations of Borrelia (Haven et al., 2011). This 
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recombination is so frequent, it is 3-times more common than the point mutation rate. 

However, the BBJ25-operon is ~6500bp long, and RF and LD-type Borrelia are generally not 

sympatric, therefore greatly reducing the impact of this type of horizontal transfer.  

 

The conservation of this operon possibly results from the selective advantage of controlling 

expression using a single promoter, allowing simpler gene regulation and therefore a rapid 

response to changes in environment, such as the change from tick to mammalian 

environment (Zhao et al., 2019). Furthermore, there may be a selective advantage in 

maintaining accurate stoichiometry even after lateral gene transfer of these regions. The 

phylogenetic analysis of the operon revealed a genealogy with two distinct groups, each 

containing many closely related sequences. This pattern is consistent with previous studies, 

as phylogenetic analysis of Borrelia isolates often reveal distinct groups separated by long 

internal branches but with short terminal branches within each group. This pattern is seen for 

a range of different genetic markers, such as the well-studied OspC (Margos et al., 2008; Qiu 

et al., 2008; Travinsky et al., 2010). This genealogy is seen in genomes under frequency 

dependent selection (FDS), the effects of which would be expected to be seen genome wide 

in B. burgdorferi s.l where the recombination frequency exceeds the mutation rate (Haven et 

al., 2011).  

 

The computational framework identified two homologous copies of BBJ25 in the plasmid 

proteome of B. valaisiana (COR918 and COR9H1, 54% sequence identity, table 5.2). Extensive 

BLAST searches of Borrelia proteomes only revealed a single copy of BBJ25 in all other 

genospecies. An initial explanation is that the B. valaisiana sequences are paralogs and arose 

by a gene duplication event that has only occurred in this genospecies. However, subsequent 

analysis of the surrounding genes revealed that the two BBJ25 variants are found within two 

different allelic versions of the BBJ25-operon with a different gene order (Groups 1 and 2, 

figure 5.4). As the two versions of this operon are found distributed across many different 

genospecies, and the two copies of BBJ25 from B. valaisiana cluster with other sequences 

from the same allelic group (not with each other), the most parsimonious explanation is that 

B. valaisiana has acquired the second copy by horizontal transfer of the whole operon.   
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There is a possibility that B. valaisiana does not stably maintain both copies, and their 

detection results from either a transient event or from contamination with another 

genospecies. However, multiple isolates of B. valaisiana taken at different times and from 

different locations have been found to contain both copies. A search of the NCBI database for 

Identical Proteins revealed that B. valaisiana strains IPT14, IPT160, IPT111 and IPT116 all have 

both versions of BBJ25 (identical protein groups WP_015899315.1 and WP_012665424.1). 

These strains have been isolated from Ixodes ricinus ticks at different times (from 1997 to 

2005) and at a range of locations across Europe. This suggests the presence of purifying 

selection to maintain both copies of the operon within this genospecies, which could be 

explored using Ka/Ks tests. The sequence identity between BBJ25 in group 1 and group 2 is 

~54%, suggesting there is sufficient divergence for a shift in function (such as differential 

binding to different substrates). There may perhaps be a selective advantage in maintaining 

both copies in B. valaisiana as they act on different substrates.  

 

Homologues of BBJ25 were found in all major families of spirochaetes with the exception of 

the Leptospira and Brevinematales. Phylogenetic analysis of the branching order of the 

spirochetes based on 16s rRNA sequences (Gupta et al., 2013) implies that the Brachyspira 

lineage diverged prior to the emergence of Borrelia, Leptospira and Treponema. Therefore, 

the existence of BBJ25 in the Brachyspira implies a role for this protein in the last common 

ancestor of all extant spirochetes. Evidence from comparative genomic analysis suggests that 

the most recent common ancestor of the spirochetes was most likely an invertebrate gut 

symbiont (Subramanian et al., 2000). Subsequent evolution towards obligate parasitic 

lifestyles has been associated with extensive lineage-specific gene-loss in the Borrelia and 

Treponema lineages. Functional characterisation of BBJ25 may reveal something about the 

biology of the early evolution of the spirochetes. 

 

A possible role in nutrient acquisition in the mammalian host 

While the precise role(s) of BBJ25 and the associated operon remain unknown, it is possible 

to establish certain constraints on the possible functions based on clones lacking the host 

plasmid. Within the background of B. burgdorferi B31, BBJ25 is found on lp38, a plasmid that 

has been shown to be dispensable for in vitro growth and the establishment of infection in 



 

 
139 

mouse by either needle inoculation or transmission by I. scapularis (Dulebohn et al., 2011). 

The absence of any detectable impact of pathogenicity suggests that BBJ25 does not have a 

critical role in the transmission from ticks, establishment of infection and dissemination to 

other tissues. The efficient in vitro growth of clones lacking lp38 was established using BSK 

medium, a rich medium which may potentially mask a phenotype if the protein is involved in 

nutrient acquisition or metabolism. This disagrees with previous research which 

demonstrated reduced mouse infectivity in a clone lacking lp38 (Botkin et al., 2006). A B. 

burgdorferi N40 strain was found to be no longer infectious in mice after 120 passages and 

was identified as having lost lp38 and lp-28-1 (Thomas et al., 2001). As lp-28-1 contains the 

vls locus associated with infectivity, no conclusions can be made from this study as to the role 

of lp38 in infectivity. However, as B. burgdorferi lacking the lp-38 plasmid was still able to 

grow and divide in BSK media, BBJ25 and other proteins encoded on this plasmid cannot be 

involved in cell structure or viability.  

 

The genes in this operon have been included in studies analysing the regulation of Borrelia 

genes in response to environmental factors, to assess whether they are upregulated or 

downregulated in the mammalian host. Using DNA microarrays and a dialysis membrane 

chamber in a rat model, BBJ23, BBJ26 and BBJ27 from B. burgdorferi B31 were found to be 

upregulated in response to mammalian signals (Brooks et al., 2003). A 5.48 fold upregulation 

was seen for BBJ26, 3.59 fold upregulation for BBJ27 and 1.85 fold upregulation for BBJ23. 

None of the genes in the operon were found to be downregulated. Brooks et al found that 

the majority of proteins located on the plasmids were downregulated during cultivation in 

the mammalian model, whereas the majority of proteins located on the chromosome were 

upregulated. This is consistent with a previous study which noted that Borrelia outer surface 

lipoproteins are downregulated in mouse models during chronic Borrelia infection (Liang et 

al., 2002). A previous study by Revel et al also found upregulation of BBJ23 in response to 

mammalian signals, using similar methods to the above (Revel et al., 2002). BBJ23 was 

upregulated 4.09 fold in dialysis membrane chambers implanted in rats compared to 

conditions of unfed ticks (23°C, pH 7.5) and is upregulated 5.12 fold in fed ticks (response to 

both temperature and pH). However, this study used uncloned B. burgdorferi isolates, which 

are known to contain heterogeneity based on phenotype, plasmid content and growth rates 
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(Elias et al., 2002). A clonal isolate is therefore recommended for genetic studies using B. 

burgdorferi strains.  

 

Upregulation of BBJ27 and BBJ28 has also been shown by Tokarz et al, which found a 4.8 and 

5.5 fold upregulation of these proteins respectively in response to the addition of blood to 

spirochete cultures (Tokarz et al., 2004). A significant upregulation of BBJ25 was also seen, 

with 12.5 fold upregulation noted in response to a blood meal. This ABC transporter system 

was not expressed in unfed ticks and an upregulation was seen upon tick feeding. 

Furthermore, real time PCR showed that BBJ25 was only expressed in feeding ticks. It is likely 

that the operon remains expressed for the duration of mammalian infection, as this study 

shows upregulation during tick feeding and Brooks et al found upregulation during later 

infection (Brooks et al., 2003; Tokarz et al., 2004).  

 

 

 
Homology modelling of BBJ25 showed a β-barrel porin-like structure with 14-16 strands, with 

the majority showing a 16 stranded barrel, fitting with Schulz’s rules for OM β-barrels (table 

1.4, section 1.3.3). PHYRE2 was the only homology model to show 2 domains, with a 14 

stranded β-barrel domain and a C-terminal non-barrel domain, which was shown by 

BOCTOPUS2 prediction. However, PHYRE2 prediction was low in confidence and the 16 

stranded β-barrel modelled by RoseTTAfold had higher confidence. The templates used by 

MODELLER and PHYRE2 showed low sequence identity to BBJ25, but sequence identity is 

often low between β-barrel OM proteins despite a similar structure (Schulz, 2000). This has 

Figure 5.12. A summary of gene upregulation on the B. burgdorferi B31 lp38 ABC transporter operon. The 
numbers given refer to the fold upregulation of the corresponding gene to mammalian signals.  1 (Brooks et al., 
2003), 2 (Tokarz et al., 2004), 3 (Revel et al., 2002) 
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been shown by the crystal structures of two porins which were superimposable despite only 

sharing moderate sequence identity (Koebnik et al., 2000).  

 

Out of all of the modelling software used in this project, the RoseTTAfold algorithm produced 

a model most consistent with Schultz’s rules for β-barrel proteins and predicted this with high 

confidence. The RoseTTAfold algorithm differs from traditional ab initio and homology 

modelling methods, and is based on the DeepMind framework used by AlphaFold. Homology 

modelling relies on the use of a known 3D structure as a template and where low homology 

to known structures is present, models produced by servers such as PHYRE2 are very 

unreliable (Kelley et al., 2015). As β-barrel OM proteins share low homology with one another, 

predicting protein folding and structure of these proteins using traditional modelling methods 

is not ideal. This problem may be overcome with the recent development of AlphaFold, an AI 

based algorithm that is capable of predicting a proteins 3D structure from its amino acid 

sequence with an accuracy near that of experimental structures (Jumper et al., 2021). 

RoseTTAfold is based on the neural architectures used by AlphaFold and produces structures 

with accuracies nearing those of AlphaFold, making it the most accurate modelling software 

used in this research (Baek et al., 2021).  

 

Limitations were seen when using this framework to identify plasmid encoded β-barrel outer 

membrane proteins. As previously mentioned, an α-helical periplasmic protein (Oms28) was  

identified as a β-barrel outer membrane protein, despite the final filtering step using PRED-

TMBB2. This may be overcome by the addition of a secondary structure prediction software, 

such as PSI-PRED, or by the utilisation of multiple β-barrel prediction algorithms as used by 

Kenedy et al. When the sequence for Oms28 is inputted in the β-barrel prediction software 

BOCTOPUS, BOMP and PRED-TMBB, it is not identified as a β-barrel protein and would 

therefore not have been seen in the final filtering results had multiple algorithms been used 

at the final stage. This framework also failed to identify some homologs of BBJ25, which were 

later identified using BBJ25 from B. burgdorferi B31 as a search sequence in PSI-BLAST. This 

included homologs from closely related species of Borrelia such as B. afzelii and B. garinii, 

which were filtered out prior to β-barrel prediction using PRED-TMBB2.  
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As this framework failed to identify obvious homologs, alternative methods of identifying β-

barrel OM proteins based on the amino acid sequence could be explored. Given the advances 

in protein structure prediction by DeepMind algorithms such as AlphaFold, sequences could 

be submitted straight to these servers to determine if they are a β-barrel protein. However, 

the R-code used for the framework in this project allowed 5923 protein sequences to be 

filtered through numerous prediction algorithms in a matter of minutes. Submitting such a 

large number of sequences to a server like AlphaFold is a much slower process and is also 

likely to require manual viewing of each result to determine which are the protein type of 

interest (such as a β-barrel).  
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Chapter 6  Future work and conclusions 

The aim of this research was to produce a series of truncated and full-length predicted β-

barrel membrane proteins from B. burgdorferi s.s; BB_0027, BB_0405, BB_0406 and BB_0562, 

towards structural and functional characterisation. As these proteins and known Borrelia β-

barrel OM proteins are encoded on the chromosome, this project also aimed to develop a 

framework to search the plasmid proteomes of Borrelia, to identify any plasmid encoded β-

barrel OM proteins.  

 

The computational framework developed in this project utilised an R-script to filter 14 plasmid 

proteomes of Borrelia through a series of prediction algorithms, in order to identify predicted 

β-barrel OM proteins. Although this framework did fail to identify obvious homologs of BBJ25, 

the use of an R-script provides a reproducible, less labour intensive method of filtering 

sequences to identify β-barrel proteins and could be reliably applied to other genomes. As 

the framework was only applied to plasmid proteomes, it could be used to analyse whole 

Borrelia genomes and results compared to those produced by Kenedy et al using a previous 

framework (Kenedy et al., 2016). While a false positive was identified, the framework can be 

modified to include a prediction algorithm more suitable for filtering out periplasmic proteins. 

Further analysis at the DNA level could be carried out to identify potential promoter 

sequences that may allow differential expression of each gene. As two copies of BBJ25 are 

maintained in B. valaisiana, future work should explore if other genospecies of Borrelia 

maintain two copies of this gene. The R-script used for this framework could be made more 

widely available, by publication in a repository such as GitHub. It could also be developed as 

a webserver, but this would be challenging as it is heavily reliant on the results from multiple 

third-party algorithms.  

 

The identification of BBJ25 on the linear plasmids of Borrelia species opens up future research 

on this protein. Cloning and expression techniques utilised for Borrelia OMPs discussed in 

Chapter 3 and 4 could be applied for BBJ25, to produce protein suitable for structural studies. 

As this is predicted to be a β-barrel between 8-18 strands, structural data is essential to 

resolve this discrepancy in topology prediction. While high resolution X-ray data would be 

ideal for structure determination of BBJ25, in the absence of diffraction quality crystals any 
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lower resolution data such as SAXS or circular dichroism would provide experimental 

evidence to support or refute the homology models presented. Furthermore, it has been 

shown that for de novo protein structure prediction Google’s DeepMind Alphafold 

outperforms the RoseTTAfold algorithm used in this work and therefore may provide a more 

robust prediction of BBJ25. As the BBJ25-operon is uncharacterised and several of the 

proteins have been shown to be upregulated in the mammalian host, the work presented 

here highlights the need to investigate the function of the whole operon. 

 

The recently developed DeepMind modelling algorithms, RoseTTAfold and AlphaFold, provide 

more accurate predictions of protein structures in comparison to traditional homology 

modelling algorithms such as PHYRE2 and MODELLER. RoseTTAfold could be used to produce 

accurate models of BB_0027, BB_0405, BB_0406 and BB_0562, as they have previously only 

been modelled using traditional methods. This is especially useful given the low sequence 

identity between β-barrel OM proteins, as many traditional modelling methods rely on 

homology to proteins of known structure. Furthermore, the AI algorithm utilised by AlphaFold 

results in highly accurate structure predictions when compared against the experimental 

structure and may be helpful for membrane protein structure determination due to the 

difficulties crystallising this class of proteins, as were faced during the experimental work in 

this project.  
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Chapter 8  Appendix 

Appendix 1- Vector maps  

Vector maps for pNIC28-Bsa4 and pNH-TrxT were obtained from SnapGene®. 
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Appendix 2- PSI-PRED outputs  

PSI-PRED was used for secondary structure predictions for each protein using amino acid 

sequences obtained from NCBI as the input.  
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Appendix 3- Amino acid sequences of protein targets 

The code of the construct is provided in the first column, followed by the protein name and 

the amino acid sequence length. Finally, the amino acid sequence is given for each full length 

protein and for truncated proteins. The expression tag sequence is highlighted in yellow and 

the site for cleavage of the tag is indicated by an Asterix.  

 
 

Code Protein Amino acid sequence 

A1 BB_0562 (1-180) MHHHHHHSSGVDLGTENLYFQ*SMKKIFILFIM IANISTNGFT 

KDSYLNRGIG FGASIGNPII NLIMSFPFID FEIGYGGSNG INLSGPKLES 

KFYDFNLLAI AALDFIFTIS LIKNLNLGIG IGGNISISSH TSKLINVELG 

FGMRIPLVIF YDITENLEIG MKIAPSIEFI SNTRSLAQHR TYSGIKSNFA 

GGIFAKYYIF 

A2 BB_0562 (16-180) MHHHHHHSSGVDLGTENLYFQ*SMTNGFTKDSYLNRGIGFGASIGNPII

NLIMSFPFIDFEIGYGGSNGINLSGPKLESKFYDFNLLAIAALDFIFTISLIKN

LNLGIGIGGNISISSHTSKLINVELGFGMRIPLVIFYDITENLEIGMKIAPSIE

FISNTRSLAQHRTYSGIKSNFAGGIFAKYYIF 

A3 BB_0562 (27-180) MHHHHHHSSGVDLGTENLYFQ*SMRGIGFGASIGNPIINLIMSFPFIDFE

IGYGGSNGINLSGPKLESKFYDFNLLAIAALDFIFTISLIKNLNLGIGIGGNIS

ISSHTSKLINVELGFGMRIPLVIFYDITENLEIGMKIAPSIEFISNTRSLAQH

RTYSGIKSNFAGGIFAKYYIF 

A4 BB_0562 (38-180) MHHHHHHSSGVDLGTENLYFQ*SMPIINLIMSFPFID FEIGYGGSNG 

INLSGPKLES KFYDFNLLAI AALDFIFTIS LIKNLNLGIG IGGNISISSH 

TSKLINVELG FGMRIPLVIF YDITENLEIG MKIAPSIEFI SNTRSLAQHR 

TYSGIKSNFA GGIFAKYYIF 

A5 BB_0027 (1-212) MHHHHHHSSGVDLGTENLYFQ*SMRKYIFIILI AVLLIGVNIK 

KIAAAANIDR HTNSTLGIDL SVGIPIFYND LSKAYPTNLY PGGIGAIKYQ 

YHILNNLAIG LELRYMFNFD INHSFNILNP DSSVGKIFYS VPITFSINYI 

FDIGELFQIP VFTNIGFSLN TYGDRNNNIT NLRTFDALPT ISFGSGILWN 

FNYKWAFGAT ASWWMMFEFG NSAKMAHFAL VSLSVTVNVN KL 

A6 BB_0027 (3-212) MHHHHHHSSGVDLGTENLYFQ*SMKYIFIILIAVLLIGVNIK 

KIAAAANIDR HTNSTLGIDL SVGIPIFYND LSKAYPTNLY PGGIGAIKYQ 

YHILNNLAIG LELRYMFNFD INHSFNILNP DSSVGKIFYS VPITFSINYI 

FDIGELFQIP VFTNIGFSLN TYGDRNNNIT NLRTFDALPT ISFGSGILWN 

FNYKWAFGAT ASWWMMFEFG NSAKMAHFAL VSLSVTVNVN KL 

A7 BB_0027 (18-212) MHHHHHHSSGVDLGTENLYFQ*SMNIKKIAAAANIDR HTNSTLGIDL 

SVGIPIFYND LSKAYPTNLY PGGIGAIKYQ YHILNNLAIG LELRYMFNFD 

INHSFNILNP DSSVGKIFYS VPITFSINYI FDIGELFQIP VFTNIGFSLN 

TYGDRNNNIT NLRTFDALPT ISFGSGILWN FNYKWAFGAT 

ASWWMMFEFG NSAKMAHFAL VSLSVTVNVN KL 
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A8 BB_0027 (33-212) MHHHHHHSSGVDLGTENLYFQ*SMNSTLGIDLSVGIPIFYND 

LSKAYPTNLY PGGIGAIKYQ YHILNNLAIG LELRYMFNFD INHSFNILNP 

DSSVGKIFYS VPITFSINYI FDIGELFQIP VFTNIGFSLN TYGDRNNNIT 

NLRTFDALPT ISFGSGILWN FNYKWAFGAT ASWWMMFEFG 

NSAKMAHFAL VSLSVTVNVN KL 

A9 BB_0405 (1-203) MHHHHHHSSGVDLGTENLYFQ*SMRMLLATIIL ILTTGLLAAQ 

SKSKSMTEDD FDFDKLLAKE ESVRRLFGIG FGVGYPLANI 

TISVPYVDID LGYGGFVGLK PNNFLPYVVM GVDLLFKDEI 

HKNTMISGGI GIGADWSKGS PEKSNEKLEE EEENEAQQVA 

SLQNRIGVVI RLPLVIEYSF LKNIVIGFKA VATIGTTMLL GSPMSFEGAR 

FNFLGTGFIK IYI 

A10 BB_0405 (21-203) MHHHHHHSSGVDLGTENLYFQ*SMSKSKSMTEDD FDFDKLLAKE 

ESVRRLFGIG FGVGYPLANI TISVPYVDID LGYGGFVGLK 

PNNFLPYVVM GVDLLFKDEI HKNTMISGGI GIGADWSKGS 

PEKSNEKLEE EEENEAQQVA SLQNRIGVVI RLPLVIEYSF LKNIVIGFKA 

VATIGTTMLL GSPMSFEGAR FNFLGTGFIK IYI 

A11 BB_0405 (30-203) MHHHHHHSSGVDLGTENLYFQ*SMDFDFDKLLAKE ESVRRLFGIG 

FGVGYPLANI TISVPYVDID LGYGGFVGLK PNNFLPYVVM 

GVDLLFKDEI HKNTMISGGI GIGADWSKGS PEKSNEKLEE 

EEENEAQQVA SLQNRIGVVI RLPLVIEYSF LKNIVIGFKA VATIGTTMLL 

GSPMSFEGAR FNFLGTGFIK IYI 

A12 BB_0405 (45-203) MHHHHHHSSGVDLGTENLYFQ*SMRLFGIGFGVGYPLANI 

TISVPYVDID LGYGGFVGLK PNNFLPYVVM GVDLLFKDEI 

HKNTMISGGI GIGADWSKGS PEKSNEKLEE EEENEAQQVA 

SLQNRIGVVI RLPLVIEYSF LKNIVIGFKA VATIGTTMLL GSPMSFEGAR 

FNFLGTGFIK IYI 

B1 BB_0406 (1-203) MHHHHHHSSGVDLGTENLYFQ*SMIKIFKKIYI LTLVLGMAHL 

SFASDNYMVR CSKEEDSTTC IAKLKEIKEK KNYDLFSMGI 

GIGDPIANIM ITIPYINIDF GYGGFIGLKS NNFENYLNGG IDVIFKKQIG 

QYMKIGGGIG IGADWSKTSL IPPNEEEETD YERIGAVIRI 

PFIMEYNFAK NLSIGFKIYP AVGPTILLTK PSILFEGIKF NFFGFGFIKF 

AFN 

B2 BB_0406 (21-203) MHHHHHHSSGVDLGTENLYFQ*SMSFASDNYMVR CSKEEDSTTC 

IAKLKEIKEK KNYDLFSMGI GIGDPIANIM ITIPYINIDF GYGGFIGLKS 

NNFENYLNGG IDVIFKKQIG QYMKIGGGIG IGADWSKTSL 

IPPNEEEETD YERIGAVIRI PFIMEYNFAK NLSIGFKIYP AVGPTILLTK 

PSILFEGIKF NFFGFGFIKF AFN 

B3 BB_0406 (43-203) MHHHHHHSSGVDLGTENLYFQ*SMKLKEIKEKKNYDLFSMGI 

GIGDPIANIM ITIPYINIDF GYGGFIGLKS NNFENYLNGG IDVIFKKQIG 

QYMKIGGGIG IGADWSKTSL IPPNEEEETD YERIGAVIRI 

PFIMEYNFAK NLSIGFKIYP AVGPTILLTK PSILFEGIKF NFFGFGFIKF 

AFN 
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B4 BB_0406 (54-203) MHHHHHHSSGVDLGTENLYFQ*SMDLFSMGIGIGDPIANIM 

ITIPYINIDF GYGGFIGLKS NNFENYLNGG IDVIFKKQIG QYMKIGGGIG 

IGADWSKTSL IPPNEEEETD YERIGAVIRI PFIMEYNFAK NLSIGFKIYP 

AVGPTILLTK PSILFEGIKF NFFGFGFIKF AFN 

B5 BB_0095 (1-181) MHHHHHHSSGMSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCK

MIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFKNGEVA

ATKVGALSKGQLKEFLDANLAGTENLYFQ*SMLDSYYYVLS 

SLPYIDLKSL KNYSVSDFLN NVEISLSKKD FNFLKELLEF KIDRGKSRVI 

DLFLNFEDTI RYTLAALRAE KLGLSKDFYL ESTYFSSYYL SILKNICLKE 

NPFEIELSFD LLKWQFLTDL EVGHEFDFEK LIIYFLKLRL FLRHNLFKEK 

LGIQNFDNIC KNLIDKTNEK V 

B6 BB_0095 (4-181) MHHHHHHSSGMSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCK

MIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFKNGEVA

ATKVGALSKGQLKEFLDANLAGTENLYFQ*SMSYYYVLSSLPYIDLKSL 

KNYSVSDFLN NVEISLSKKD FNFLKELLEF KIDRGKSRVI DLFLNFEDTI 

RYTLAALRAE KLGLSKDFYL ESTYFSSYYL SILKNICLKE NPFEIELSFD 

LLKWQFLTDL EVGHEFDFEK LIIYFLKLRL FLRHNLFKEK LGIQNFDNIC 

KNLIDKTNEK V 

B7 BB_0095 (24-181) MHHHHHHSSGMSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCK

MIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFKNGEVA

ATKVGALSKGQLKEFLDANLAGTENLYFQ*SMSVSDFLNNVEISLSKKD 

FNFLKELLEF KIDRGKSRVI DLFLNFEDTI RYTLAALRAE KLGLSKDFYL 

ESTYFSSYYL SILKNICLKE NPFEIELSFD LLKWQFLTDL EVGHEFDFEK 

LIIYFLKLRL FLRHNLFKEK LGIQNFDNIC KNLIDKTNEK V 

B8 BB_0095 (37-181) MHHHHHHSSGMSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCK

MIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFKNGEVA

ATKVGALSKGQLKEFLDANLAGTENLYFQ*SMSKKDFNFLKELLEF 

KIDRGKSRVI DLFLNFEDTI RYTLAALRAE KLGLSKDFYL ESTYFSSYYL 

SILKNICLKE NPFEIELSFD LLKWQFLTDL EVGHEFDFEK LIIYFLKLRL 

FLRHNLFKEK LGIQNFDNIC KNLIDKTNEK V 

B9 BB_0095 (1-130) MHHHHHHSSGMSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCK

MIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFKNGEVA

ATKVGALSKGQLKEFLDANLAGTENLYFQ*SMLDSYYYVLS 

SLPYIDLKSL KNYSVSDFLN NVEISLSKKD FNFLKELLEF KIDRGKSRVI 

DLFLNFEDTI RYTLAALRAE KLGLSKDFYL ESTYFSSYYL SILKNICLKE 

NPFEIELSFD LLKWQFLTDL 

B10 BB_0095 (4-130) MHHHHHHSSGMSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCK

MIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFKNGEVA

ATKVGALSKGQLKEFLDANLAGTENLYFQ*SMSYYYVLSSLPYIDLKSL 

KNYSVSDFLN NVEISLSKKD FNFLKELLEF KIDRGKSRVI DLFLNFEDTI 

RYTLAALRAE KLGLSKDFYL ESTYFSSYYL SILKNICLKE NPFEIELSFD 

LLKWQFLTDL 

B11 BB_0095 (24-130)

  
MHHHHHHSSGMSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCK

MIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFKNGEVA
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ATKVGALSKGQLKEFLDANLAGTENLYFQ*SMSVSDFLNNVEISLSKKD 

FNFLKELLEF KIDRGKSRVI DLFLNFEDTI RYTLAALRAE KLGLSKDFYL 

ESTYFSSYYL SILKNICLKE NPFEIELSFD LLKWQFLTDL 

B12 BB_0095 (37-130) MHHHHHHSSGMSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCK

MIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFKNGEVA

ATKVGALSKGQLKEFLDANLAGTENLYFQ*SMSKKDFNFLKELLEF 

KIDRGKSRVI DLFLNFEDTI RYTLAALRAE KLGLSKDFYL ESTYFSSYYL 

SILKNICLKE NPFEIELSFD LLKWQFLTDL 

C1 BB_0095 (1-157) MHHHHHHSSGMSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCK

MIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFKNGEVA

ATKVGALSKGQLKEFLDANLAGTENLYFQ*SMLDSYYYVLS 

SLPYIDLKSL KNYSVSDFLN NVEISLSKKD FNFLKELLEF KIDRGKSRVI 

DLFLNFEDTI RYTLAALRAE KLGLSKDFYL ESTYFSSYYL SILKNICLKE 

NPFEIELSFD LLKWQFLTDL EVGHEFDFEK LIIYFLKLRL FLRHNLF 

C2 BB_0095 (4-157) MHHHHHHSSGMSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCK

MIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFKNGEVA

ATKVGALSKGQLKEFLDANLAGTENLYFQ*SMSYYYVLSSLPYIDLKSL 

KNYSVSDFLN NVEISLSKKD FNFLKELLEF KIDRGKSRVI DLFLNFEDTI 

RYTLAALRAE KLGLSKDFYL ESTYFSSYYL SILKNICLKE NPFEIELSFD 

LLKWQFLTDL EVGHEFDFEK LIIYFLKLRL FLRHNLF 

C3 BB_0095 (24-157) MHHHHHHSSGMSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCK

MIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFKNGEVA

ATKVGALSKGQLKEFLDANLAGTENLYFQ*SMSVSDFLNNVEISLSKKD 

FNFLKELLEF KIDRGKSRVI DLFLNFEDTI RYTLAALRAE KLGLSKDFYL 

ESTYFSSYYL SILKNICLKE NPFEIELSFD LLKWQFLTDL EVGHEFDFEK 

LIIYFLKLRL FLRHNLF 

C4 BB_0095 (37-157) MHHHHHHSSGMSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCK

MIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFKNGEVA

ATKVGALSKGQLKEFLDANLAGTENLYFQ*SMSKKDFNFLKELLEF 

KIDRGKSRVI DLFLNFEDTI RYTLAALRAE KLGLSKDFYL ESTYFSSYYL 

SILKNICLKE NPFEIELSFD LLKWQFLTDL EVGHEFDFEK LIIYFLKLRL 

FLRHNLF 

C5 BB_0040 (1-283) MHHHHHHSSGMSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCK

MIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFKNGEVA

ATKVGALSKGQLKEFLDANLAGTENLYFQ*SMNTNQNKFNL 

NINITKDELS RLIKIVYNNF GINLSEKKKL LIESRLSSLL KVKGFKNFTE 

YINFLEKSTG NIQLIELIDK ISTNHTYFFR ESKHFDFLNN KILPKLTEKI 

LNSENSEIRI WSAGCSSGEE PYTIAMMLKE YMEHNRVNFK 

VKILATDISI SVLNEAREGI YPEDRIINLP KYLKIKYLNQ LQDDKFQVKE 

ILKKMVYFKK LNLMDEKFPF SKKFDLIFCR NVMIYFDEKT 

RNNLANKFNS YLKKDSYLLI GHSETIRGNK NLEYIMPATY KKN 
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Appendix 4- Protein test expression labelled SDS-PAGE  
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Appendix 5- Customised R-code for the computational framework to search for 
β-barrel genes in the plasmid proteomes of Borrelia 
 
The following R-code was written by Dr Jarek Bryk at The University of Huddersfield.  
 
#Load packages 

install.packages("here") 

install.packages("janitor") 

install.packages("tidyverse") 

if (!requireNamespace("BiocManager", quietly = TRUE)) 

    install.packages("BiocManager") 

BiocManager::install("Biostrings") 

 

library(here) 

library(janitor) 

library(tidyverse) 

library(Biostrings) 

 

# Function to clean the data, parse the columns and remvoe duplicates  

# The taxon_id should be a unique number for each proteome. 

cleandata <- function(data) { 

 data %>%  

  separate(names, into = c("sp", "protein_id", "rest"), sep = 

"\\|") %>%  

  separate(rest, into = c("protein_abbrev", "rest"), sep = "_", 

extra = "merge") %>%  

  separate(rest, into = c("species_id", "description"), sep = " 

", extra = "merge") %>% 

  separate(description, into = c("temp", "taxon_id"), sep = 

"OX=", extra = "merge") %>%  

  separate(taxon_id, into = c("taxon_id", "rest"), sep = " ", 

extra = "merge") %>% 

  separate(temp, into = c("protein_name", "species_name"), sep = 

"OS=", extra = "merge") %>% 

  distinct() %>%  

  select(-sp) 

} 

  

# Function to parse the AAStringSet into tibble 

AASS_2tibble <- function(data) { 

 as_tibble(data.frame(sequence = as.character(data), 

names=names(data), stringsAsFactors = FALSE)) 

} 

 

# Loading each file into a list of files, without losing any information in 

the name of each sequence 

all_species <- map(.x = list.files(path = here("data"), full.names = TRUE, 

pattern = "*.fasta"), .f = readAAStringSet) 

 

 

# all_species is now a list of all the fasta sequences from each species 

all_species 

 

 

# This will now turn each species' file in our list into a list of proper 

tibbles 

all_species_tibble <- map_df(all_species, AASS_2tibble) %>%  

 select(names, sequence) 

all_species_tibble 
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# This will parse and separate all the relevant columns in the giant tibble 

all_species_tidy <- cleandata(all_species_tibble) 

glimpse(all_species_tidy) # gives 5923 entries 

all_species_tidy 

 

 

# Some sanity checks 

all_species_tidy %>%  

 count(species_id) # 9 

  all_species_tidy %>%  

 count(taxon_id) # This gives 14 

all_species_tidy %>% group_by(taxon_id) %>%  

 count()  

 

   

# Importing results from SpLip_results.txt 

# Run SpLip, then simplify the text file using unix command sed -n '/>/p' 

input.txt > SpLip_results.txt 

results_splip <- read_tsv(here("data/SpLip_results.txt"), col_names = 

FALSE) %>%  

 separate(X1, into = c("stuff1", "protein_id", "rest"), sep = "\\|") 

%>%  

 separate(rest, into = c("protein_abbrev", "prediction_splip"), sep = 

":", extra = "merge") %>%  

 separate(protein_abbrev, into = c("protein_abbrev", "species_id"), 

sep = "_") %>%  

 mutate(prediction_splip = str_squish(prediction_splip)) %>%  

 distinct() %>%  

 select(protein_id, species_id, prediction_splip) 

  

# https://services.healthtech.dtu.dk/service.php?LipoP-1.0 

# Importing results from LipoP-1.0 LipoP_results.txt 

results_lipop <- read_tsv(here("data/LipoP_results.txt"), col_names = 

FALSE) %>%  

 separate(X1, into = c("stuff1", "protein_id", "rest"), sep = "_", 

extra = "merge") %>% 

 separate(rest, into = c("rest2", "prediction_lipop"), sep = " ", 

extra = "merge") %>% 

 separate(prediction_lipop, into = c("prediction_lipop", "score"), sep 

= " ", extra = "merge") %>%  

 distinct() %>%  

 select(protein_id, prediction_lipop) 

 

#https://services.healthtech.dtu.dk/service.php?TMHMM-2.0 

# Importing results from TMHMM_results.txt 

results_tmhmm <- read_tsv(here("data/TMHMM_results.txt"), col_names = 

FALSE) %>%  

 separate(X1, into = c("stuff1", "protein_id", "rest"), sep = "\\|") 

%>%  

 separate(rest, into = c("protein_abbrev", "species_id"), sep = "_") 

%>%  

 separate(X5, into = c("rest", "prediction_tmhmm"), sep = "=") %>%  

 distinct() %>%  

 select(protein_id, species_id, prediction_tmhmm) 

 

#http://phobius.sbc.su.se/ 

# Importing results from Phobius_results.txt 

# When copying data from phobius web output, remove the header "SEQENCE ID 

TM SP PREDICTION" 
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results_phobius <- read_tsv(here("data/Phobius_results.txt"), col_names = 

FALSE) %>% 

 separate(X1, into = c("stuff1", "protein_id", "rest"), sep = "\\|") 

%>%  

 separate(rest, into = c("protein_abbrev", "species_id"), sep = "_") 

%>%  

 separate(species_id, into = c("species_id", "rest"), sep = " ", extra 

= "merge") %>%  

 mutate(rest = str_squish(rest)) %>%  

 separate(rest, into = c("phobius_TM", "phobius_SP", 

"phobius_topology"), sep = " ", extra = "merge") %>%  

 distinct() %>%  

 select(protein_id, species_id, phobius_TM) 

 

#https://www.psort.org/psortb/   

# Importing results from PSORTb_results.txt 

# First line of PSORTb output has column names "SeqID Localization

 Score" 

results_psortb <- read_tsv(here("data/PSORTb_results.txt"), col_names = 

TRUE) %>%  

 separate(SeqID, into = c("stuff1", "protein_id", "rest"), sep = 

"\\|") %>%  

 separate(rest, into = c("protein_abbrev", "rest"), sep = "_", extra = 

"merge") %>%  

 separate(rest, into = c("species_id", "protein_description"), sep = " 

", extra = "merge") %>%  

 distinct() %>%  

 select(protein_id, species_id, Localization) %>%  

 rename(Localization = "prediction_psortb") 

 

results_psortb %>% distinct() %>%  group_by(prediction_psortb) %>% count() 

%>% arrange(desc(n))  

 

#https://services.healthtech.dtu.dk/service.php?SignalP-5.0 

# Importing results from SignalP5_results2.txt 

# remove timestamp line from start of file 

results_signalP5 <- read_tsv(here("data/SignalP5_results.txt"), col_names = 

TRUE) %>%  

 separate("# ID", into = c("stuff1", "protein_id", "protein_abbrev", 

"species_id", "rest"), sep = "_", extra = "merge") %>% 

 select(protein_id, species_id, Prediction) %>%  

 rename(Prediction = "prediction_signalP5") %>%  

 distinct() 

 

# Importing results from PRED_TMBB2_results.txt 

# (using the dipeptide model) 

results_pred_tmbb2 <-  read_tsv(here("data/PRED_TMBB2_results.txt"), 

col_names = TRUE) %>% clean_names() %>%  

 separate("protein_id", into = c("stuff1", "protein_id", 

"protein_abbrev", "species_id", "rest"), sep = "_") %>% 

 separate(beta_barrel_score_cut_off_is_0_43, into = c("X4", 

"prediction_pred_tmbb2"), sep = "\\|") %>%  

 select(protein_id, species_id, prediction_pred_tmbb2, 

sequence_length) %>%  

 distinct() 

 

# The big merge 

# https://stackoverflow.com/questions/8091303/simultaneously-merge-

multiple-data-frames-in-a-list 

all_species_predictions <-  
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 purrr::reduce(.x = list(all_species_tidy, results_splip, 

results_lipop, results_tmhmm, results_phobius, results_psortb, 

results_signalP5, results_pred_tmbb2), .f = left_join, by = "protein_id") 

%>%  

 select(-starts_with("species_id."), -rest) %>%  

 select(protein_id, protein_abbrev, sequence_length, protein_name, 

species_id, taxon_id, sequence, starts_with("prediction")) %>%  

 mutate(prediction_pred_tmbb2 = as.numeric(prediction_pred_tmbb2), 

     prediction_tmhmm = as.numeric(prediction_tmhmm)) 

 

glimpse(all_species_predictions) 

 

 

 

# The big filtering 

all_species_predictions %>% #  

 filter(prediction_tmhmm == 0) %>% # 3465 

 filter(!grepl("Cytoplasmic", prediction_psortb)) %>% # 1871 

 filter(grepl("SPI)", prediction_signalP5)) %>% # 46 

 filter(prediction_pred_tmbb2 > 0.43) # 4 

 

filtered_predictions <-  

 all_species_predictions %>%                                                                     

#start 5923 

  filter(prediction_splip == "NOT LIPOPROTEIN") %>%                                               

#5128 

 filter(prediction_lipop == "SpI" | prediction_lipop == "CYT" | 

prediction_lipop == "TMH" ) %>%  #5005 

 filter(prediction_tmhmm == 0)                                                              

%>%  #4301  

 filter(!grepl("Cytoplasmic", prediction_psortb))                                           

%>%  #2484 

 filter(grepl("SPI)", prediction_signalP5))     

                                       %>%  #63  

 filter(prediction_pred_tmbb2 > 0.43)                                                            

#13 

 

 

view(filtered_predictions) 

 

output_table <- filtered_predictions %>% select(protein_id, 

sequence_length, protein_name, taxon_id) 

 

#create table 

install.packages("formattable") 

install.packages("data.table") 

library(formattable) 

library(data.table) 

formattable(output_table) 

 

formattable(output_table,  

            align =c("l","c", "r"),  

            list(`Indicator Name` = formatter( 

              "span", style = ~ style(color = "grey",font.weight = "bold"))  
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Appendix 6- Multiple sequence alignment of BBJ25 protein sequences from 
Borrelia, Brachyspira and Treponema used for phylogenetic analysis 
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Appendix 7- SignalP 5.0 analysis of BBJ25 
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Appendix 8- Phylogenetic analysis of BB405  
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Appendix 9- Publications 
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