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Abstract 
 

Lyme disease is a tick-borne infection caused by the spirochete Borrelia burgdorferi. 

The bacterium is transferred from infected Ixodes ticks to the mammalian host organism 

during the tick feeding process. During the blood meal of an infected Ixodes tick B. 

burgdorferi switches the expression of several genes in response to the mammalian 

host-specific signals and the occurring changes in temperature, cell density, pH and 

nutrient level. Many of these upregulated genes from B. burgdorferi are coding for the 

outer surface proteins, thought to be associated with the pathogenesis of Lyme disease. 

Potentially those proteins may assist the bacteria to transfer and to adapt to the new 

environment as the bacteria should be able to attach to the specific receptors/ligands in 

the new host organism, as well as be able to spread, proliferate and resist the host‟s 

immune response. Outer surface proteins belonging to the paralogous gene family 

PFam54 have showed to exhibit the highest upregulation rates in conditions mimicking 

the transfer process of bacteria from infected Ixodes ticks to the mammalian host 

organisms, pointing to the potential importance of these proteins in the pathogenesis of 

Lyme disease. Paralogous gene family PFam54 consists of nine members located on 

linear plasmid 54 (lp54) – BBA65, BBA64, BBA66, BBA68, BBA69, BBA70, BBA71, 

BBA72, BBA73 (BBA70, BBA71 and BBA72 does not produce functional proteins). 

Besides having the highest upregulation rates between the proteins with altered 

expression, it has been showed that the PFam54 family member proteins have an 

essential or even a vital role in the pathogenesis of Lyme disease. So for example the 

mutant strain lacking the expression of BBA64 could not cause the infection after a tick 

bite. Except BBA68, which binds complement factor H and factor H like protein 1, the 

exact receptors or ligands for the members of the PFam54 family are not known and the 

three dimensional structures of the proteins could gain a better insight into their 

functions and the pathogenesis of Lyme disease. Taking this into account and to 

promote the development of novel therapeutic and prophylactic strategies against Lyme 

disease, the crystal structures for BBA64, BBA66 and BBA73 proteins from the 

PFam54 family have been determined. The crystal structures were each analyzed to 

reveal the conservation of the relevant residues in the PFam54 family and to appreciate 

about the potential ligand/receptor binding sites.  
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Kopsavilkums 
 

Laima slimība ir ērču pārnēsāta infekcijas slimība, kuras izraisītājs ir spiroheta Borrelia 

burgdorferi. Inficētu Ixodes ērču barošanās laikā baktērija var nonākt zīdītāja 

organismā. Ērcei uzsākot asins sūkšanas procesu, B. burgdorferi spēj izmainīt vairāku 

gēnu ekspresijas līmeni kā atbildes reakciju uz temperatūras, šūnu blīvuma, pH un 

barības vielu pieejamības izmaiņām. Daudzi no B. burgdorferi gēniem, kuru ekspresijā 

tiek novērotas izteiktas izmaiņas kodē dažādus ārējās virsmas proteīnus, savukārt šie 

ārējās virmas proteīni tiek saistīti ar Laima slimības patoģenēzi. Tieši ārējās virsmas 

proteīni var potenciāli nodrošināt baktērijas pārnesi no ērces uz zīdītāja organismu, kā 

arī pielāgošanos krasi atšķirīgajiem apstākļiem. Tas ir tādēļ, ka tie ir nepieciešami, lai 

baktērija spētu saistīties pie potenciālajiem ligandiem vai receptoriem jaunajā 

saimniekorganismā, spētu izplatīties, vairoties un cīnīties ar siltasiņu organisma imūnās 

sistēmas reakciju. Vislielāko ekspresijas pieaugumu tādos in vitro apstākļos, kas 

līdzinās inficētas ērces piesūkšanās procesam zīdītāja organismam, ir uzrādījuši 

paralogās gēnu ģimenes PFam54 locekļi, norādot uz šo proteīnu potenciāli svarīgo lomu 

Laima slimības patoģenēzē. Paralogā gēnu ģimene PFam54 sastāv no 9 locekļiem, kas 

novietoti uz lineārās plazmīdas 54 (lp54) - BBA65, BBA64, BBA66, BBA68, BBA69, 

BBA70, BBA71, BBA72, BBA73 (BBA70, BBA71 un BBA72 neveido funkcionālus 

proteīnus). Bez tā, ka PFam54 locekļi uzrāda visaugstāko ekspresijas līmeni starp 

visiem proteīniem ar izmainītu ekspresijas līmeni, vairākos pētījumos ir parādīts, ka šie 

proteīni ir svarīgi pilnvērtīgai Laima slimības norisei zīdītāju organismā vai pat vitāli 

svarīgi, lai B. burgdorferi spētu izraisīt saslimšanu. Tā piemēram, izmainīts B. 

burgdorferi celms, kas neekspresēja BBA64 proteīnu, nespēja izraisīt Laima slimību 

pēc inficētas ērces kodiena. Izņemot BBA68, kurš saista komplementa faktoru H un 

faktoram H līdzīgo proteīnu 1, receptori vai ligandi pie kuriem saistās PFam54 ģimenei 

piederošie proteīni nav vēl zināmi, tādēļ šo proteīnu trīs-dimensionālās struktūras spētu 

sniegt labāku ieskatu Laima slimības patoģenēzes procesos. Ņemot vērā iepriekšminēto, 

kā arī lai veicinātu jaunu zāļu izstrādi pret Laima slimību, tika noteiktas PFam54 

ģimenes locekļu BBA64, BBA66 un BBA73 proteīnu telpiskās struktūras. Visas 

proteīnu telpiskās struktūras tika analizētas, lai noteiktu iespējamos konservatīvos 

rajonus starp PFam54 biedriem un lai izzinātu potenciālo ligandu/receptoru saistīšanās 

vietas. 
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ABBREVIATIONS 

3D – three dimensional 

α-MGalDAG – α-monogalactosyl diacylglycerol 

aa– amino acid 

ACA – acrodermatitis chronica atrophicans 

B. burgdorferi – Borrelia burgdorferi 

bp – base pair 
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cDNA – complimentary DNA 

CFH – complement regulator factor H 

CFHL-1 – factor H-like protein 1 
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CRASPs – complement regulator-acquiring surface proteins 

DNA – dezoxiribonucleic acid 

ECL – enhanced chemiluminescence 

EDTA – ethylenediamine tetraacetic acid 

EM – erythema migrans 

LB – Lyme borreliosis 

LB medium – lysogeny broth 

LD – Lyme disease 

lp – linear plasmid 

LPS – lipopolysaccharide 

Ig – immunoglobulin 

IPTG – isopropyl-β-D-thiogalactopyranoside 

kb – kilobase 

kDa – kilodalton 

mRNA – messenger RNA 

MAC – membrane attack complex 

MAD – multi-wavelength anomalous dispersion (diffraction) 

MALDI-TOF – matrix assisted laser desorption/ionization-time-of-flight mass spectrometer 

MW – molecular weight 

Ni-NTA – nickel-nitrilotriacetic acid 

NMR – nuclear magnetic resonance 

Nt – nucleotide 

OD600 – optical density measured at a wavelength of 600 nm 

ORF – open reading frame 

Osp – outer surface protein 

PAGE – polyacrylamide gel electrophoresis 

PBS – phosphate buffered saline 

PCR – polymerase chain reaction 

PDB – Protein Data Bank 

PMSF – phenylmethylsulfonyl fluoride 

rOspA – recombinant outer surface protein A 

rpm – revolutions per minute 

RNA – ribonucleic acid 

RT-PCR – reverse-transcriptase polymerase chain reaction 

SAD – single wavelength anomalous diffraction (dispersion) 

SDS – Sodium dodecyl sulfate 

SDS-PAGE – Sodium dodecyl sulfate polyacrylamide gel 

TAE – Tris-acetate-EDTA 

TEMED – tetramethylethylenediamine 

TEV – Tobacco etch virus 

TFA – trifluoroacetic acid 

WT – wild type 
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INTRODUCTION 

 

Borrelia burgdorferi is the causative agent of Lyme disease that is transmitted from 

infected Ixodes ticks to a mammalian host organism during the blood meal. During the 

enzootic life cycle spirochete B. burgdorferi resides in different host organisms – Ixodes 

ticks and various mammalian organisms. 

B. burgdorferi contains unusual amount of lipoproteins on the outer surface as about 8% 

or 150 of the coding genes from B. burgdorferi genome expresses lipoproteins; this is 

significantly higher frequency than in any other bacterial genome that is sequenced to 

date. Theoretically, the lipoproteins of B. burgdorferi can be localized in three different 

positions – the periplasmic leaflet of the cytoplasmic membrane, the periplasmic leaflet 

of the outer membrane or the outer leaflet of the outer membrane and thus located on 

the cell surface. As the surface-localized B. burgdorferi lipoproteins interact with the 

environment and are thought to be the major players in the pathogenesis of Lyme 

disease, understanding of their role, functions and structure could be invaluable step to 

advance the understanding of the pathogenesis of Lyme disease. Taking into account 

that only 6% of the B. burgdorferi lipoproteins have some similarities with the proteins 

from other organisms, and for most of them the functions are not known, the 

determination of the crystal structures for those B. burgdorferi outer surface 

lipoproteins could be very valuable. From all those approximately 150 lipoproteins 

found in B. burgdorferi the crystal structures have been determined only for 15 proteins. 

Several studies have shown that B. burgdorferi has managed to switch the expression of 

different genes in response to a mammalian host-specific signals, pH and temperature 

shift or cell density changes. 

B. burgdorferi genes coding for the outer surface lipoproteins BBA64, BBA66 and 

BBA73 are the members of the paralogous gene family PFam54 located on the 54 kb 

linear plasmid (lp54) which is one of the twelve linear plasmids of B. burgdorferi. It has 

been showed by several studies that the respective proteins expressed by the genes 

located on lp54 play an important role in the host adaptation of B. burgdorferi and are 

associated with LD pathogenesis. The important role of these proteins can be further 

explained by the fact that during the temperature shift in vitro from 23
o
C to 35

o
C 

resembling the temperature change during the transfer of spirochete from ticks to a 

warm blooded animal and in a response to the mammalian host-specific signals, the 

proteins produce the highest upregulation rates among all the borrelial proteins.  



9 
 

Recent studies have revealed that BBA64 has a vital role in the transfer of B. 

burgdorferi from infected Ixodes ticks to the host organism after the tick bite. Also the 

outer surface protein BBA66 is important in the pathogenesis of Lyme disease as the 

inactivation of the gene has showed that the protein is necessary for the transmission of 

B. burgdorferi from infected Ixodes ticks to the mammalian host organism as the 

transmission of altered bacteria was significantly impaired in comparison to WT 

bacteria.  

The aim of this study was to solve the 3D structures of the outer surface proteins from 

PFam54 family as that could gain more understanding of how exactly the paralogous 

gene family PFam54 coded proteins ensure the transfer of B. burgdorferi from ticks to 

the mammalian host and the structures could be potentially used for drug design to stop 

the transmission of the spirochete. The three-dimensional structures have been solved 

for BBA64 at 2.4 Å, BBA66 at 2.25 Å and BBA73 at 2.09 Å (also for a truncated 

version of BBA73 at 1.88 Å). The crystal structures have been compared to each other 

to reveal the overall structural similarities between the homologous proteins, the 

essential residues necessary for the overall fold conservation and the electrostatic 

properties of the molecules. 

Work that needs to be done to achieve the goal: 

1. Choosing of the optimal expression vector and expression system and PCR 

amplification of the genes coding for the outer surface proteins; 

2. Cloning and expression of the recombinant outer surface proteins in the bacterial 

expression system; 

3. Protein purification by immobilized metal ion affinity and ion-exchange 

chromatography and optimization of the purification to obtain >90% pure protein for 

crystallization trials; 

4. Crystallization of the purified proteins, optimization of the favourable condition 

variants and collection of the protein crystal diffraction data by using an X-ray source; 

5. Determination of protein 3D structures; 

6. Comprehensive analysis of the protein tertiary structures. 
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1. LITERATURE REVIEW 

1.1. Lyme disease 

Lyme borreliosis as a disease was first recognized in 1975 by Dr. Allen Steere in area of 

Lyme, Connecticut, USA where a number of children had developed symptoms thought 

to be related with juvenile rheumatoid arthritis (Steere et al., 1977b). The investigation 

for the reasons of numerous occasions of juvenile rheumatoid arthritis in the area of 

Lyme was started after two mothers reported about the symptoms to the State Health 

Department of Connecticut. The investigation was started by Dr. Allen Steere together 

with Dr. Stephen Malawista and Dr. David Snydman and the study revealed an 

epidemic of oligoarticular arthritis in the area of Lyme. Because the prevalence of 

juvenile rheumatoid arthritis was almost 100 times greater than the expected value and 

serologic tests were not positive for agents known to cause arthritis the disease was 

categorized as previously unrecognized clinical entity and it was named Lyme arthritis 

(Steere et al., 1977b). Already at that time it was suggested that in the transmission of 

the disease some arthropod vector may be involved. Further investigation revealed that 

there is some connection between Lyme arthritis and erythema chronicum migrans 

(Steere et al., 1977a). The skin lesion was characterized as a papule that expanded to 

form a large ring with central clearing and usually was observed for about 3 weeks. 

More than half of the patients with erythema migrans developed a monoarticular or 

oligoarticular arthritis after 4 days to 22 weeks after onset of the skin lesion (Steere et 

al., 1977a). Erythema migrans was recommended as a diagnostic marker for Lyme 

arthritis. By studying Lyme arthritis it was recognized that in Connecticut there was 

almost 30-fold difference in cases between the communities in the east side and west 

side of the Connecticut river (Steere et al., 1978). At that time it was also showed that 

Ixodes scapularis ticks were much more common on the east side of the Connecticut 

river where the incidence of Lyme arthritis was much higher that on the west side 

(Wallis et al., 1978). Also the ticks were found more frequently on humans as well as on 

dogs and cats in the eastern communities. Relationship between the Ixodes ticks and 

Lyme disease was revealed although the identification of the exact aetiological agent 

was unsuccessful at this stage. 
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1.1.1. Epidemiology and tick vectors of Lyme disease 

B. burgdorferi is maintained in nature in a complex enzootic life cycle involving Ixodes 

ticks and different mammalian organisms (Anguita et al., 2003; Pal and Fikrig, 2003) 

(Figure 1.). 

 

Figure 1. Ticks life cycle. The picture has been adapted from www.shelter-island.org. 

 

The main vectors that transmit the causative agent of Lyme disease are Ixodes ricinus 

ticks in Europe, I. persulcatus in Asia and I. scapularis and I. pacificus in North 

America. The ticks have three different stages – larvae, nymphs and adults and at each 

stage the ticks should have a blood meal (Figure 2.). 
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Figure 2. Ixodes scapularis ticks showing the three stages of their lifetime – larva, 

nymph and adult (male and female). The picture has been adapted from Tick encounter 

Resource Center (tickencounter.org). 

 

Larvae and nymphs feed mostly in spring and summer on small or medium-sized 

animals like rodents and birds, while adults feed mostly in autumn on larger host 

animals like deer until the daytime temperature remains above freezing (Anderson, 

1989a; Anderson et al., 1987; Matuschka et al., 1991). It should be mentioned that adult 

males generally do not take a blood meal but are necessary to fertilize the adult females. 

Adult females usually can be found questing about knee-high on the tips of the branches 

of low growing shrubs and can readily attack humans and pets. Once they have finished 

the blood meal they drop off the host and can over-winter by hiding under the old grass 

or leaves (Anderson, 1991). Next year they lay a mass of eggs and then die. In the late 

summer larvae appears from the eggs. B. burgdorferi cannot be transferred transovary 

by Ixodes ticks, therefore the ticks obtain the spirochete from mammals during the 

blood meal which can be transferred to other mammalian, including humans, during the 

following blood meal (Rollend et al., 2013). As larvae can be found usually on grass, 

they typically attaches to small mammals, such as mice (Anderson, 1989b). Once larvae 

has finished the blood meal on some mammalian host organism it detaches and molt, re-

emerging the following spring as nymphs. After nymphs attach and blood feed on 

animals in spring and summer, they drop off and emerges as adults in the autumn 

(Anderson, 1989b). The seasonal character of Lyme borreliosis in the accordance with 

the enzootic life cycle of Ixodes ticks is showed in Figure 3.  
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Figure 3. Seasonal character of Lyme disease accordance to the enzootic life cycle. 

Picture adapted from Tick encounter Resource Center (tickentouner.org). 

 

The proportion of infected Ixodes ticks that carries Lyme disease agent B. burgdorferi 

varies between 15% and 40% and the value can be different between the countries 

(Wang et al., 2003). When Ixodes tick has attached to the host organism it should stay 

attached for at least 24 h to transfer the spirochetes to the new host organism and with 

the highest chance to get transferred at the third day (des Vignes et al., 2001; Piesman et 

al., 1987). Therefore, when an Ixodes tick infected with Lyme disease spirochetes bite 

some animals, like humans and possibly escape detection by the victim and feed long 

enough so that the infection can be transmitted, the Lyme disease can be acquired.  
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Lyme disease is common infection in European countries, especially in central Europe, 

Scandinavia and Eastern Europe were forests and grassland dominates (Barbour and 

Fish, 1993; Steere et al., 2004). In Latvia approximately 400-800 new cases of Lyme 

disease have been identified each year while the incidence varies between the countries 

(Table 1.). 

 2008 2009 2010 2011 2012 
Country 

 

 

Total No Per 100 000 Total No Per 100 000 Total No Per 100 000 Total No Per 100 000 Total no Per 100 000 

Latvia 488 21.5 720 31.8 829 36.9 866 38.8 724 35.4 

Estonia 1423 106.0 1787 133.3 1721 128.4 2303 171.8 1546 115.4 

Lithuania 1153 34.0 3600 106.6 2558 76.6 2429 73.9 2440 81.5 

Finland 1277 24.1 1466 27.5 1444 27.0 1662 30.9 1588 29.4 

Norway 345 7.2 273 5.6 288 5.8 247 4.9 255 5.1 

Poland 8248 21.6 10 329 27.1 9003 23.6 9170 23.8 8791 22.8 

 

Table 1. Total number of cases and incidence per 100 000 inhabitants of Lyme disease 

in the Baltic States and other European countries from 2008 to 2012. The 

epidemiological data are taken from EpiNorth network project for communicable 

disease control in Northern Europe (http://www.epinorth.org/). 

 

1.1.2. Pathogenesis of Lyme borreliosis 

B. burgdorferi can be transmitted to the mammalian host organism only after a tick bite. 

When an Ixodes tick after attachment to the host organism starts the blood meal it 

causes the changes in the pH, temperature and nutrient levels in the tick midgut which 

in turn switches the expression of different genes in B. burgdorferi (Brooks et al., 2003; 

Ojaimi et al., 2003; Revel et al., 2002; Tokarz et al., 2004). B. burgdorferi starts to 

replicate rapidly in the ticks midgut during the blood meal by increasing the number of 

bacteria by more that 300-fold after 72 h of feeding (De Silva and Fikrig, 1995; 

Piesman et al., 1990). The changes in the gene expression profiles upregulates different 

outer surface proteins of B. burgdorferi thought to play an important role in the 

transmission process, dissemination, chemotaxis and fight against the host‟s immune 

response (Ojaimi et al., 2003; Tokarz et al., 2004). After about 36 h of feeding, 

http://www.epinorth.org/
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spirochetes have migrated from the ticks midgut to the salivary glands also due to the 

changes in the expression of several outer surface proteins including OspA and OspC 

(de Silva et al., 1999; Pal et al., 2004b; Tilly et al., 2013). Upregulated OspC protein 

binds to a tick saliva protein Salp15 and the binding may not only drag the bacteria 

from the midgut to the salivary glands but also may protect against anti-OspC 

immunoglobulin binding or interfering with CD4
+
 T-cell activation (Hovius et al., 2007; 

Hovius et al., 2008; Ramamoorthi et al., 2005). OspC protein is also important for initial 

colonization of the host organism in the mouse model (Radolf and Caimano, 2008). 

Besides OspC many other proteins are necessary for the transmission process including 

BBA64 and BBA66 (Gilmore et al., 2010; Patton et al., 2013a).  

After the transmission of B. burgdorferi from ticks to mammalian host organism, the 

spirochetes continue to proliferate in the dermis reaching high numbers (Liveris et al., 

2002). Further adhesion to different host cells and extracellular matrix by B. burgdorferi 

is thought to be very important to initiate the infection and has been showed that the 

spirochete can bind a variety of tissues and disseminate through the organism (Coburn 

et al., 2005; Patton et al., 2011; Steere et al., 2004).  

 

1.1.3. Diagnosis of Lyme disease 

Diagnosis of Lyme disease is based on a history of tick bite, clinical signs and erythema 

migrans (Wormser et al., 2006). Although diagnostic tests and laboratory diagnosis can 

be applied to confirm the infection, it is thought that serological testing can be too 

insensitive in the first two weeks of infection to be helpful diagnostically (Aguero-

Rosenfeld et al., 2005; Nowakowski et al., 2001; Tugwell et al., 1997). In cases for 

which there is uncertainty serum samples should be tested following a two-step 

procedure: a sensitive ELISA (enzyme-linked immunosorbent analysis) followed by 

Western-blot (IgM and IgG) analysis (Wilske et al., 2007) (Table 2). In the first month 

of Lyme disease infection IgM response gives highest sensitivity but at later stage 

detection of IgG should be conducted. Two to four weeks after infection, 

immunoglobulin of the IgM class are found, reaching a peak at six weeks, and their titer 

drops after 4-6 months. While IgG antibodies occur at six to eight weeks after the 

infection and remains for many years after the infection displaying a slow decay in titer 

as determined by ELISA or Western-blot method. False-positive results are found 

mainly with IgM antibodies, which appear in persons suffering from other bacterial 

diseases (Porwancher et al., 2011).  
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ELISA 
IgM antibody 

ELISA 
IgG antibody 

Western blot Likely 
Interpretation 

Positive Positive Positive Likely Lyme 
disease 

Positive Negative Negative Early infection or 
false positive 

Negative Positive Positive Late or previous 
infection 

Negative Negative (usually not 
performed if IgM 
and IgG are 
negative) 

No infection 
present; 
symptoms may be 
due to another 
cause or antibody 
levels too low to 
detect 

 

Table 2. Strategy to interpret the serodiagnostic results obtained from ELISA and 

Western blot analysis for Lyme disease. 

 

A wide range of other methods have been developed for the direct detection of B. 

burgdorferi in the clinical samples, such as PCR, microscopy, detection of different B. 

burgdorferi proteins and nucleic acids and cultivation (Barbour, 1984; Berger et al., 

1995; Goodman et al., 1995).  

Dark-field microscopy in general can be used only when there are a large number of 

spirochetes expected, like in the suspensions of tick midguts or spirochetes grown in 

culture media (De Silva and Fikrig, 1995; Piesman et al., 1990). The diagnostic value of 

microscopy in the clinical laboratory is limited as the density of the bacteria cells in the 

clinical samples is very low. 

To grow B. burgdorferi in culture, a specific medium in necessary that was developed 

over time gaining different modifications and according to the exact composition is 

called Barbour-Stoenner-Kelly II medium (BSKII), BSK-H or MKP (Barbour, 1984; 

Kelly, 1971; Pollack et al., 1993; Preac-Mursic et al., 1986). Disadvantage for research 

and diagnosis purposes is that the cultures should be incubated for up to 12 weeks 

which is much longer period that for most other bacterial pathogens (Barbour, 1984). 

Different kind of PCR techniques, like standard PCR, nested PCR and real-time PCR 

can be used for diagnostic purposes, although amplification of B. burgdorferi DNA by 

PCR is not usually applied in a routine clinical care because of the nature and expenses 
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of those methods and the accuracy is not as high as for ELISA and Western blot method 

(Aguero-Rosenfeld et al., 2005; Dumler, 2001). 

 

1.1.4. Clinical manifestations 

Lyme disease is a multi-systemic infectious disease with a diverse clinical picture and 

can be divided into three stages regarding the clinical observations (Steere, 2001). The 

first stage is characterized as erythema migrans, the second stage as neurological or 

cardiac manifestation and the third stage as arthritis (Steere, 2001). Although it should 

be kept in mind that the progression of the disease can be variable between the patients, 

the common thing is that the disease affects mainly the skin, nervous system, heart and 

joints (Wormser et al., 2006). 

It is concluded that erythema migrans is the most common dermatological manifestation 

of Lyme disease (Dandache and Nadelman, 2008; Steere, 2006; Wormser et al., 2006). 

Erythema migrans is usually described as an expanding, annular, erythematous skin 

lesion with central clearing, also called a “bull‟s eye rush” (Steere, 2001) (Figure 4a). 

For the majority of patients erythema migrans develops at the site of tick inoculation 

within 7 to 14 days after detachment and approximately 80% of patients with Lyme 

disease develops erythema migrans (Aucott et al., 2012; Steere and Sikand, 2003). To 

distinguish erythema migrans from some other dermatological manifestation, like some 

inflammatory reactions that usually develops at the site where an insect bites, it has 

been set that the minimal diameter should be 5 cm, although the average size for 

erythema migrans is 15 cm (Wormser et al., 2006). While the “traditional” erythema 

migrans lesion was described as having a central clearing, many studies in Europe and 

USA have showed that with B. burgdorferi (most commonly found in USA) the central 

clearing can be found only in 9% cases (Smith et al., 2002) (Figure 4b). The ability to 

cause erythema migrans at all is also different between the borrelial strains (Tijsse-

Klasen et al., 2013). Erythema migrans is usually accompanied by a variety of 

symptoms such as arthralgia, malaise, fatigue, headache and flu-like symptoms 

(Nadelman et al., 1996; Wormser et al., 2006). Although in those approximately 20% 

cases when erythema migrans does not develop the other symptoms can still persist 

(Steere and Sikand, 2003).  
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Figure 4. Erythema migrans. (a) Erythema migrans with a typical “bull‟s eye rush” and 

(b) with a continuous surface. Pictures adapted from Lymepedia.org. 

 

Besides erythema migrans two other dermatological manifestations that are less 

common can be found between Lyme disease patients – borrelial lymphocytoma and 

acrodermatitis chronicum atrophicans. Borrelial lymphocytoma is the least common of 

the three dermatological manifestations (Picken et al., 1997). Lesions typically occur 20 

to 40 days after a tick bite but may appear also months later (Asbrink and Hovmark, 

1988). It appears like a solitary bluish-red nodules varying from one to few centimetres 

in diameter and occurrs most frequently on the earlobes in children and the nipple or 

areolar regions in adults while not so frequently may be found in genital regions, trunk 

and extremities (Colli et al., 2004; Gissler and Heininger, 2002; Strle et al., 1992) 

(Figure 5). Borrelial lymphocytoma may be difficult to differentiate from lymphoma 

(Colli et al., 2004). 
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Figure 5. Borrelial lymphocytoma. Picture adapted from (Mullegger, 2004). 

 

Acrodermatitis chronicum atrophicans (ACA) is a late cutaneous manifestation of Lyme 

disease occurring months to years after inoculation of untreated infection (Asbrink and 

Hovmark, 1988; Duray et al., 1989). ACA in appearance is similar to acute oedematous 

phase of scleroderma with a characteristic swelling of soft tissue and ACA is primary 

associated with B. afzelii infection in Europe (Ohlenbusch et al., 1996).  

Weeks to years after the untreated infection different neurological complications may 

occur affecting different parts of the central and peripheral nervous system (Halperin, 

2008). The first symptoms are usually observed several weeks after a tick bite and are 

associated with meningitis, cranial neuritis, encephalomyelitis, encephalopathy and 

axonal polyneuropathy (Halperin, 1989; Halperin, 1995). Neuroborreliosis is thought to 

be associated with B. garinii and B. afzelii strains that are common in Europe while in 

USA B. burgdorferi sensu stricto is the main strain associated with Lyme disease and 

therefore neurological symptoms are common solely in Europe (Strle and Stanek, 2009; 

Strle et al., 2006). It should be mentioned that neuroborreliosis in Europe is found in 

less than 10% untreated patients (Strle et al., 2006).  

Cardiac manifestations are also found in untreated patients but as in the case with 

neuroborreliosis the number of patients showing the respective symptoms is below 10% 

(Sigal, 1995). The symptoms can occur weeks to years after the tick bite and result in 

heart block and muscle dysfunction that can be cured by an antibiotic course (Sigal, 
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1995). Possibly because nowadays the Lyme disease is recognized and cured more 

effective, the cardiac manifestations have become quite rare and only individual cases 

have been reported (Karmacharya and Aryal, 2013; Koene et al., 2012).  

Lyme arthritis is a common outcome for patients with untreated Lyme disease (Steere, 

2001). As in the case with cardiac manifestations and neuroborreliosis, Lyme arthritis is 

a complication of untreated Lyme disease in less than 10% (Sigal, 1998). Lyme 

arthritis, in contrary to neuroborreliosis is found mainly between the patients in USA 

because the symptoms are associated with B. burgdorferi sensu stricto that is the strain 

found mainly in USA but less than 10% in Europe (Strle and Stanek, 2009; Vogerl et 

al., 2012). Lyme arthritis usually affects the joints, especially the knees and is 

characterized by joint inflammation with swelling large effusions and little pain (Puius 

and Kalish, 2008). 

 

1.1.5. Treatment of Lyme disease 

For treatment of Lyme disease doxycycline (100 mg twice per day), amoxicillin or 

cefuroxime axetil (500 mg 3 times per day) for 14-21 days is recommended for the 

treatment of adult patients with early localized or early disseminated Lyme disease 

associated with erythema migrans, in the absence of specific neurologic manifestations 

(Loewen et al., 1999; Perry and Brogden, 1996; Puius and Kalish, 2008). Doxycycline 

is relatively contraindicated during pregnancy or lactation period and in children under 

8 years of age. Antibiotics recommended for children are amoxicillin (50 mg/kg per day 

in 3 divided doses with maximum of 500 mg per dose) and cefuroxime (30 mg/kg per 

day in 2 divided doses with maximum of 500 mg per dose) (Arnez, 2007; Fingerle and 

Huppertz, 2007).  

Macrolide antibiotics are not recommended for early Lyme disease, because in clinical 

trials have been found to be less effective (Donta, 2012; Hunfeld et al., 2004). When 

used, they should be reserved for patients who are intolerant of, or should not take 

amoxicillin, doxycycline or cefuroxime. For adults with these limitations, recommended 

dosage for azithromycin is 500 mg orally per day for 7–10 days and for clarithromycin, 

500 mg orally twice per day for 14–21 days (if the patient is not pregnant), or 

erythromycin, 500 mg orally 4 times per day for 14–21 days (Donta, 2003). Patients 

treated with macrolides should be closely observed to ensure resolution of the clinical 

manifestations (Hunfeld et al., 2004). 
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1.1.6. Prevention of Lyme disease 

Since the recognition of Lyme disease in 1980‟s many studies have been made to 

improve our understanding about the etiological agent of Lyme disease, its tick vector 

and how the disease is maintained in nature and initiated in mammalian host organisms 

(Murray and Shapiro, 2010). Prevention of Lyme disease is an important part of 

management, especially for rural residents.  

Although vaccination could be the best way for prevention of Lyme disease in 

population, there is no vaccine on the market at the moment. B. burgdorferi outer 

surface protein OspA based vaccine developed and released on the market by 

SmithKline Beecham in 1998 was voluntarily withdrawn from the market in 2002 due 

to poor sales and several reports questioning the safety of the vaccine (Clark and Hu, 

2008).  

Avoiding areas thought to be at high risk, like wooden and grassy areas would be the 

best preventive measures (Clark and Hu, 2008; Connally et al., 2009; Murray and 

Shapiro, 2010). For persons living close to endemic areas additional recommendations 

could include to wear ligh-colored protective clothing and to perform frequent body 

checks for ticks (Connally et al., 2009). Use of different tick and insect repellents can be 

recommended, especially repellents containing DEET (diethyl-3-methylbenzamide) 

followed by picaridin (KBR 3023) for which it has been showed to reduce the insect 

bites by 85% at 1 h after application (Costantini et al., 2004; Pretorius et al., 2003) 

(Figure 6.). 
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Figure 6. Protective measures to use to prevent Lyme disease. Picture adapted from 

Centers for Disease Control and Prevention (www.cdc.gov) bulletin. 

 

Removal of ticks within 24 h of attachment can usually prevent acquisition of Lyme 

disease (Piesman et al., 1987). To remove already attached tick fine-tipped forceps are 

recommended for tick removal by grasping the tick as close as possible to the skin 

without compressing the ticks body too much (Duscher et al., 2012; Roupakias et al., 

2011).  

If the tick has been attached already for 36 h or longer, in areas with high rates of tick 

infection (more than 20%), a single dose of 200 mg doxycycline during the next 72 h 

after tick removal may be considered as a recommendation as it was showed to decrease 

the incidence (Bratton et al., 2008; Nadelman et al., 2001; Piesman and Hojgaard, 

2012). This kind of prophylaxis is not recommended for persons who are 

contraindicated to doxycycline, for example, pregnant women and children younger 

than eight years (Nadelman et al., 2001).   
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Removal of leaf litter and mowing can result in significant reduction in tick numbers 

from 70% to almost 100% (Schulze et al., 1995). Also controlled burning of last year‟s 

vegetation can reduce the ticks population that is quite common thing in Latvia although 

assigned as an illegal activity (Stafford et al., 1998). 

 

1.1.7. Vaccine development against Lyme disease 

Vaccination against the infection is a highly effective way to control the spread of the 

disease in the population. However, at the moment there are no commercially available 

vaccines to prevent Lyme disease in humans. Although in 1998 there was a vaccine 

developed for the USA market by SmithKline Beecham (now called GlaxoSmithKline) 

based on the outer surface protein A (OspA) from B. burgdorferi and named as 

LYMErix. The vaccine contained lipidated OspA absorbed on aluminium hydroxide 

adjuvant in phosphate-buffered saline with phenoxyethanol as a preservative (Embers 

and Narasimhan, 2013). OspA protein was obtained by recombinant techniques in 

Escherichia coli cells and after the expression and purification the protein was attached 

with the N-terminus to the lipid moiety. Three doses of 0.5 ml of rOspA vaccine was 

administered intramuscularly at 0, 1 and 12 months for optimal protection and the 

vaccine was intended for persons 15-70 years of age. With time there appeared several 

reports to the Vaccine Adverse Event Reporting System (VAERS) that monitors 

vaccine safety, suggesting that the vaccine could cause arthritis, arthrosis, arthralgia, 

myalgia and autoimmune responses (Lathrop et al., 2002; Rose et al., 2001). Increasing 

number of reports led to anti-vaccine attitude, several lawsuits and decreased support 

from physicians therefore decreasing the turnover of the company that resulted in 

withdrawn of the vaccine from the market in 2002 (Poland, 2011). 

Interesting fact about the OspA vaccine is the manner how the vaccine protects from the 

infection. It was known that the patients with Lyme disease does not produce antibodies 

against OspA and also it became evident that OspA protein is downregulated as the tick 

begins to feed on the host organism (Schwan et al., 1995). This paradox was explained 

by showing that the vaccine prevents the transmission of the bacteria from ticks to 

mammalian host as the antibodies against OspA produced after the vaccination 

eliminates the spirochete already in the feeding tick (de Silva et al., 1996; Fikrig et al., 

1992).  
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Several new vaccine candidates have been identified in the recent years (Floden et al., 

2013; Livey et al., 2011; Poljak et al., 2012; Probst et al., 2012). Different approaches 

can be used to make an effective vaccine and to prevent Lyme disease (Figure 7.). A 

goal for an effective vaccine would be to block the transmission of the pathogen from 

the infected Ixodes ticks to the mammalian host, therefore an appropriate protein from 

B. burgdorferi that plays a significant role in the transfer process and could be 

potentially blocked should be found. Besides this approach to control the infection rates 

also other possibilities exist. It is also possible to vaccinate the reservoir host, for 

example, white-footed mouse, to decrease the acquisition of B. burgdorferi by Ixodes 

ticks (Anderson, 1989a; Levine et al., 1985). It was showed that bait containing rOspA 

protein that was given to Peromyscus leucopus mice produced an antibody response and 

therefore significantly reduced the prevalence of B. burgdorferi in nymphs (Meirelles 

Richer et al., 2011).  

Another way would be to affect the tick vector to stop the transmission of several tick-

related pathogens, including B. burgdorferi. A potent approach could be to use 

chemicals that are toxic to the vector (Carroll et al., 2009; Raghavendra et al., 2011; 

Rosario-Cruz et al., 2009). Para-transgenic approaches could be used to modify the 

vectors ability to carry the pathogens or to reproduce (Aksoy et al., 2008; Hurwitz et al., 

2011). Also vaccines that are developed to target different vector antigens that are 

critical for the vector could be used (de la Fuente et al., 2011; Mathias et al., 2012; 

Parizi et al., 2012).  
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Figure 7. Steps at which interruption of B. burgdorferi transmission to humans can be 

achieved through vaccination. Figure adapted from Embers and Narasimham, 2013. 

 

1.2. Borrelia burgdorferi 

B. burgdorferi is a spirochete discovered in 1982 by Willy Burgdorfer (Burgdorfer et 

al., 1982). Before the discovery of B. burgdorferi much work was done by Dr. Steere 

and Dr. Malawista in the area of Lyme, Connecticut, USA, to describe the symptoms of 

Lyme disease, including the erythema migrans (Steere et al., 1977a; Steere et al., 

1977b). Although the exact etiological agent of Lyme disease was not known at that 

time, many studies were conducted to exclude one by one the different agents, including 

toxins, viruses and rickettsiae that could be responsible for the disease (Burgdorfer, 

1984). Viruses and toxins were excluded from the list as possible etiological agents of 

Lyme disease when it became evident that Lyme arthritis can be cured by antibiotics 
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(Steere et al., 1980). But since it was already established that erythema migrans (the 

dermatological manifestation of Lyme disease) is related with a bite of an Ixodes tick 

(Steere and Malawista, 1979) the search for the agent was done by dissecting the Ixodes 

ticks to try to discover the potential agent (Burgdorfer, 1984). The ticks for the studies 

done by Dr. Burgdorfer were provided by Dr. Benach from Shelter Island, New York, 

where Lyme disease was known to be endemic (Burgdorfer, 1984).  

Finally, the spirochetes were isolated from the midguts of Ixodes ticks and observed on 

dark-field microscopy and scanning electron microscopy (Figure 8).  

 

Figure 8. One of the first scanning electron microscopy pictures of Lyme disease agent 

B. burgdorferi in the midgut of Ixodes dammini from Shelter Island, New York. Picture 

adapted from Burgdorfer, 1984. 

 

In 1983, at the first international meeting on Lyme disease at Yale university, USA, a 

group of researchers that were involved in the discovery and characterization of the 

Lyme disease spirochete agreed that the new infectious agent would be named Borrelia 

burgdorferi, after Willy Burgdorfer.  
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Later investigation revealed various mammalian hosts that are involved in the complex 

enzootic cycle to maintain the spirochetes in the nature (Anderson et al., 1983; 

Burgdorfer, 1984; Levine et al., 1985). 

B. burgdorferi spirochete is approximately 0.33 μm in diameter and 10 to 20 μm in 

length, thus being 30-60 times longer than they are wide (Goldstein et al., 1996). 

Spirochete B. burgdorferi is composed from a cytoplasmic or inner membrane that 

encloses the cytoplasmic contents and from a fragile outer membrane whereas between 

the two membranes there is a peptidoglycan layer and flagella (Barbour et al., 1986; 

Kudryashev et al., 2009; Yanagihara et al., 1984) (Figure 9.).  

 

Figure 9. Electron cryotomography picture of B. burgdorferi. a 1.8 nm thick 

longitudinal slice of a cell representing the outer membrane (OM), plasma membrane 

(PM), periplasmic flagella (PFs), and periplasmic space (PS). Picture adapted from 

(Charon et al., 2009). 

 

It should be stressed here, that the flagella, necessary for the motility of the cell is 

common between all species of spirochetes, but the difference between some other 
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bacteria that also has flagella is that in spirochetes the flagella is located in the 

periplasmic space between the inner and outer membranes (Charon and Goldstein, 

2002; Charon et al., 2009). Flagella has a role not only in the motility of B. burgdorferi 

but also has a skeletal function as it was concluded from the studies where mutants 

lacking the flagella gained a straight rod like shape while normally the bacteria has flat-

wave morphology (Motaleb et al., 2000; Sartakova et al., 2001). Periplasmic flagella in 

B. burgdorferi is made from 7-11 flagellas grouped together in a bundle of 

approximately 0.67 nm in diameter that extends from one end of the cell to the other 

(Charon et al., 2009; Goldstein et al., 1996). Periplasmic flagella is made similar in 

structure to flagella from other bacteria having a basal body, hook and filament 

containing single major flagellin FlaA and minor flagellin FlaB (Ge et al., 1998; Sal et 

al., 2008). Periplasmic flagella wraps around the axis of the cell cylinder in a right-

handed sense and during the rotation can move the bacteria, for example, if two groups 

of 7 to 11 periplasmic flagella rotate in opposite directions, it generates a backward-

moving waves along the cell body that propel the cell forward (Charon and Goldstein, 

2002; Goldstein et al., 1994) (Figure 10.). 

 

Figure 10. Wrapping of the flagella around the spirochetes rod shapes body. Adapted 

from (Rosa et al., 2005). 
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B. burgdorferi has two lipid bilayers (called outer membrane and inner membrane) as in 

Gram-negative bacteria like E. coli although there are some differences which however 

leads to believe that B. burgdorferi is distinct from a typical Gram-negative bacteria 

(Kudryashev et al., 2009).  

The first difference to mention between a typical Gram-negative bacteria and B. 

burgdorferi is that the outer membrane of spirochete is fragile as already mentioned, 

and can be disrupted with different detergents, centrifugation or resuspension. The 

increased fragility could be explained because B. burgdorferi has relatively low density 

of transmembrane-spanning proteins and therefore the two membranes are not possibly 

held together so tightly as, for example, in E. coli (Jones et al., 1995; Radolf, 1994; 

Walker et al., 1991).  

The second difference that distinguishes B. burgdorferi from typical Gram-negative 

bacteria is the composition of the borrelial outer cell membrane. The outer membrane of 

Borrelia is fluid and consists of 45-62% protein, 23-50% lipid and 3-4% carbohydrate 

(Barbour et al., 1986). The phospholipid content of B. burgdorferi has been identified to 

contain approximately 36% α-monogalactosyl diacylglycerol (α-MGalDAG), 12% 

phosphatidylcholine and 11% phosphatidylglycerol as the major lipids (Hossain et al., 

2001). The difference here is that B. burgdorferi does not have 

phosphatidylethanolamine and lipopolysaccharide (LPS), but in opposite it has non-LPS 

glycolipid antigens (Belisle et al., 1994; Eiffert et al., 1991; Takayama et al., 1987; 

Wheeler et al., 1993). Non-LPS glycolipids represent about 50% of the total lipids and 

contain only galactose as the monosaccharide constituent (Hossain et al., 2001). 

Interestingly, that diglyceride-based glycolipids, like MGalDAG that is found in B. 

burgdorferi are more common in Gram-positive bacteria and mycoplasmas, but 

essentially absent from Gram-negative bacteria although found in some Pseudomonas 

species (Shaw, 1970). 

The third difference is that in contrast to typical Gram-negative bacteria the outer 

membrane of B. burgdorferi contains a large number of lipoproteins facing the 

surroundings of the bacteria (Brandt et al., 1990). 

 

1.2.1. Classification 

The phylum Spirochetes is composed of class Spirochetes and order Spirochetales. The 

order is composed of three families - Brachyspiraceae, Leptospiraceae, Spirochaetaceae 
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(Paster and Dewhirst, 2000). Within the family Spirochaetaceae is the genus Borrelia 

(Figure 11.). 

 

Figure 11. Phylogeny of spirochetes. The tree is made based on the data found in (Rosa 

et al., 2005). 

 

Since B. burgdorferi was first isolated in 1982 and identified as a new species of genus 

Borrelia taxonomists determined that Lyme disease spirochetes are quite different and 

should be categorized as a separate species (Belfaiza et al., 1993). The original isolate 

was named B. burgdorferi sensu stricto, while the entire complex was named B. 

burgdorferi sensu lato (Baranton et al., 1992).  

B. burgdorferi sensu lato complex is composed of 18 named spirochete genospecies and 

still not named group proposed as genospecies 2, while the current number of described 

species is thought not to be final (Postic et al., 2007; Rudenko et al., 2011) (Table 3).  
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Borrelia species Vector Hosts/reservoirs Geographical distribution Reference 

B. afzelii I. ricinus I. 
persulcatus 

Rodents Asia, Europe (Canica et al., 1993) 

B. americana I. pacificus, I. 
minor 

Birds United States (Rudenko et al., 2009b) 

B. andersonii I. dentatus Cotton tail rabbit United States (Marconi et al., 1995) 

B. bavariensis I. ricinus Rodents Europe (Margos et al., 2008) 

B. bissettii I. ricinus, I. 
scapularis, I. 
pacificus, I. 
minor 

Rodents Europe, United States (Postic et al., 1998) 

B. burgdorferi 
sensu stricto 

I. ricinus, I. 
scapularis, I. 
pacificus 

Rodents, birds, 
lizards, big 
mammals 

Europe, United States (Baranton et al., 1992) 

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

Kangaroo rat, 
mule deer 

United States (Postic et al., 2007) 

B. carolinensis I. minor Rodents, birds United States (Rudenko et al., 2009a) 

B. garinii I. ricinus, I. 
persulcatus, I. 
hexagonus, I. 
nipponensis 

Birds, lizards, 
rodents 

Asia, Europe (Baranton et al., 1992) 

B. japonica I. ovatus Rodents Japan (Kawabata et al., 1993) 

B. kurtenbachii I. scapularis Rodents Europe, United States (Margos et al., 2010) 

B. lusitaniae I. ricinus Rodents, lizards Europe, North Africa (Le Fleche et al., 1997) 

B. sinica I. ovatus Rodents China (Masuzawa et al., 2001) 

B. tanukii I. tanuki Unknown 
(possibly dogs 
and cats) 

Japan (Fukunaga et al., 1996) 

B. turdi I. turdus Birds Japan (Fukunaga et al., 1996) 

B. spielmanii I. ricinus Rodents Europe (Richter et al., 2006) 

B. valaisiana I. ricinus, I. 
granulatus 

Birds, lizards Asia, Europe (Wang et al., 1997) 

B. yangtze Haemaphysalis 
longicornis, I. 
granulatus 

Rodents China (Chu et al., 2008) 

Genomospecies 
2 

I. pacificus Unknown United States (Postic et al., 2007) 

 

Table 3. Currently known spirochete species from B. burgdorferi sensu lato complex. 

Table adapted from (Rudenko et al., 2011) 

 

All of B. burgdorferi sensu lato genospecies are transmitted by Ixodes ticks between 

different mammalian hosts while only B. burgdorferi sensu stricto, B. garinii and B. 

afzelii are the species that are the common cause of Lyme disease (van Dam et al., 1993; 
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Wilske, 2005). The other genospecies can also infect humans and other mammalian but 

only in rare cases it has been described to cause Lyme disease (Derdakova and 

Lencakova, 2005). The individual cases that are described to cause Lyme disease 

includes B. bavariensis, B. bissettii, B. spielmanii, B. lusitaniae and B. valaisiana 

(Margos et al., 2009; Richter et al., 2004; Rudenko et al., 2009c; Rudenko et al., 2008). 

 

1.2.2. Genome 

B. burgdorferi sensu stricto strain B31 has been studied in the most detail as it was the 

first strain for which the whole genome sequence was obtained (Fraser et al., 1997). 

Nowadays the complete genome sequence has been obtained also for other borrelial 

strains like B. afzelii, B. garinii, B. valaisiana, B. spielmanii and B. bissettii (Casjens et 

al., 2011; Schutzer et al., 2012).  

B. burgdorferi B31 contains a linear 910 725 bp chromosome and 12 linear and 9 

circular plasmids with the total size of approximately 610 000 bp (Casjens et al., 2000; 

Fraser et al., 1997) (Figure 12.). On the chromosome of the B. burgdorferi B31 there 

are 815 predicted genes (Casjens et al., 2012) and about 60% of them have some 

similarities with the genes in other organisms and for them the function or role is partly 

understood. For 10% of genes there are similarities between other organisms but the 

function or role is not known. For the remaining 30% of the genes no similarities can be 

found and therefore the functions are unknown (Fraser et al., 1997). Another story is 

about the plasmids where out from the 535 predicted protein genes, only 6% shows any 

similarities with the genes from any other organisms (Casjens et al., 2000). The vast 

majority of genes located on the plasmids are thought to code for the outer surface 

lipoproteins that possibly play some role in the pathogenesis of Lyme disease as the loss 

of the plasmids in culture results in loss of the infectivity in mice (Norris et al., 1992; 

Palmer et al., 2000).  
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Figure 12. B. burgdorferi sensu stricto plasmids present in four different strains. 

Plasmids are named according to their DNA topology – linear “lp” and circular “cp” 

and approximate size in Kbp. 
a
Plasmids known to be in some cultures of the indicated 

strain, but which were not present in the sequenced culture. Their sequences remain 
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undetermined. 
b
Structural differences from otherwise organizationally similar plasmids 

are indicated as follows: trunc, truncated compared to other homologous plasmids; int, 

B31 cp32-10 is integrated into plasmid lp56; fused, JD1 cp32-1 and cp32-5 are fused 

into one large circular „„cp32-1+5‟‟ plasmid. Figure adapted from (Casjens et al., 2012). 

 

The chromosome carries the minimal set of genes that are necessary for cell 

maintenance and replication including DNA, RNA and protein biosynthesis, DNA 

repair, glycolysis, motility and chemotaxis (Fraser et al., 1997). Although the plasmids 

mostly code for different putative outer surface proteins, a few metabolic or 

housekeeping genes can be found there while in the B. burgdorferi genome no genes 

coding for proteins involved in respiration, amino acid metabolism, nucleotide and lipid 

biosynthesis can be identified, which could explain the specific requirements for growth 

in culture and the highly specific host environments (Bono et al., 1998; Margolis et al., 

1994; Nowalk et al., 2006; Pollack et al., 1993).  

B. burgdorferi 12 linear and 9 circular plasmids are low copy number plasmids having 

one or two copies per cell (Casjens and Huang, 1993; Kitten and Barbour, 1992). The 

linear plasmids have unusually high number of pseudogenes and paralogous genes 

while several circular plasmids are homologous nearly throughout the entire length 

(Casjens et al., 1997; Casjens et al., 2000). The large number of paralogous genes on the 

plasmids suggests that vast duplicative rearrangements have occurred on the plasmids 

resulting in genes that were susceptible to further evolutional selection giving rise to 

those 107 gene families found today (Casjens et al., 2000). 

As most of the plasmids, probably all but cp26, can be lost without affecting the growth 

in the culture, the total size of the chromosome, carrying the housekeeping genes of 

bacteria is around 900 000 bp and that ranks the B. burgdorferi among the smallest 

bacterial genomes known to date (580 070 bp for the smallest bacterial genome 

Mycoplasma genitalium) (Fraser et al., 1995; Fraser et al., 1997).  

 

1.2.3. Outer surface lipoproteins 

As mentioned already in the general section about B. burgdorferi, regarding the main 

differences between a typical Gram-negative bacteria and B. burgdorferi, one of them 

was that Borrelia contains unusual amount of lipoproteins on the outer surface (Haake, 

2000). From the genome of B. burgdorferi 8% or about 150 of the coding genes 
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expresses lipoproteins and this is significantly higher frequency than in any other 

bacterial genome that is sequenced to date (for comparison – in Helicobacter pylori 

1.3% genes coding for lipoproteins) (Casjens et al., 2000; Fraser et al., 1997). The 

unique membrane architecture as discussed in the general section about B. burgdorferi 

suggests that the export, structure and function of spirochetal lipoproteins have features 

that are unique for these organisms (Haake, 2000). The secretion of the lipoproteins in 

B. burgdorferi starts when the signal recognition particle binds the newly synthesized 

protein and carries it to the preprotein translocase complex in the cytoplasmic 

membrane. The protein is transported through the membrane by assisting the SecYE 

transmembrane complex made from SecA and SecDF. SecA binds the signal sequence 

and pushes it through the transmembrane channel, then gets released and binds again 

achieving that the entire protein is translocated through the membrane. In the 

periplasmic space the proteins are lipidated and the process occurs in three steps, similar 

as in other Gram-negative bacteria (Haake, 2000). After the lipidation in the periplasmic 

space the lipoproteins can be transported to the outer membrane and two proteins in 

Gram-negative E. coli have been identified responsible for localization of the proteins to 

the outer membrane (Matsuyama et al., 1997). Homologous proteins have not been 

found in B. burgdorferi for those proteins suggesting that the proteins in B. burgdorferi 

may be transported to the outer membrane by a unique pathway again pointing to the 

difference between a typical Gram-negative bacteria (Haake, 2000).  

Theoretically, the lipoproteins of B. burgdorferi can be localized in three different 

positions – the periplasmic leaflet of the cytoplasmic membrane, the periplasmic leaflet 

of the outer membrane or the outer leaflet of the outer membrane and thus located on 

the cell surface. Since it is not possible to determine the exact location of the protein 

from the primary structure yet, experimental determination of surface exposure is 

critical to identify the proteins that are located on the surface and involved in the 

pathogenesis of Lyme disease. Triton X-114 extraction and phase partitioning has been 

applied to isolation of the outer membrane of a variety of different spirochetes and the 

localization on the outer leaflet of the outer membrane has been confirmed for several 

proteins (Brooks et al., 2006; Bryksin et al., 2010; Hughes et al., 2008).  
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1.2.4. Tick-host interactions 

Larval ticks obtain the Lyme disease agent while feeding on various infected host 

organisms, moults into a nymph and then transmit the spirochete to a new host organism 

during the next blood meal (Steere, 2001). It has been suggested that the interactions 

between B. burgdorferi and Ixodes ticks are highly specific and that infection associated 

Borrelia can infect only a specific tick species (from more than 700 species) that belong 

to Ixodidea family, for example, I. ricinus, I. scapularis, I. persulcatus, I. pacificus, I. 

hexagonus or I. nipponensis  (Fikrig and Narasimhan, 2006). The basis for those 

observations could be that there have been identified several tick proteins, for example, 

Salp25D and Salp20 that are necessary for acquisition of B. burgdorferi by Ixodes ticks 

and that protects B. burgdorferi from lysis resulting from alternative complement 

pathway activation (Narasimhan et al., 2007; Ribeiro et al., 2006; Tyson et al., 2007). In 

nature, B. burgdorferi can persist in Ixodes ticks for months mostly located in the gut of 

unfed ticks. Although little is known about the mechanisms how the spirochetes persists 

in Ixodes ticks the conditions that are encountered there can be severe (de la Fuente et 

al., 2008). Because of the seasonal changes the temperature difference can be 

significant; also the gut of an unfed tick is poor in nutrients primarily because gut 

epithelia store nutrients in cellular endosomes and during this period B. burgdorferi 

expresses only the genes to maintain the basic cell processes and to simply persist in the 

arthropod environment (Ojaimi et al., 2002; Pal and Fikrig, 2003). When the tick starts 

to feed on mammalian organism it has been showed that the spirochete manages to 

switch the expression of different genes in response to a mammalian host-specific 

signals, pH and temperature shift or cell density changes (Angel et al., 2010; Brooks et 

al., 2003; Carroll et al., 2000; Embers et al., 2004; Indest et al., 1997; Ojaimi et al., 

2003; Ramamoorthy and Scholl-Meeker, 2001; Revel et al., 2002; Tokarz et al., 2004). 

While in Ixodes tick the bacteria expressed the minimal amount of genes necessary to 

persist, when the tick starts to feed the above-mentioned changes induces the expression 

of various genes thought to assist the bacteria to travel from ticks midgut to the salivary 

glands, to transfer to the new host organism, to fight against the immune response, to 

proliferate and to disseminate to various tissues (Hughes et al., 2008; Narasimhan et al., 

2002; Ojaimi et al., 2003). Among the best studied proteins that are involved still in the 

tick environment and experiences changes in the expression profiles when the tick starts 

to feed are OspA and OspC (Pal et al., 2004a; Yang et al., 2004). OspA binds the 
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receptor TROSPA found in the ticks midgut and this interaction is thought to hold the 

spirochetes in the ticks midgut (Pal et al., 2004b). When the tick start the blood meal, 

the OspA protein is downregulated but another protein – OspC is upregulated (Pal et al., 

2004a; Schwan et al., 1995). B. burgdorferi OspC protein binds tick salivary protein 

Salp15 and thus helps the spirochetes to transfer from the midgut, where they are not 

anymore bound to OspA because of the downregulation of the protein, to ticks salivary 

glands (Pal et al., 2004a). Spirochetes migrate from the infected ticks midgut to the 

salivary glands for several hours after the initiation of feeding, which lasts for 3-7 days 

(Fikrig and Narasimhan, 2006; Piesman, 1993). Different outer surface proteins are 

upregulated during the tick feeding process and much remains to be studied, however it 

has been suggested that the proteins expressed by the genes residing exactly on lp54 

play an important role in the adaptation of Borrelia and are associated with borrelial 

pathogenesis (Hughes et al., 2008; Ojaimi et al., 2003; Tokarz et al., 2004). Recent 

studies have revealed that BBA64 and BBA66 have an important role in the transfer of 

B. burgdorferi from infected Ixodes ticks to the host organism after the tick bite 

(Gilmore et al., 2010; Patton et al., 2013b).  

 

1.2.5. PFam54 family 

The paralogous gene family PFam54 members located on lp54 consists of nine open 

reading frames – bba64, bba65, bba66, bba68, bba69, bba70, bba71, bba72, bba73 – 

although bba71 and bba72 are truncated genes and bba70 is missing in most of B. 

burgdorferi strains (Casjens et al., 2012). The amino acid sequence identity among the 9 

PFam54 paralogous gene family members located on lp54 of B. burgdorferi varies from 

17% to 60%. It has been showed that the paralogous gene family PFam54 members that 

are located on 54 kb linear plasmid (lp54) exhibit the highest upregulation rates between 

those more than a hundred proteins and are therefore thought to be important in the 

pathogenesis of Lyme disease (Angel et al., 2010; Ojaimi et al., 2003; Tokarz et al., 

2004). The functions of the paralogous protein family members are thought to be 

different, as reported by several studies indicating that the expression level, timing and 

the target receptors/ligands differ substantially among the PFam54 family members 

(Gilmore et al., 2008; Gilmore et al., 2007). Although all of these proteins are thought 

to be related to the pathogenesis of B.burgdorferi, the exact function has been 

established only for one protein, CspA or BBA68, from the PFam54 family. CspA is a 
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complement regulator factor H and factor H-like protein-1 (FHL-1) binding protein, and 

thus, it assists the bacteria to resist the host immune response (Kraiczy et al., 2004). 

CspA is the only PFam54 member that is known to bind complement regulators, as 

verified by several studies (Kraiczy et al., 2001b; Kraiczy et al., 2006; Kraiczy et al., 

2009; Wallich et al., 2005). Another PFam54 family member, BBA64, plays an 

essential role in the transfer of B.burgdorferi from infected Ixodes ticks to a mammalian 

host organism after a tick bite, although the exact ligand or receptor is not known 

(Cordes et al., 2004; Gilmore et al., 2010). Recently it has been showed that BBA66 is 

important for the transmission of B. burgdorferi from infected Ixodes ticks to the 

mammalian host organism (Patton et al., 2013a). 

 

1.2.6. Complement regulator-acquiring surface proteins or CRASPs 

To resist the host‟s immune response B. burgdorferi has managed to bind the major 

alternative-pathway complement regulators factor H (CFH) and factor H-like protein 1 

(CFHL-1) (Zipfel et al., 2002). The proteins that bind complement factors H and FHL-1 

in Borrelia are termed as complement regulator-acquiring surface proteins or CRASPs 

(Kraiczy et al., 2001a; Kraiczy et al., 2001b). There have been identified five CRASP 

proteins in B. burgdorferi belonging to three different gene families (Kraiczy and 

Stevenson, 2013). In B. burgdorferi the five CRASP proteins are known as CspA, 

CspZ, ErpA, ErpC and ErpP belonging to three different gene families (Hellwage et al., 

2001; Kraiczy and Stevenson, 2013). 

By binding the hosts complement regulators factor H and FHL-1 the bacteria mimics 

the action of the host‟s own cells that binds complement regulators by using 

glycosaminoglycans and heparin located on the cells surface and thus avoiding the hosts 

complement attack (Kuhn et al., 1995; Schneider et al., 2009). 

CRASPs are not only different in the primary and tertiary protein structures, but also 

produce different binding affinities for the complement regulators CFH, CFHL-1 and 

CFHRs. CspA (also known as BbCRASP-1 or BBA68) is a member of the PFam54 

gene family and shows the ability to bind both CFH and CFHL-1 (Kraiczy et al., 2004). 

CspZ (also known as BbCRASP-2) is genetically distinct from the other CFH and 

CFHL-1 binding proteins and does not share any sequence similarity with other 

CFH/CFHL-1 binding proteins and has showed the ability to bind CFH and CFHL-1 

(Hartmann et al., 2006; Rogers and Marconi, 2007). ErpP, ErpC and ErpA (also known 



39 
 

as BbCRASP-3, BbCRASP-4 and BbCRASP-5) belongs to OspE/F-related (Erp) 

protein family have showed the ability to bind CFH and CFHR1, CFHR2 and CFHR5 

proteins (Hammerschmidt et al., 2012; Hellwage et al., 2001; Siegel et al., 2010).  

 

1.2.7. Crystal structures of borrelial outer surface proteins 

As the surface-localized B. burgdorferi lipoproteins interact with the environment and 

are thought to be the major players in the pathogenesis of Lyme disease, understanding 

of their role, functions and structure could be invaluable step to advance the 

understanding of the pathogenesis of Lyme disease.   

Just for a small fraction from those more than a hundred lipoproteins expressed by B. 

burgdorferi the function has been established and they are involved in the transmission 

of the bacteria from ticks to mammalian, evasion of complement killing, antigen 

variation and adherence mechanisms (Coburn et al., 2005; Gilmore et al., 2010; Kraiczy 

and Stevenson, 2013; Patton et al., 2013a; Zhang et al., 1997). Taking into account that 

only 6% of the B. burgdorferi lipoproteins have some similarities with the proteins from 

other organisms, and for most of them the functions are not known, the determination of 

the crystal structures for those B. burgdorferi outer surface lipoproteins could be also 

very valuable. From all those approximately 150 lipoproteins found in B. burgdorferi 

the crystal structures have been determined only for 15 lipoproteins (including the three 

crystal structures described in the PhD thesis) and they are – BBA64 (PDB entry 4ALY, 

(Brangulis et al., 2013c)), BBA73 (PDB entry 4AXZ, (Brangulis et al., 2013b)), BBA66 

(PDB entry 2YN7 (Brangulis et al., 2013a)), BBA65 (PDB entry 4BG5), BBA68 (PDB 

entry 1W33, (Cordes et al., 2005)), ErpC (PDB entry 4BF3 (Caesar et al., 2013a) and 

PDB entry 4BXM), OspE (PDB entry 4J38, (Bhattacharjee et al., 2013)), DbpA 

(solution NMR structure, PDB entry 2LQU, (Wang, 2012)), OspA (PDB entry 2FKG, 

(Li et al., 1997)), BB0167 (PDB entry 3OON), OspB (PDB entry 1RJL, (Becker et al., 

2005)), VlsE (PDB entry 1L8W, (Eicken et al., 2002)), OspC (PDB entry 1GGQ, 

(Kumaran et al., 2001)), ErpP (PDB entry 4BOB), BBH06 (PDB entry 4BG0). 
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2. Materials and Methods 

2.1. E.coli strains 

BL21 (DE3): F
–
 ompT gal dcm lon hsdSB(rB

-
 mB

-
) λ(DE3 [lacI lacUV5-T7 gene 1 ind1 

sam7 nin5]) (Stratagene, USA) 

JM110: rpsL (Strr) thr leu thi-1 lacY galK galT ara tonA tsx dam dcm supE44 Δ(lac-

proAB) [F' traD36 proAB lacIqZΔM15] (Stratagene, USA)  

DH5α: F
-
 endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG Φ80dlacZΔM15 

Δ(lacZYA-argF)U169, hsdR17(rK
-
 mK

+
), λ– (Invitrogen, USA) 

B834: F
−
 ompT hsdSB(rB

−
 mB

−
) gal dcm met [DE3] 

 

2.2. Expression vectors 

pETm-11 – expression vector with T7/lac promoter, coding for kanamycin drug 

resistance gene, N-terminal 6xHis tag and TEV protease cleavage site. pETm-11 is a 

modified version of pET-24d expression vector containing a MAD insert (EMBL, 

Germany). 

 

2.3. Polymerase chain reaction (PCR) and primers 

PCR reaction mix was made as described by the manufacturer (Thermo Fisher 

Scientific, USA). Proof-reading polymerase was used. PCR reaction was carried out in 

Eppendorf Mastercycler Thermal Cycler (Eppendorf, Germany) using 30 cycles and the 

following conditions: 

 

 Initialization + 95°C 2 min  

 Denaturation + 95°C 40 sec  

 Annealing + 54°C 30 sec  

 Extension/elongation + 72°C 1,5 min  

 Final elongation +72°C 5 min  
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Primers used in the PCR are summarized in table 4. 

 

Name Sequence (from 5’ to 3’) Description 

KB-15 
KB-16 

F* – CAT GCC ATG GGC AAA GAC AGC AAT GAA AGC 
R* – GCT TGC GGC CGC TTA CTG AAT TGG AGC AAG AAT 

Amplification 
of Bba64 (aa 

28-302) 

KB-7 
KB-8 

F – CAT GCC ATG GGC AAT CTA AAC GAA GAT TAT AAA 
R – GCT TGC GGC CGC TTA CAT TAT ACT AAT GTA TGC 

Amplification 
of full-length 
Bba66 (aa 24-

310) 

KB-54 
KB-8 

F – CAT GCC ATG GGC TCT GGC AGT AAA TTA CAA 
R – GCT TGC GGC CGC TTA CAT TAT ACT AAT GTA TGC 

Amplification 
of truncated 

Bba66 (aa 
191-310) 

KB-1 
KB-2 

F – CAT  GCC  ATG  GGC  AAC  AAC  ACA  GAA  GCG  ATA 
R – GCT TGC GGC CGC TTA GTA GTG TAT GTG GTC ACA 

Amplification 
of Bba73 (aa 

28-296) 

KB-81 
KB-2 

F – CAT GCC ATG GGC GAG AAT GAA AAA TTG ATT 
R – GCT TGC GGC CGC TTA GTA GTG TAT GTG GTC ACA 

Amplification 
of truncated 

Bba73 (aa 87-
296) 

*F – Forward; *R – Reverse; 

2.4. DNA agarose gel electrophoresis 

Electrophoresis was performed using 1 % agarose (Thermo Fisher Scientific) gels 

containing 1 μg/ml ethidium bromide in Tris-acetate-EDTA (TAE) buffer (40 mM Tris-

acetate, 20 mM sodium acetate, 1 mM EDTA, pH 8.0). 

 

2.5. DNA fragment purification from agarose gels 

DNA fragments were purified from excised gel fragments by using GeneJET Gel 

Extraction Kit (Thermo Fisher Scientific, USA) following the product manual 

procedure provided by the manufacturer. 

 

2.6. Restriction of DNA fragments by endonucleases 

Restriction enzymes NcoI and NotI (Thermo Fisher Scientific, USA) and 10x Tango 

buffer (Thermo Fisher Scientific, USA) was used to cleave the DNA fragments and the 

expression vector. Restriction mix was made following the manufacturer‟s instructions 

except that the reaction mix was incubated at 37°C for 4 h. 
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2.7. Ligation reaction of PCR products and the expression vector 

The ligation of PCR products and the expression vector was done by preparing the 

following reaction mix:  

Expression vector DNA – 50 ng 

Insert DNA – 5:1 – concentration ratio over the expression vector 

10X T4 DNA Ligase buffer (Thermo Fisher Scientific) – 2 μl 

T4 DNA Ligase (Thermo Fisher Scientific) – 1 μl 

Water – up to 20 μl 

Ligation mix was incubated for 1 h at room temperature. 

 

2.8. Transformation of E.coli  

Transformation was done immediately after the incubation of ligation mix for 1 h. All 

of the ligation mix (20 μl) was added to the competent cells. The competent cells with 

the ligation mix were incubated for 20 min on ice and then the samples were subjected 

to a heat shock at 42°C for 40 s. After the heat shock the cells were placed back on ice 

for 2 min and 1 ml of pre-warmed LB medium (10 g/l Bacto tryptone (Difco 

Laboratories), 5 g/l Bacto yeast extract (Difco Laboratories) and 10 g/l sodium chloride 

(Stanlab, Poland)) was added and incubated for 1 h at 37°C with aeration at ~ 200 rpm. 

Cells were pelleted at 5000 rpm for 1 min and almost all of the supernatant was 

removed. The cell pellet was resuspended in the remaining LB medium and applied on 

pre-warmed LB agar plates (10 g/l Bacto tryptone (Difco Laboratories), 5 g/l Bacto 

yeast extract (Difco Laboratories), 10 g/l sodium chloride (Stanlab, Poland), 15 g/l 

Bacto agar) containing canamycin (10 mg/ml). Plates were incubated at 37°C overnight. 

 

2.9. Inoculation in liquid LB medium 

Resulting colonies from LB agar plates were inoculated into liquid LB medium 

containing canamycin (10 mg/ml) and incubated for 24 h at 37°C in a shaker CH-4103 

(Infors AG, Switzerland). 

 

2.10. Plasmid DNA isolation from recombinant E.coli culture 

Plasmid DNA was isolated by using GeneJET Plasmid Miniprep Kit (Thermo Fisher 

Scienitfic) according to the manufacturer‟s instructions.  
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2.11. Analysis of recombinant clones 

The isolated plasmid DNA was analysed for the presence of the ligated DNA fragment 

by PCR using the respective primers corresponding to the inserted DNA fragment.  

 

2.12. Plasmid sequencing to approve the accuracy 

Isolated plasmid DNA was sequenced using the primers corresponding to the analysed 

gene fragment and the following reaction mix was made: 

 

Big Dye (Applied Biosystems) – 1 μl 

Big Dye 5x reaction buffer – 2 μl 

Primer – 1 μl 

Plasmid DNA – 2 μl 

Water – 4 μl 

 

PCR conditions for the sequencing reaction (25 cycles): 

96°C – 30 s 

50°C – 15 s 

60°C – 4 min 

 

Precipitation of DNA after the sequencing reaction – 35 μl of 96 % ethanol and 1.5 μl 

7.5 M ammonium acetate (Sigma-Aldrich) was added and the mixture was left for 15 

min at -20°C. Then centrifugated at 13 000 rpm for 15 min by using centrifuge 5417C 

(Eppendorf, Germany). The supernatant was completely removed and 200 μl of 70 % 

ethanol was added and centrifugated for 12 min at 13 000 rpm. The supernatant was 

again completely removed and the tubes were left open to air dry.  

Sequencing of the samples was carried out on 3130xl Genetic analyzer (Applied 

Biosystems). The sequencing data were analyzed by using VectorNTI software 

(Invitrogen, USA).  

 

2.13. Recombinant protein expression 

 The recombinant plasmid was transformed into E.coli BL21(DE3) cells following the 

transformation protocol as described previously. The cells were grown in modified 
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2xTYP media (supplemented with kanamycin (10 mg/ml), 133 mM phosphate buffer, 

pH 7.4, and glucose (4 g/l)) with vigorous agitation at 25°C until an OD600 of 0.8–1.0, 

induced with 0.2 mM IPTG and grown for an additional 16–20 h. Cells were harvested 

by centrifugation and frozen at -20°C for storage. 

 

2.14. Se-Met labeled protein expression 

The recombinant plasmid was transformed into E.coli B834 (DE3) cells following the 

transformation protocol as described previously. The cells were grown in modified 

2xTYP media (supplemented with kanamycin (10 mg/ml), 133 mM phosphate buffer, 

pH 7.4, and glucose (4 g/l)) with vigorous agitation at 25°C until an OD600 of 0.8 –1.0 

and then centrifugated. The pellet was resuspended in 0501 medium (without 

methionine) (Seleno-Met medium base from Athena Enzyme Systems) supplemented 

with 0502 medium (Seleno-Met Nutrient mix from Athena Enzyme Systems) and 

glucose (5 g/l) and grown for a further 2 h. IPTG (0.5 mM) and a mixture of 

selenomethionine and methionine (5:1) was added and cultivation was continued for 20 

h. 

 

2.15. Cell lysis with ultrasonic disintegrator 

Harvested cell pellet was resuspended in lysis buffer consisting of 20 mM NaH2PO4, 

200 mM NaCl and 1 mM PMSF. Cells were sonicated by using Ultrasonic Disintegrator 

type UD-20 (Techpan, Poland) and then centrifugated for 30 min at 10 000 rpm, 4°C. 

 

2.16. Protein purification by using Ni-NTA chromatography 

Supernatant that was formed after the centrifugation of lysed cells was applied to Ni-

NTA agarose (Qiagen, Germany) column. Column was washed twice with a wash 

buffer containing 20 mM NaH2PO4 (Reahim, Russia), 200 mM NaCl (Reahim, Russia) 

and 15 mM imidazole (AppliChem GmbH, Germany). 6xHis tagged protein was eluted 

with the elution buffer containing 20 mM NaH2PO4 (Reahim, Russia), 200 mM NaCl 

(Reahim, Russia) and 300 mM imidazole (AppliChem GmbH, Germany).  
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2.17. 6xHis tag cleavage  

TEV protease (2 mg/ml) in 1:20 volume ratio was added to the eluted protein fraction to 

remove the N-terminal 6xHis tag from the protein of interest. The reaction was 

incubated overnight at room temperature. The cleaved protein was applied to Ni-NTA 

agarose (Qiagen, Germany) column to remove the protease, the cleaved 6xHis tag and 

the remnants of the uncleaved protein. 

 

2.18. Protein purification by using ion-exchange chromatography 

Proteins were further purified by ion-exchange chromatography on a Mono Q 5/50 GL 

column (GE Healthcare, UK) linked to an ÄKTA chromatography system (Amersham 

Biosciences) at a flow rate of 1ml/min. 

 

2.19. Protein concentration 

Fractions containing the protein after the purification were combined and concentrated 

by using Amicon filter units (Millipore corporation, Germany). 

 

2.20. SDS-PAGE analysis 

Proteins were analysed on SDS-PAGE gels consisting of upper layer (2 %) and lower 

layer (10 %) on Mighty small II system (Amersham Biosciences, USA). The 

composition of SDS-PAGE: 

 

Upper gel (2 %) 

 

0.6 M TRIS-HCl, pH 6.8 – 0.5 ml 

Water – 3.75 ml 

30 % acrylamide solution – 0.7 ml 

10 % SDS – 0.05 ml 

10 % ammonium persulfate – 0.07 ml 

TEMED – 0.007 ml 
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Lower gel (10 %) 

 

0.6 M TRIS-HCl, pH 8.8 – 2 ml 

Water – 4.5 ml 

30 % acrylamide solution – 3.3 ml 

10 % SDS – 0.1 ml 

10 % ammonium persulfate – 0.1 ml 

TEMED – 0.01 ml 

 

2.21. SDS-PAGE gel staining with Coomassie Brilliant blue G-250 

SDS-PAGE gels were washed with 50% ethanol solution for 10 min on a shaker 

(Luckham model R100, Luckham Ltd., England). Then the wash solution was removed 

and the Coomassie blue solution added so that the gel is completely immersed and left 

to stand for 10 min. The Commassie blue solution was removed and water added to 

decolour the gel. 

 

2.22. Western blot analysis 

SDS-PAGE gel was placed on a hybridization nitrocellulose membrane Hybond-C 

Extra (Amersham Biosciences, UK) between four sheets of filter paper (Amersham 

Biosciences, UK) soaked previously in the transfer buffer. The parameters were set to 

25 V and 100 mA for one gel for 1 h in semi-dry transfer cell Trans-blot SD (Bio-Rad, 

USA). 

Membrane was blocked for 45 min by adding 5% skimmed milk solution in 1xPBS. The 

membrane was washed twice for 5 min with PBS wash buffer. The membrane was 

incubated for 45 min with penta-His antibody (Qiagen, Germany) in a 1xPBS buffer at a 

dilution level of 1:1000. The membrane was washed twice for 5 min with PBS wash 

buffer with agitation. The membrane was incubated with secondary antibodies (anti-

mouse antibodies) diluted in 1xPBS at the level of 1:5000. Finally, the membrane was 

washed twice with PBS wash buffer. Chemiluminescence was used as a detection 

system. Addition of ECL reagents (Amersham Biosciences, UK) resulted in 

chemiluminescence and Hyperfilm ECL (Amersham Biosciences, UK) was used to 
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record the emmited signals from the Hybond-C Extra membrane (Amersham 

Biosciences, UK). 

 

2.23. Protein analysis by mass spectrometer MALDI-TOF 

To verify the purity of the proteins and Se-Met incorporation in case of Se-Met 

derivatives, MALDI-TOF mass spectrometry was performed. 1 μl of protein (4 mg/ml 

in 20 mM Tris-HCl pH 8.0) was mixed with 1 μl 0.1% TFA and 1 μl matrix solution, 

containing 15 mg/ml 2.5-dihydroxyacetophenone in 20 mM ammonium citrate and 75 

% ethanol. 1 μl of obtained mix was loaded on target plate, dried and analyzed by 

Bruker Daltonics Autoflex mass spectrometer (Bruker Biosciences, USA). 

 

2.24. Estimation of multimeric state by gel filtration chromatography 

Protein sample was loaded onto a pre-packed Superdex 200 10/300 GL column, 

connected to an ÄKTA chromatography system (Amersham Biosciences). The column 

was pre-equilibrated with the same buffer as the relevant protein and run at a flow rate 

of 0.7 ml/min. Bovine serum albumin (67 kDa), ovalbumin (43 kDa) and 

chymotrypsinogen A (25 kDa) were used as MW reference standards. 

 

2.25. Protein crystallization  

Crystallization was performed by the sitting drop vapour-diffusion technique by mixing 

1μl of protein with an equal volume of precipitant solution. Initial screening was 

performed using several 96 reagent sparse-matrix screens from Molecular Dimensions 

(Molecular Dimensions Ltd, UK). In case of a crystal hit in the crystallization screen, 

optimization was performed regarding the actual conditions. The crystals were flash-

frozen in liquid nitrogen before the data collection. 

 

2.26. Diffraction data collection and structure determination 

Diffraction data for the native and Se-Met labeled proteins were collected at Max-lab 

beamline I911-3 and I911-2 (Lund university, Sweden) using Marmosaic 225 detector 

(Marresearch GmbH, Germany). 
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Phases for the crystal structures were determined by using SAD, MAD or also 

molecular replacement method. 

Reflections were indexed and scaled using MOSFLM and SCALA programs from the 

CCP4 program suite (Battye et al., 2011; Evans, 2006; Winn et al., 2011).  

In case of MAD, data were merged using CAD and Se atom positions and initial phases 

were determined using SHELX C/D/E (Sheldrick, 2008). The initial protein model was 

built automatically in BUCCANEER and minor re-building of the model was done 

manually in COOT (Cowtan, 2006; Emsley and Cowtan, 2004). Water molecules were 

picked automatically in COOT and inspected manually. Crystallographic refinement 

was carried out with REFMAC5 (Murshudov et al., 1997). 

In case of molecular replacement, initial phases were obtained by using Phaser (McCoy 

et al., 2007) and the crystal structure of a paralogous protein as a search model. 
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3. RESULTS 

3.1. Crystal structure of an outer surface lipoprotein BBA64 from Lyme disease 

agent Borrelia burgdorferi which is critical to ensure the infection after a tick bite 
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3.2. Structural characterization of the Borrelia burgdorferi outer surface protein 

BBA73 implicates dimerization as a functional mechanism 
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3.3. Crystal structure of the infectious phenotype associated outer surface protein 

BBA66 from Lyme disease agent Borrelia burgdorferi 
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4. DISCUSSION 

Lyme disease is an infectious disease caused by the spirochete that is transmitted from 

infected Ixodes ticks to the mammalian host organism during the blood meal (Steere, 

2001). In this PhD work the outer surface lipoproteins of B. burgdorferi from the 

PFam54 paralogous gene family were studied, thought to be important in the 

pathogenesis of Lyme disease, to reveal the structural properties of those proteins. 

Lipoproteins may play an important role in the pathogenesis of Lyme disease as they 

constitute 8% of the genes coded by the B. burgdorferi genome (Casjens et al., 2000; 

Fraser et al., 1997). Not only the large partition of B. burgdorferi genome devoted for 

the expression of lipoproteins could explain the importance in pathogenesis, but also the 

fact that the lipoproteins are located on the surface of bacteria (Haake, 2000). Because 

of their specific location the lipoproteins are thought to be involved in the transfer of B. 

burgdorferi from ticks to mammalian, fight against the hosts immune response, 

attachment to specific receptors/ligands in the new host organism, spread in the 

organism, and proliferation – the main tasks necessary for B. burgdorferi to establish 

the Lyme disease (Steere, 2001). For most of the lipoproteins found in B. burgdorferi 

the potential function or role has not been established yet and the respective genes does 

not show any sequence similarities with the genes from any other organisms (Casjens et 

al., 2000; Fraser et al., 1997). Because of their uniqueness and potential importance in 

the pathogenesis of Lyme disease, the lipoproteins have been extensively studied in 

many different laboratories.  

One of the things that have been showed to be the same among the different laboratories 

is that over 100 different proteins exhibit altered expression in conditions mimicking the 

transfer of B. burgdorferi from infected Ixodes ticks to mammalian organism (Ojaimi et 

al., 2003; Tokarz et al., 2004). From all those proteins with the altered expression 

pattern it has been showed that the paralogous gene family PFam54 members that are 

located on 54 kb linear plasmid (lp54) exhibit the highest upregulation rates and 

therefore are thought to be important in the pathogenesis of Lyme disease (Angel et al., 

2010; Ojaimi et al., 2003; Tokarz et al., 2004). The paralogous gene family PFam54 

located on lp54 consists of nine open reading frames – bba64, bba65, bba66, bba68, 

bba69, bba70, bba71, bba72, bba73 – although bba71 and bba72 are truncated genes 

and bba70 is missing in most of B. burgdorferi strains (Casjens et al., 2012). 
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Some studies have tried to reveal the exact functions for some of the PFam54 family 

lipoproteins (Gilmore et al., 2008; Gilmore et al., 2010; Patton et al., 2013a). For outer 

surface lipoprotein BBA64 it has been showed that it is vital for the transfer of B. 

burgdorferi from infected Ixodes ticks to the mammalian organism (Gilmore et al., 

2010; Patton et al., 2011). Although the exact receptors/ligands for BBA64 have not 

been determined. Therefore we determined the crystal structure of BBA64 at 2.4 Å 

resolution in order to gain more understanding about the pathogenesis of Lyme disease. 

The crystal structure of BBA64 revealed a similar fold to the homologous protein CspA 

(also known as BBA68) that is also the member of the PFam54 family and for which 

the crystal structure has been determined previously (Cordes et al., 2005). The only 

difference between the two crystal structures was that the C-terminal part forms a 

different conformation between the two homologous proteins. In CspA the C-terminal 

α-helix forms a stalk-like extension protruding outwards from the protein molecule and 

serves as a basis for the dimer formation while in BBA64 the C-terminal α-helix forms a 

loop not present in CspA and switches backwards, becoming a part of a compact α-

helical domain. Although because of the high sequence diversity between the two 

homologous proteins (17% sequence identity) the results could be treated as expected, 

but previous studies about the CspA protein showed that a proper orientation of the C-

terminal α-helix is necessary for the functioning of CspA (Cordes et al., 2006). The C-

terminal α-helix in CspA has an indirect role in the functioning of the protein because 

the C-terminal α-helix form an extensive dimerization interface of 2240.9 A
2 

and forms 

a homodimer (Cordes et al., 2006). It was postulated that the binding pocket in CspA 

formed between the two monomers could be advantageous as the movements of the 

monomers could regulate the access to the binding site and the binding pocket is too 

small for the antibodies to approach (Caesar et al., 2013b; Cordes et al., 2006). From 

those studies it was also assumed that the binding cleft probably could be conserved 

between the homologous proteins from the PFam54 family (Wywial et al., 2009). As we 

observed that the C-terminal α-helix in BBA64 has a different conformation to that in 

CspA and this could prohibit the protein to form a stable homodimer by interaction with 

the C-terminal α-helices as in the case of CspA, we analyzed the oligomerization state 

of BBA64. Gel filtration chromatography revealed that BBA64 is a monomer and thus 

indicating that the proteins belonging to the PFam54 family does not form a similar 

binding site that is located between the monomers.  
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By using the sequence comparison of BBA64 and CspA we analyzed the residues found 

in CspA to be important for complement regulators factor H and FHL-1 binding to 

explain their functional differences (Kraiczy et al., 2004; Kraiczy et al., 2009; 

McDowell et al., 2005; Wallich et al., 2005). By analyzing the three different parts in 

CspA important for factor H and FHL-1 binding and comparing that with the same 

regions in BBA64 it become clear that although CspA could bind complement 

regulators as a monomer (as judged from the ability to bind complement factor H and 

FHL-1 after SDS-PAGE separation) the three regions necessary for a proper binding 

exhibit a considerable sequence diversity between the two homologous proteins and 

thus could also explain the inability to bind complement regulators by BBA64 besides 

the different fold of the C-terminal α-helix.  

Although the potential ligand or receptor for BBA64 has not been determined, it has 

been shown that after the treatment of B. burgdorferi with Anti-BBA64 (antibodies for 

the outer surface protein BBA64), the binding of bacteria to HUVEC (human umbilical 

vein endothelial cells) or H4 (human neuroglial cells) cells is significantly reduced 

indicating that the potential binding partner could be located on the cell surface of the 

mammalian host organism and provide the adherence and invasion of the Lyme disease 

agent (Schmit et al., 2011). Suggesting that BBA64 is necessary to provide the transfer 

of Borrelia from tick salivary glands to the host organism, the binding of Borrelia to 

mammalian cells as mentioned above could reduce the range for the possible 

ligand/receptor search, excluding for example tick salivary gland proteins which 

otherwise could be potential ligand candidates for consideration to assist in transport of 

B. burgdorferi to the host organism. The location of the receptors on the surface of the 

host cells could also explain the vital role of the protein in the transfer of B. burgdorferi 

from ticks to mammalian and the observation that Borrelia lacking BBA64 synthesis 

was unable to infect mice via tick feeding but the infection was initiated after needle 

inoculation of B. burgdorferi (Gilmore et al., 2010; Patton et al., 2011). The expression 

of BBA64 is highly upregulated also in tissues during chronic murine infection 

throughout the infection period indicating that the protein contributes not only to the 

transfer of Borrelia from ticks to the host organism and establishment of the infection, 

but also to the maintenance and persistence of Lyme disease (Gilmore et al., 2008). 

We have determined the crystal structure also for another member from the Pfam54 

family, named BBA73. The crystal structure of BBA73 revealed that the overall fold is 

similar to BBA64 and does not form a stalk-like extension as was observed for CspA. 
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The interesting fact that we showed is that BBA73 could still form a stable homodimer 

as determined by gel-filtration chromatography. The results implied to think that there is 

a possible dimerization interface in BBA73 that is absent in the homologous proteins 

with already solved crystal structures, like BBA64 and CspA (while CspA can form 

dimers by interacting with the C-terminal α-helix that forms a stalk-like extension that is 

missing in BBA73 and BBA64). First, by analyzing the crystal structure we identified 

the potential site involved in the dimerization covering the N-terminal α-helix. Then we 

made a truncation mutant of BBA73 excluding a part of the N-terminal α-helix. The 

truncated protein proved the importance of the N-terminal α-helix in the dimerization of 

BBA73 as the truncated protein did not form a homodimer and the overall structure was 

preserved as observed from the crystal structure of the truncated protein. BBA73 has 

been described as an important protein in the pathogenesis of Lyme disease as it has 

been identified as the second highest temperature-responsive gene through the analysis 

of all the putative ORFs of B. burgdorferi demonstrating increased expression at 35°C 

relative to 25°C (Ojaimi et al., 2003). Determination of the crystal structure could 

facilitate the determination of the function of the protein as well as the crystal structure 

has revealed the potential binding site for ligands/receptors in BBA73 that could be 

located in the cleft between the two monomers.  

Recently it was showed that BBA66 that is another member of the PFam54 family is 

important in the pathogenesis of Lyme disease (Patton et al., 2013a). We determined the 

crystal structure of BBA66 at 2.25 Å resolution using the molecular replacement 

method with the structure of BBA73 as a search model. The overall fold for BBA66 

generally proved to be the same as for the homologous proteins. While the overall fold 

is the same, the sequence differences are remarkable between the homologous proteins, 

ranging from 16% to 24%. This could clearly explain the functional differences between 

the homologous proteins as it has been suggested that in B. burgdorferi there have been 

events of genome duplication that gave the appearance of more than a hundred 

paralogous gene families (Casjens et al., 2012). This could be exactly was has happened 

with the PFam54 family members as the analysis of the conserved residues between the 

members have revealed that the residues are located inwards the proteins core. This 

means that the residues are most probably conserved so that the overall fold of the 

proteins is conserved while the surface localized residues have changed over time 

giving rise to proteins exhibiting different functions.  
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In summary, the thesis has provided a comprehensive work about the proteins playing 

an important or even vital role in the pathogenesis of Lyme disease. While knowing the 

great importance of those proteins in the pathogenesis of Lyme disease the exact 

receptors/ligands are not known for those proteins. Taking into account that the tertiary 

protein structure is directly related with the protein function we determined the crystal 

structures of several outer surface lipoproteins for which the specific role in the 

pathogenesis was determined previously. Therefore the crystal structures of those 

proteins could help to gain more understanding about the pathogenesis of Lyme disease 

and could promote the development of novel drugs against Lyme disease. 
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5. CONCLUSIONS 

1. Removing the signal peptide coding sequence from the genes that were under 

the study and cloning them into the expression vector pETm_11 was showed to 

be a perfect strategy to express the proteins in sufficient amount to use for 

crystallization. 

2. The crystal structure of recombinant BBA64 protein from B. burgdorferi that is 

vital for the bacteria to establish Lyme disease has been determined at 2.4 Å 

resolution.  

3. The crystal structure of BBA64 has revealed that the protein structure is similar 

to other homologous proteins from the PFam54 family, although in comparison 

to the homologous CspA, BBA64 does not form a homodimer and the C-

terminal part has a different conformation. 

4. The crystal structure of B. burgdorferi outer surface protein BBA73, which is 

upregulated during the infection period and possibly plays some important role 

in the pathogenesis of Lyme disease, has been determined at 2.09 Å resolution. 

5. BBA73 has a similar overall fold to the homologous proteins and BBA73 exists 

as a homodimer both in the crystal and in solution. 

6. The BBA73 protein dimerizes through the interaction of the N-terminal regions 

that is different from the homologous proteins CspA which also forms a 

homodimer but by interacting with the C-terminal regions. The assumption that 

the N-terminal part is involved in the dimerization was successfully proven by 

producing an N-terminal deletion mutant of BBA73. The truncated protein was 

crystallized and the structure was solved at 1.88 Å resolution to make sure that 

the overall fold is not affected by the truncation and the shortened protein did 

not form a homodimer indeed. 

7. The dimerization in BBA73 forms a cleft between the two monomers and that 

could potentially serve as a ligand or receptor binding site in the protein. 

8. The crystal structure for an outer surface protein BBA66, which is important in 

the transfer of B. burgdorferi from an infected tick to the mammalian organism 

during the tick feeding, has been determined at 2.25 Å resolution. 

9. Despite the low primary sequence similarity with the other homologous proteins, 

BBA66 has the same overall fold which is common between the PFam54 family 

members, and BBA66 has an atypically long disordered N-terminal region. 
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6. MAIN THESIS FOR DEFENCE 

1. The Escherichia coli expression system in combination with the expression 

vector pETm_11 can be used for optimal production of B. burgdorferi outer 

surface lipoproteins. 

2. The determination of the crystal structure for B. burgdorferi outer surface 

lipoprotein BBA64 is critical to ensure that we find out more details about the 

protein that is vital for the pathogenesis of Lyme disease. 

3. Crystal structure of B. burgdorferi outer surface protein BBA66 that plays an 

important role in the transfer of spirochete from ticks to mammalian does show 

structural similarities with other PFam54 family members, while the conserved 

residues are located inwards the protein core. 

4. Crystal structure of BBA73 protein from B. burgdorferi, that is one of the most 

upregulated proteins during the transfer of bacteria from ticks to mammalian, is 

different from the other PFam54 family members because it forms a homodimer 

by interacting with the N-terminal α-helices. 
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