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ABSTRACT 

MEGAN WALK.ER. Characterization of Borrelia burgdorferi outer surface protein 

CRASP-2 in a cani ne host (Under the direction of DR. CHAD BROOKS.) 

Once 8. burgdo,feri, the causative agent of Lyme disease, enters an animal host, 

the bacteria must contend with an immunological barrier known as the complement 

cascade. Interestingly, B. burgdo,feri has adapted a strategy to deal with the complement 

cascade by deactivating a specific component known as C3b. However, the complement 

cascade proteins are not identical in all potential animal hosts for B. burgdo,feri and 

therefore, the bacterium must have several d iffe rent complement regulatory prote ins. 

Current ly, five complement regu latory-associated surface proteins (CRASPs) expressed 

by 8. burgdo,feri have been identified. Several of the CRASPs have been characterized 

to spec ifica ll y bind to the host-derived complement regulatory protein fac tor H (FH). 

Hypothetically, CRASPs bind to FH and inactivate the complement protein CJb on the 

ce ll ular surface of the bacterium, thus allowing evasion of host complement-mediated 

lysis. Because not all animal FH proteins are the same, it is suggested the CRASPs 

behave in an an imal host-dependent manner. This study transformed a vector encoding 

the CRASP-2 gene, also known as cspZ, into a bacterial cell li ne to produce CRASP-2 

protein; however, no protein was ever overexpressed or purified. Further experiments 

will need to be conducted to optimize protein express ion. Work concerning microscopy 

studies involving the cha llenge of various strains of B. burgdo,feri to dog sera. shows 

83 1 cF dies when exposed to dog sera and 83 1 Ml and 83 lcF(/lgB: :c:spZ) survives. These 

experiments are in agreement with earlier work. Real-time polymerase chain reaction 

(RT-PCR) resu lts showed cspZ levels to be undetec table. 
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CHAPTER I 

Introduction 

Lyme disease overview 

Lyme disease was first recognized in a group of chi ldren displaying arthritic 

symptoms in Lyme, Connecticut in 1975 by Allen Steere (Steere et al., 1977). Since then , 

Lyme disease is the most commonly reported vector-borne illness in the United States 

and is commonly found in Europe (Figure I) (CDC, 2012). The disease does not occur 

nationwide and is mostly concentrated in the northeast and upper Midwest (Figure 2). In 

20 11 , 96% of Lyme disease cases were reported from 13 states: Connecticut, Delaware, 

Maine, Maryland, Massachusetts, Minnesota, New Hampshire, New Jersey, New York, 

Pennsylvania, Vermont, Virginia, and Wisconsin. The disease is most commonly 

diagnosed in the summer months, June and July (Figure 3). For humans, initial diagnosis 

involves considering the history of a person being in an area endemic for Lyme disease 

and direct observation of symptoms most notably a bulls-eye rash known as erythema 

migrans (EM) (CDC, 2013c) (Figure 4). This rash occurs in approximate ly 70-80% of 

infected people and begins at the site ofa tick bite , radiating outwards. Other symptoms 

include a feeling of general malaise. A blood test may also be administered considering 

other symptoms, but this usually is only effective two to four weeks after a tick bite. 

Without the EM rash, diagnosis is difficult due to the familiar symptoms universally 

representing many other common ailments. If allowed to persist, the disease is 

characterized by arthritis, Bell ' s pa lsy, severe headaches and neck stiffness due to 

meningitis, heart palpitations and dizziness due to changes in heartbeat. When Lyme 



disease is diagnosed early in infection (3•30 days post tick bite) , treatment consists ofa 

regiment of anti biotics such as doxycycline , amoxicillin, or cefuroxime axetil for two to 

four weeks (CDC, 201 Ja). In IO to 20% of cases treated for Lyme disease, pat ients wi ll 

experience lingering symptoms of pain and joint swelling (CDC, 20 13b). This is termed 

"chronic Lyme disease" or "PosHreatment Lyme Disease Syndrome" (PTLDS). 

Unfortunately, for these cases, studies have shown patients who received prolonged 

courses of antibiotics do not fare better than patients receiv ing a placebo (Krupp et al. , 

2003). Additionally, continued antibiotic use resulted in adverse effects in patients and no 

improvement of cognitive function (Fallon et al. , 2008). 

A vacc ine for Lyme disease was removed from the market due to insufficient 

consumer demand in 2002 (CDC, 2011 ). Precautionary measures should be heeded. 

These involve avoiding environments where ticks would be found, such as wooded and 

bushy areas, use repellents and wear appropriate clothing, bathe or shower after coming 

indoors and check the body for ticks. Gear and pets should be investigated as well , as 

ticks can be transported into a home and later attach to a person. 



Reported Cases of Lyme Disease by 
Year, United States , 2002-2011 

45.000 

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 

Figu re I. The graph disp lays the number of reported cases of Lyme disease from 2002 

through 2011. The number of confirmed cases ranged from a low of 19,804 in 2004 to 

high of29,959 in 2009 (CDC, 2012). 



Reported Cases of Lyme Disease -- United States, 2011 

1c:otplila'd1.:mt1om1r.,.,.,t!'l..,eountyorres.idet1eelore.leheoril'ln'rlt<lcas.e 

Figure 2. Geographic location of diagnosed Lyme disease cases concentrated in northeast 

and upper Midwest regions (CDC, 2012). 



Confirmed Lyme disease cases by 
month of disease onset--United States, 

2001-2010 

MonthofdlsuwonM t 

Figure 3. Lyme disease patients are most likely to have illness onset in June, July, or 

August and less likely to have illness onset from December through March (C DC, 20 12). 



Figll re 4. Erythema migrans (EM) rash; Characteristic symptom associated with Lyme 

disease tick bite and earl y infect ion of B. burgd01feri (CDC, 20 13c). 



Lyme disease is caused by a bacterium known as Borrelia burgdorferi (Figure 5). 

Borrelia burgdorferi is a pathogenic spirochete and shares ancient ancestry, similar 

morphology, as well as a protean strategy of infection, with another pathogen, 

Treponema pallidum, a spirochete known to cause syphi lis (Porcella & Schwan, 2001 ). 

Borrelia burgdo,feri leads an interesting enzootic life cycle (Figure 6), circulating 

between ticks of the species lxodes and mammal hosts (Caimano, Hu, Radolf, & 

Stevenson, 2012). The tick larva hatch narve of the pathogen, as there is no transovarial 

transmission, and acquire the spirochete during their first blood meal from an infected 

reservoir, which may include mice, squirrels, birds, and/or reptiles. After molting to the 

nymphal stage, the ticks transmit the pathogen to another animal serving as the next 

blood meal. It is believed at this stage humans are most likely to acquire the pathogen. 

The nymphs are very small and go easily unnoticed. The tick wi ll go through one more 

molt into the adult stage where the pathogen is further disseminated to a range of 

vertebrate hosts. As an adu lt, ticks will mate on animal hosts, the eggs wi ll drop to the 

ground, hatching, and perpetuating the life cycle of the lxodes tick species. 

The vagrant life cycle of B. burgdo,feri is challenged to some degree by the 

environment it encounters. Each reservo ir host B. burgdorferi inhabi ts con ta ins a unique 

defense mechanism, known as the complement cascade, des igned to contend with and 

eliminate fo reign ent ities. The successful establishment of infection requires B. 

burgd01feri to ci rcumvent the immune system long enough to reach a sustainable number 

of spirochetes within the host. The ability for 8. burgdo,feri to effect ively infect a variety 

of hosts has been attributed to its e legant genome. 



Figure 5. Scanning electron micrograph of B. hurgdo,feri spirochetes in the midgut ofa 

nymphal Ixodes tick. (Steere et al., 2004). 



Rtp~t\·fo~ 
drop,LOIJIO.,i,d 
AndL1y,l"9cr, 

Figure 6. Enzootic life cycle of 8. burgdo,feri and lxodes tick species (Caimano, Hu, 

Radolf, & Stevenson, 20 12). 

9 
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The elaborate genome of Borrelia burgdorferi 

The genome or B. burgdorferi was fi rst sequenced ent irely in 1997 and showed 

the bacterium contained a li near chromosome of 9 10,725 base pai rs and at least 17 to 20 

linear and circular plasmids with a combined size of more than 533,000 base pa irs (Fraser 

et al. , 1997). The plasmids and chromosome have a precise one to one relationship w ith 

one another. Of the 11 plasmids analyzed during this study, Fraser et a l. found 58% of 

plasmid DNA of B. b11rgdo1feri did not match any sequence within the ir database 

software (Table I). Much of the identified genes coded for membrane proteins, 

recombi nation cassettes, and purine ribonucleotide biosynthetic enzymes. It has been 

observed different plasmids have regions of homologous DNA (Casjens, van Vugt, T illy, 

Rosa, & Stevenson, 1997; Zilckert & Meyer, 1996). Fraser et al. found 47 paralogous 

gene fam ilies which accounts for 39% of the plasmid-encoded genes with no known 

biological ro le. 

In the past, it was shown plasmids are lost over long periods of culture (Norri s. 

Howell , Garza, Ferdows, & Barbour, I 995; Schwan, Burgdorfer, & Garon, I 988; Xu. 

Kodner, Coleman, & Johnson, 1996). This loss results in different protein expression 

profiles and a loss in the ability to in fect laboratory animals, suggest ing plasmids encode 

important genes necessary for the survival of B. burgdmji!ri and establishment of 

infection. This is known as the spec ies-speci fi c hypothesis - each plasmid or set of 

plasmids encoding unique genes is required to infect a certain reservoir host. 



Table 1. Genome features in B. burgd01feri (Fraser, et al. , 1997). 

Chromosome 

Coding sequences (93%) 
RNAs (0.7%) 
lntergenic sequence (6.3%) 

853 coding sequences 
500 (59%) w ith identified database match 
104 ( 12%) match hypothetical proteins 
249 (29%) w ith no database match 

Plasmids 
cp9 
cp28 
lp17 
lp25 
lp28-1 
lp28-2 
lp28-3 
lp28-4 
lp38 
lp38 
lp54 
Coding sequences (71%) 
lntergenic sequence (29%) 

430 coding sequences 
70 (18%) w ith identified database match 
110 (26%) match hypothetical proteins 
250 (58%) w ith no database match 

Ribosomal RNA 
18S 
23S 
5S 
23S 
5S 

Stable RNA 
tmRNA 
rnpB 

Transfer RNA 
34 species (8 clusters, 14 single genes) 

910,725 bp (28.8% G+C) 

9,386 bp (23.6% GC) 
26.497 bp (28.3% GC) 
18,828 bp (23.1% GC) 
24,182 bp (23.3% GC) 
28,926 bp (32.3% GC) 
29,771 bp (31.5% GC) 
28,605 bp (25.1% GC) 
27,329 bp (24.4% GC) 
36,834 bp (26.8% GC) 
38,853 bp (26.1% GC) 
53,590 bp (28.1% GC) 

Chromosome coordinates 
444581-448118 
438590-441508 
438448-438557 
435334-438267 
435201-435312 

46973-47335 
750818- 751175 

11 
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Of particular interest , are B. burgdorferi genes encoding proteins which bind to 

host complement regulatory proteins, specifically factor 1-l (Fl-I) and factor H-like I 

(FHL-1) protein. Factor 1-1 and FHL-1 protein are cofactors for factor-I mediated cleavage 

ofC3b (Alitalo et al. , 2001). Cleavage ofC3b at the cell surface prevents the further 

assembly of complement proteins leading to the formation of the membrane attack 

complex and ultimate ly opsonization of cells. Figure 7 diagrams the classical and 

alternative pathways of the immune system. Using reverse affinity ligand binding 

immunoblot assays (ALBI), Hovis et al. showed the capacity for B. burgdo,feri outer 

surface protein E (OspE) to bind to serum proteins, presumably FH, from a subset of 

ani mals, supporting the species-specific hypothesis (Figure 8). This study showed OspE 

to bind to human, monkey, dog, pig, minipig, and rabbit serum proteins. Rogers and 

Marconi concentrated on a gene with five known paralogues. Complement regulator­

acquiring surface protein 2 (also known as: BbH06, CspZ, CRASP-2) was shown to bind 

specifically to FH of varying animal subjects as well (Figure 9). In this study, Rogers 

showed CspZ was capable of binding to serum from 9 out of 15 animals tested. These 

included: human, monkey, cow, pig, minipig, rabbit, guinea pig, mouse, and duck. These 

are sim ilar to the results shown by Hovis et al. except CspZ bound to animal FH more 

times than the OspE protein. This is an indication, in certain animals, CspZ may be key in 

a llowing for the survival of 8. burgdo,feri instead ofOspE. Brooks et al. examined the 

role of complement regulator-acquiring surface protein I (also known as: BbA68. CspA, 

or CR.ASP-I ) in vitro. Figure IO shows the capacity for this B. burgdmferi protein to 

bind to Fl-I in humans, thus permitting the pers istence of 8. burgdorferi infectivity. In the 

same study, Brooks et al. developed a strain lacking the CRASP- 1 gene and demonstrated 
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the mutant to be susceptible to human complement pathway. Another study produced 

somewhat conflicting results, concluding CRASP-1 is not essential for B. burgdo,feri to 

evade the human complement cascade (McDowell et al. , 2006). Their research included 

serum from mice and humans. All results showed CRASP-1 did not bind to FH from 

serum iso lated from infected mice or any other animals tested as in Hovis et al. Their 

results also showed CRASP-1 did not bind to FH, and therefore is not expressed, from 

serum isolated from patients diagnosed with Lyme disease. These results support a 

species-specific interaction showing CRASP-1 may not be necessary for B. burgdorferi 

to successfully infect a mouse host, or even humans, the opposite of which was suggested 

by Brooks et al. 

In one figure, McDowell et al showed the ability for CRASP-1 to bind only to 

human FH (mimicking the experiment conducted by Hovis et al.) but this experiment is 

glossed over in the discussion, making mention how Brooks et al. showed CRASP-1 

necess ity in vitro rather than in vivo. Obviously, more experiments will need to be 

conducted to clarify ambiguity. Based on the evidence, ruling out CRASP-1 involvement 

in human Lyme disease infection seems premature. 
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Figure 7. Classical and alternative pathways of immune system. C3b activation promotes 

the formation of membrane attack complex ending in death of ce ll s. 
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Figure 8. Reverse ALBI analysis showing recombinant OspE binding to serum proteins 

from different an imals. Purified Fl-I (150kOa) was included as a control. Results show B. 

burgdorferi OspE to bind to 6 out of 16 animal FH (Hovis et a\. ,2006). 
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Figure 9. Reverse ALBl analysis showing recombinant CspZ binding to serum FH 

( 150kDa) from d ifferent animals. Results show CspZ binds to 9 out of 15 animal FH 

(Rogers and Marconi, 2007). 
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Figure I 0. Results showing CRASP-1 binding to purified FH from human serum (Brooks 

et al., 2005). 
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In Brooks lab at Austin Peay State University, Jillian Kay, a former graduate 

student, conducted an experiment to determine the plasmid profile of B. burgdorferi 

exposed to different animal sera (Kay, 2009). Kay passed cultures of B. burgdorferi 

whjch mentioned previously, lost plasmids over time. Once a heterogeneous population 

of spirochetes was achieved, she exposed the cultures to horse, rat, and dog sera. She then 

isolated plasmid DNA from each of the cultures and conducted quantitative real-time 

polymerase chain reaction. She found spirochetes equipped with certain plasmids made 

up distinct populations in the different immunological environments. In her study 

concerning the exposure to dog sera, she found spirochetes harboring plasmids lpl 7, 

lp28-3, and lp28-4 made up 100% of the spirochete population in the dog sera (Figure 

11 ). This is strong evidence suggesting a gene or set of genes encoded on these plasmids 

plays a role in the survival of B. burgdorferi in a canine host. Interestingly, one of the 

CRASPs ,CRASP-2 or CspZ, is encoded on lp28-3. 

Another former graduate student, Elisa Takala Lund, constructed a mutant strain 

of B. burgdorferi 831 cf containing the cspZ gene under the control of a constitutively 

expressed promoterjlgB (Lund, 2011). In a microscopic study, she showed 83 lcF 

containing the cspZ gene survived dog sera, whereas 831 cf, which does not natively 

express the cspZ gene, does not survive at all when exposed to dog serum (Figure 12). 

The goal of this study is to characterize the role of the CspZ protein by showing it 

is surface localized and expressed during infection in a canine host. Ultimately, the a im is 

to show this protein would be a reasonable target for vaccine production for dogs against 

Lyme disease. 
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Figure 11 . Jillian Kay experiment showing plasmid retention in spirochetes exposed to 

dog sera. Spirochetes with plasmids Ip 17, lp28-3, and lp28-4 are preferentially se lected 

for when exposed to dog sera (Kay, 2009). 
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Figure 12. Elisa Takalo Lund microscopic observat ions during dog sera challenge to 

mutant s trai n 83 lcf express ing cspl versus native B3 lcF (Lund, 20 11 ). Results show 

spirochetes without cspZ die. 

20 



CHAPTER 11 

Methods 

Bacterial strains and growth conditions 

Strains of B. burgdorferi used in this study include 831 Ml , 83 lcF, and 

83 lcF(flgB::cspZ). All strains were maintained at 34QC in complete BSK-11 medium 

(complete BSK-Il media is composed ofBSK-II medium supplemented with 6% rabbit 

serum heat inactivated for lh at 55°C) (Sigma). 

21 

Strains were counted at 400X total magnification daily using dark-fie ld 

microscopy. Cultures were enumerated by placing 10µ1 of sample culture on to a clean 

g lass slide and covered with a glass coverslip. The number of spirochetes per ten fie lds of 

view was counted and the number averaged. This averaged number was multiplied by a 

constant , 2.5 X I 05• Strains were passed once cultures reached mid-logarithmic phase ( I 

X I 0 7 organisms/ml) . New cultures were seeded at a concentration of I 0000 

spirochetes/ml in a new 14ml conica l vial. 

Conjirmatio,r of Elisa Takalo-Luud mutant strain pBSV2(/lgB::cspZ) 

Escherichia coli strain DHSa used to maintain the plasmid construct 

pBSV2(fl gB::cspZ) was sequenced to confim1 the accuracy of the insert, subjected to 

polymerase chain reaction (PCR), and digested with a restriction enzyme. 

Initially, £. coli DHSa harboring pBSV2(flgB::cspZ) was retrieved from a -80°C 

frozen stock cu lture and inoculated onto a nutrient agar plate supplemented with 1 OO~Lg 

of Kanamyci n (S igma). Deoxyribonucleic ac id (DNA) from successfull y growing 
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colonies was isolated using a Pure Yield Plasmid Miniprep Kit (Promega) following 

manufacturer protocol. The concentration and purity of the DNA was enumerated using a 

NanoDrop ND-1000 Spectrophotometer. 

A portion of this isolated DNA (IOOng) was sent to Vanderbilt University DNA 

Sequencing Facility for Sanger sequencing using Ml3F and Ml3R primers (Table 2). 

Sequence analysis was performed using Basic Local Alignment Search Tool (BLAST). 

Polymerase chain reaction was carried out using IOµl 2X GoTaq Green Master 

Mix (Promega), 0.5µM each ofM13F and Ml3R primers (Table 2), 2µ1 of plasmid DNA 

(approximately 5ng - IOOng), and volume adjusted with molecular grade water (Cellgro) 

for a 20µ1 total volume reaction. Positive and negative controls were included to ensure 

size of PCR products and confirm reactions were free of contaminants. Polymerase chain 

reaction was conducted using an AB Verti Gradient Thermal Cycler. After an initial 

denaturation of95°C for 5 minute, the samples were run for 40 cycles at 95°C for 30sec, 

varying annealing temperatures for 45sec, and 72°C for I: I Om in. All PCR products were 

analyzed using a 0.8% - 1 % agarose gel in IX Tris-acetate-EDT A (TAE) buffer. 

Restriction enzyme digestion was also used to confirm presence of cspZ insert. 

Hind Ill cuts cspZ 216 base pairs (bp) from the beginning of the cspZ gene (711 bp). 

Twelve rnicroliters of purified pBSV2(flg8::cspZ) DNA (approximately 500ng) was 

added to 5µ1 of Buffer 3 (Promega) and 32~ll of molecular grade water. Next, 1µ1 of 

restriction enzyme HindIII (Promega) was added to the mixture. This sample was 

incubated at 3 7°C for 1 hour and then held at 4°C in a Techne TechGene Thermal Cycler. 

Plasmid p8SV2 lacking any insert in the multiple cloning site was also digested with 



Hindi II for comparison. Samples were analyzed using a 1% agarose gel in IX TAE 

buffer. 
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Another experiment was run using another mutant from Brooks et al. which has 

CRASP-1 knocked out and then also rescued with a plasmid known as pK.FSS-1. Primers 

from Kay were used to detect the presence of select plasmids and determine if amplifying 

regions of DNA from transfonned plasmids was possible (Table 2). 



Table 2. Primers used during this study for traditional polymerase chain reaction. The 

bolded sequences denote restriction sites incorporated into designed primers. 

Designation Sequence Annealing Temperature (°C} 
M13F GTAAAACGACGGCCAGT 

50-54 
M13R CAGGAAACAGCT ATGAC 
Kan-F TGAGGGAGGTTTCCATATGAGCCA 

57 
Kan-R TGCTCTGCCAGTGTT ACAACCAA T 

aadA-F CATATGAGGGAAGCGGTGATC 
54 

aadA-R GACGTCA TT A TTTGCCGACTACC 

FlaB (456) F AGAGCTTGGAATGCAGCCT 
52 

Flab (993) R GGGAACTTGATTAGCCTGCG 

flgBp(BamHl)F GCGGGATCCTACCCGAGCTTCAAGG 
58 

flgBp(Notl)R GCGGCGGCCGCATGGAAACCTCCCT 

cspZ{outer)F GT AGCAAT AT ACTTGTGCT A GAGG so 
cspZ{outer)R TCTCTTTTGAT AAA TTGGmAAGC 

CspZ(trunc)F GCGGGATCCAACGAATGTACAGG 
58 

cspZ(Xhol)R GCGCGCTCGAGCT AT AAT AAAGTTTG 

pGEX(MCS)F GGGCTGGCAAGCCACGTTTGGTG 
58-60 

pGEX(MCS)R CCGGGAGCTGCATGTGTCAGAGG 

cspZ2581 CATGTCTGGCA TT AGACACATCA TT ss 
lp54F CCCAAAAGCCCACGATACA 

50 
lp54R CAAGTGCAACTTCAAATCCTTGTT 

lp28-3F TGGACCTGCT AA TAGATGGGAT AAA so 
lp28-3R TGCTGAATGTTCTGCCTT ATACTTTG 

lp17F CAACGAATAGAATGTTGCTAAATCTAAGC 
50 

lp17R CACCCCA TTCTCA TT CT CAA T AAAAG 

lp2SF ACGCCGATCCACAAGCAT so 
lp25R AACATCT ACCCmGTTCTTCCAA 

24 
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(not cleaned), and adjusted volume to 50µ1 with molecular grade water. This PCR 

reaction was carried out using an AB Verti Gradient Thennal Cycler, following the same 

protocol used for the nested PCR. These PCR products were cleaned using a Wizard SV 

Gel and PCR Clean-Up System (Promega) and DNA was isolated from a nutrient broth 

bacterial culture ofpGEX-4T-J using a Pure Yield Plasmid Miniprep Kit following 

manufacturer protocol. The cleaned PCR products previously described and the pGEX-

4T-3 plasmid DNA were then subjected to restriction enzyme digestion in separate 

vesse ls using Barn HI (New England BioLabs) and Xhol (New England Biolabs). The 

reaction consisted of 5µ1 of Buffer 3, 0.5µ1 bovine serum albumin (BSA), I µg of pGEX-

4T-3 plasmid DNA or truncated cspZ PCR product, adjusted volume to 48µ1 with 

molecular grade water. One microliter of restriction enzyme Xhol was added first to each 

reaction mixture and incubated at 37°C for I hour using a Techne TechGene Thermal 

Cycler. Next, 1 µI of restriction enzyme BamHI was added to each reaction mixture and 

incubated again at 37°C for 1 hour Techne TechGene Thermal Cycler. Both the 

restriction enzyme digested PCR product and plasmid DNA were cleaned using a Wizard 

SY Gel and PCR Clean-Up System and quantified using a NanoDrop ND-1000 

Spectrophotometer. The restriction enzyme digested pieces were ligated together using 

T4 DNA Ligase (New England BioLabs) enzyme. This reaction consisted of5µ1 ligase 

buffer, 350ng restriction enzyme digested pGEX-4T-3 plasmid DNA, 152ng restriction 

enzyme digested truncated cspZ PCR product, adjusted volume to 49µ1 with molecular 

grade water, and 1 ~LI ofT4 DNA ligase enzyme. This reaction was incubated at 25°C for 

3 hours using a Techne TechGene Thermal Cycler (Figure 13). The ligation reaction was 

transformed into E.coli JM109 (Promega) cells for plasmid maintenance following 
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manufacturer protocol. The transfonnants, pGEX(tcspZ), were screened us ing PCR and 

Ml3F and Ml3R primers. 

One hundred nanograms of DNA from successful transformants, including Ml 3F 

primer, were sent to Vanderbilt Un iversity DNA Sequencing Faci li ty to confirm sequence 

integrity. Sequence analysis was performed using BLAST. 
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Figure 13. Schematic of plasmid construct ion for protein expression purposes. Induction 

will produce a GST-tCspZ fusion protein which can be purified using an affinity column. 
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Optimizing protein expression of truncated cspZ 

Protein expression was performed using a variety of methods to try and optimize 

conditions. Escherichia coli JMI09 harboring plasmid construct, pGEX(tcspZ), was 

cultured in Luria Broth (LB) (lOg tryptone, 5g yeast extract, \ONaCI per 1 liter of 

deionized water) supplemented with !00µg/ml Ampicillin salt (Sigma). Growth of 

JM 109 cells harboring either pGEX-4T-3 or pGEX(tcspZ) was monitored for an 8 hour 

period. 

To induce fusion protein production, isopropyl P-D-1-thiogalactopyranoside 

(!PTO) (Fischer), an allolactose analog, was added to JMI 09 cells at differing 

concentrations. Contentrations of !PTO included 0.2mM, 0.3mM, 0.4mM, 0.5mM, and 

0.6mM were added to bacterial cultures once the cell density reach mid-logarithmic 

phase and incubated overnight at 37°C shaking (I l0rpm). 

Another optimization experiment included bacteria l cultures incubated at 37°C or 

30°C (shaking at I !0rpm), induced with lmM IPTG, for 3 hours. 

Protein from induced cells was isolated by taking a \ml sample from bac terial 

cu ltures and centrifuging sample at max speed (14000rpm) for 5min to pellet bac teria. 

The supernatant was removed and the pe llet re-suspended in 200µ1 of phosphate buffered 

sa line (PBS) (l-lyClone). Next 200µ1 of2X sodium dodecyl su lfate (SOS) loading buffer 

was added and the samples were boiled for I Om in. Samples were then run on a I 0% 

sodium dodecyl su lfate polyacrylamidc gel (SOS-PAGE) in IX SOS running buffer 

(25mM Tris, I 92mM glyci ne, 0.1 % SOS). 
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For protein purification, bacterial cultures were induced at mid-logarithmic phase 

and grown overnight. Then using Glutathione Spin Columns (Pierce Thermo Scientific), 

protein was purified following manufacturer protocols. Purified protein was quantitated 

using the Nano Drop ND-I 000 Spectrophotometer and/or run on a I 0% SDS-PAGE in IX 

SDS running buffer. 

Quantitative real-time polymerase chain reaction 

For experiments involving quantitative real-time polymerase chain reaction (qRT­

PCR), strain B3 IMI was cultivated in complete BSK-II media at 34°C. They were 

enumerated using dark-field microscopy and once the culture had reached a concentration 

of at least 108 spirochetes/ml, two samples containing I 08 spirochetes were gently 

centrifuged at 4,000 X g for 4 minutes. The supernatant was removed and the pellets 

gently washed with a volume ofBSK·II media. The samples were centrifuged again, 

supernatant removed, and one sample re•suspended in 100µ1 of BSK•lI media and I 00µ1 

ofheat•inactivated dog sera (56°C for 30 min) and the other sample re-suspended in 

200µ1 ofBSK·II media. The two samples were incubated at 34°C for 16 hours. Isolation 

of total RNA was conducted using TRizol (Invitrogen) reagent following manufacturer 

protocol. Isolated total RNA was DNase (Invitrogen) treated following manufacturer 

protocol. The concentration and purity of total RNA was quantified using an NanoDrop 

ND• I 000 Spectrophotometer. Isolated RNA was stored at •80°C until further use. First 

strand cDNA synthesis was carried out utilizing SuperScript II RT (lnvitrogen), 250ng 

random primers, and IOOng ofDNase treated total RNA. Quantitative real-time 

polymerase chain reaction (qRT-PCR) was carried out using SYBR Select Master Mix 

{Applied Biosystems). Reactions nm in triplicate loaded into a 96•wcll plate consisted of 



I 0µ1 SYBR Select Master Mix, 0.5µM of each forward and reverse primers (Table 3), 

5ng of cDNA, and adjusted volume with mo lecular grade water to 20µ1. The RT-PCR 

reactio n was carried out using an Applied Biosystems 7500 Real-Time PCR System 

(Applied Biosystems). After an initial heat ing at 50°C for 2min, the AmpliTaq Gold® 

Polymerase was activated by heating the mixture to 95°C for !0min, the samples were 

run through 40 cycles of95°C denaturation for 15sec and annealing/extending at 55°C 

for !min. 

Statistical analysis included a paired t-test employing statistical software JMP 9. 

31 



32 

Table 3. Pri mers used for quantitative real-time polymerase chain reaction. 

Designation Sequence Annealing Temperature 

CspZ(qRT)Fwd TGCCAGACATGTTGCTGA TT 
55 

CspZ(qRT)Rev CCCCCTCAAGTTCT ACAGCA 

OspC{q RT)Fwd CTGATGCAAAAGAAGCCATTTTAA 
55 

OspC(q RT)Rev TGCTTTTGACAAGACCTCTACTGATT 

FlaB(qRT)Fwd ATGTT AGCAGCCTTGACGAGAAA 
55 

FlaB(qRT)Rev GATCGT ACTTGCCGTCmGTTTT 
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BJJcF cltal/enge to dog sera 

For experimen1s involving the challenge of 83 lcF to dog sera, spirochetes were 

cultivated in complete BSK-II media at 34°C. They were enumerated and once the 

culture had reached a concentration ofat least 2.5 X 106 spirochetes/ml, samples 

containing 2.5 X I 06 were centrifuged at 4,000 X g fo r 4 minutes. The supernatant was 

removed and the pellets were gently washed three times with a volume ofBSK-11 media. 

The samples were centrifuged again and re-suspended in 100µ1 ofBSK-II media and 

100µ1 of dog sera. The samples were incubated at 34°C for the duration of the 

experiment. The samples were then enumerated using dark-field microscopy at 400X 

total magnification every hour post exposure . 

Proteinase K treatme11t of B31 MI 

B31 MI spirochetes (I X 107) were gently washed three times with BSK-11 media 

and split into two aliquots. The experimental (E) aliquot was subsequently induced with 

heat-inactivated (56 °C for 30 min) dog sera and the control (C) received no induct ion. 

Both al iquots were incubated at 34 °C for I hour; the exposure to dog sera complement 

should elicit Bb transcriptional response. Spirochetes were then treated with prote inase K 

(PK) and incubated for I hour at RT to digest all outer surface proteins. Samples were 

washed three times with PBS and re-suspended in BSK-1[ media. A sample was taken 

and exposed to dog sera (not heat-inactivated) and then counted (40X total magnification) 

using dark-field microscopy. Spirochetes were repeatedly counted every ho ur unti l no 

further change was detected. Samples were also taken continually from the original 



aliquot, exposed to dog sera, and counted (40X total magnification) until no fu rther 

change was detected. BJ I cf was used as a control. 

34 
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CHAPTER 111 

Resuhs 

Experiments aiming to confinn the findings from Lund were successful. The 

sequence analysis from the pBSV2(flgB::cspZ) construct showed 97% identity match 

compared to the native cspZ gene sequence from B. burgdorferi 831 (Figure 14). 

Restriction enzyme digestion with HindIII of the pBSV2(flgB::cspZ) plasmid also 

revealed the insertion of additional nucleotides compared to p8SV2 plasmid (Figure 15). 

It is difficult however to determine if I 000 extra base pairs are included (the expected 

approximate size of the MCS from pBSV2(flgB::cspZ)). The most curious part 

concerning the confirmation of cspZ in the plasmid was the attempted PCR from 

pBSV2(flgB::cspZ) (Figure 16) and B3 lcF transformed with pBSV2(flgB::cspZ) (Figure 

17). While this experiment amplified the multiple cloning site (MCS) with the cspZ gene, 

which appears to be approximately the right size, trying to amplify across the MCS using 

primers specific for cspZ orjlgB, the sizes of the resulting bands were too small and was 

not consistent with expectations. 

When trying to amplify cspZ from 83 lcF transformed with pBSV2(flgB::csp2), 

there was no evidence at any point in time of a detectable PCR product by agarose gel 

electrophoresis showing the amplification of neither the cspZ gene, nor the kanamycin 

cassette from thisBJ tcF mutant (Figure 17). Curiously, this mutant survi ves in BSK•lf 

media supplemented with the antibiotic kanamycin, while 831 cf lacking additional 

genetic elements does not. 
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Another experiment was run for compari son which included running PCR from 

another mutant strain of 83 lcF with CRASP-1 knocked out from Brooks et al. The 

results of this experiment show the possibility of PCR amplificat ion of nucleotides 

located on an extra-chromosomal plasmid (Figure 18). Th is experiment used primers 

spec ific for genes located on each plasmid. Kanamycin was included as a control. The 

fi rst five lanes are consistent with expectations. The strain with CRASP-1 knocked out 

shows no cross-reactivity with streptomycin or M13 primers and amplified lp54 (encodes 

CRASP-1) andflaB. The next five lanes show the knockout strain but with the inclusion 

of pKFSS- 1 (nothing inserted into the MCS). A very faint band showing the 

amplification of the streptomycin cassette is present, confirming the presence of the 

transformed plasmid, pKFSS-1 . However, the M 13 primers were not successful in 

amplifying the MCS region of this plasmid. The last five lanes show the knockout strain 

rescued with pKFSS I ::crasp-l (encoding the CRASP-1 gene). There is clearly 

amplification of the streptomycin cassette and a faint band confirming lp54 is still 

present, but the MI 3 primers amplified a very smal l fragmen1, which would be consistent 

with a MCS with no insert. 
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Figure 14. BLAST sequence analysis of Lund construct pBSV2(flgB::cspZ) MCS. 

Sequenc ing was conducted at Vanderbilt DNA Sequencing Faci lity using M 13F primer. 

The " Sbjct" line shows the sequence from the native cspZ gene and the "Query" line 

shows the sequencing data from the constrnct. The results show a 97% match comparing 

the native and experimental sequence and one missing nucleot ide. 
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Figure 15. Restriction enzyme digestion of pBSV2(flg8;:cspZ) (7.3 kb) with Hind Ill. The 

results show the pBSV2(flgB::cspZ) construct ran slightly slower than the pBSV2 

plasmid (6.2kb) suggesting the construct is larger and includes more nucleotides (arrow). 

However, it is difficult to say whether the extra nucleotides constituted an extra I 000 bp. 
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Figure 16. Polymerase chain reaction showing amplification or pBSV2(flgB::cspZ) MCS. 

flaB (537bp) (DNA from 8. burgdorferi), flgB (355bp) (DNA from pBSV2), kan (862bp) 

(DNA from p8SV2), and M\3-(102bp) (DNA from pBSV2) were included as controls. 

M 13+ shows the amplification of the MCS from pBSV2(flgB::cspZ) using the M13F and 

Ml3R primers. The M l 3F/cspZ2581 lane amplified DNA from pBSY2(flgB::cspZ) usi ng 

M 13F forward primer and reverse primer cspZ258 l. The expected size was 

approx imately !000bp. The flgB/M13R lane amplified DNA from p8SV2(flgB: :cspZ) 

using the tlgB forward primer and the Ml3R reverse primer. The expected size was 

approx imately l000 bp. 
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Figure 17. Amplification of cspZ and kan from B3 lcF transformed with 

pBSV2(flgB: :cspZ). Panel A shows DNA amplified from 8 3 IM!, used as contro ls. The 

first lane should have shown a band from primers amplifying a region on lp28-3. The 

second lane shows a band from primers amplify ing a region on lp25. The last lane shows 

a band from primers ampli fyingjlaB. Panel B shows DNA ampl ified from B3 lcF. The 

fi rst lane should not have shown a band from primers amplifying a region on lp28-3 

(83 lcF does not contain lp28-3). The second lane should not have shown a band from 

primers amp li fying a region on lp25 (83 lcF does not contain lp25). The thi rd lane shows 

a band from primers ampl ifying a region on !pl 7. The last lane shows a band from 

primers ampli fying lp54. Panel C shows DNA amplified from 83 lcF transfom1ed with 

p8S V2(0gB::cspZ). The first lane did not show a band indicating the amplification of 

CjJJZ and the second lane did not show a band indicating the amplification of kan. The 

last lane in panel C is a negative control. 
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Figure I 8. Amplification of regions of DNA from mutant supplied by Brooks et al. lanes 

labeled kan (862 bp) were used as controls. Panel A shows results from DNA from 

CRASP-1 KO cf. The results are consistent with expectations. Bands were not present 

when using primers to amplify a region of the streptomycin (str) gene. The M 13 primers 

also do not bind to native DNA as no band is present. Panel B shows results from ONA 

from CRASP-1 KO cF transformed with the pKFSS-1 plasmid. The results show a faint 

band in the lane labeled "str" indicating primers amplified a region of the streptomycin 

gene located on the pKFSS-1 plasmid. The M 13 primers did not appear to amplify a 

region of DNA. Panel C shows results from DNA from CRASP-1 KO cF transformed 

with pKFSS- 1 ::CRASP-1. The Ml3 primers amplified a small region of DNA not 

consistent with expectations (approximately 1000 bp). 
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Construction of a plasmid for protein purification was successful. The resulting 

transformants were screened using PCR with MIJF and Ml 3R primers (Figure 19). The 

colony designated with an arrow was selected for sequence analysis and further protein 

expression and purification. The cspZ gene was included as a control with an e:<pected 

size of 71 1 bp. The multiple cloning site ofpGEX-4T-3 alone was included to detect 

transformants which did not have the insert. Of 17 colonies screened, only two did not 

have the truncated cspZ gene ligated into the MCS. 

T he sequence analysis was conducted using BLAST software. The analysis 

revealed only two nucleotide mismatches (Figure 20). When the protein sequence from 

the construct was compared to the protein sequence from the na1ive cspZ gene, 1he 

pro1e in sequence also showed 99% iden1 i1y wi1h two amino acids differing from 1he 

native sequence (Figure 21 ). 

The growth of1he JM 109 cells wi1h pGEX-4T-3 and with pGEX-4T-3(tcspZ) 

showed mid-logarithmic phase was approximately 8 hours after the culture was seeded. 

with an optical density of0.500 at 600nm (Figure 22). 

Protein expression and purificati on was never successful. Despite all efforts fo r 

optimization, there was never a substantial amount of protein expressed or puri fied from 

pGEX(tcspZ) or pGEX-4T-3, which was used as control. The SOS-PAGE gels all 

appeared to show a typical protein profile with no '·protein putr· typically seen when a 

spec i fie prote in is overexpressed (Figure 23). 
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Figure 19. Polymerase chain reaction of transformants from pGEX-4T-3(tcspZ) 

transformation in JM I 09 cells. cspZ (71 lbp), pGEX MCS (102bp), and neg were 

included as controls. DNA from successfolly transfonned colonies is expected to show a 

band to be approximate ly 56lbp. 
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Figure 20. BLAST analysis of truncated cspZ showing 99% identity. The sequence 

compared to the nati ve sequence shows two mismatches. 
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Figure 2 1. Protein sequence from pGEX(tcspZ). Comparing this sequence to the native 

sequence, the resu lts show there is a 99% match. The first substitution is a serine for an 

asparagine. The second substitution is a glutamic acid for a lysine. 
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Figure 22. Growth curve of JM 109 cells harboring either pGEX-4T-3 or pGEX(tcspZ). 

M id-logarithmic phase was determined to be approximately 8 hours after seeding of 

culture with bacteria. The optical density at mid-logarithmic phase was detem1ined to be 

0.500 at 600nm. 
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Figure 23. Typical SOS-PAGE gel showing protein profile of JM\09 ce lls. A large 

"puff' is expected at approximately 25kDa. This was never seen even in. 
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Quantitative real-time polymerase chain reaction did not reveal the presence of 

cspZ gene upregu lation, as the levels of cspZ were undetectable. The expression levels of 

jlaB and OJpC were however detectable. When 83 1 Ml is exposed to heat-inactivated dog 

scra,jlaB gene regulation did not differ significantly depending on treatment with dog 

sera, whereas, ospCwas sign ificantly down-regulated 1.42 folds (p-value 0.039, a""0.05) 

(Figure 24). 

Curiously, 83 lMI was screened for plasmids present , as the passage number of 

the 831 M l sample used was greater than passage I. The PCR revealed the plasmid, 

lp28-3, encoding the cspZ gene, was not detectable (Figure 17); while 01her plasmids, 

included as controls were shown to be present. 
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Figure 24. Quantitative real-time polymerase chain reaction resu lts showing both .flaB 

and ospC from 831 MI exposed to dog sera and not exposed to dog sera. Both genes 

appear to be s li ghtly down-regulated. Conducting a pai red t-test using statistica l software 

JMP 9,jlaB gene regulation did not differ significantly depending on treatment with dog 

Sera. ospC gene regulation did differ significantly with a p-value of0.039 (a=0.05). ospC 

was s ign ificantl y down-regulated 1.42 folds. 



50 

Experiments concerning the proteinase K treatment revealed B31 Ml can survi ve 

in dog sera even when all outer surface proteins were eliminated. Strain 83 1 Ml levels 

were comparable to control levels (B31 MI receiving no induction to heat-inactivated dog 

sera) throughout both experiments (Figure 25 and Figure 26). As expected 831 cf, 

lacking the genetics to produce the cspZ gene, dies when exposed to dog sera. 
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Figure 25. Graph showing results from PK treated sp irochetes and exposure to dog sera 

over a course of two hours 
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Figure 26. Results from time-dependent exposure to dog sera after PK treatment 
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CHAPTER IV 

Discussion 

Con finning the presence of cspZ inserted in the MCS of p8SV2 was very difficult 

and puzzling. The sequence analysis revealed the beginning and end of the gene to be 

intact and should not have posed a problem for the binding of appropriate primers. 

However, using these primers with PCR and analyzing PCR fragments using agarose gel 

electrophoresis never showed a successful PCR product. However, using M 13 primers 

showed the amplification of a large product consistent with size expectations (l000 bp). 

Restriction enzyme digestion also showed a linearized vector for both p8SV2 and 

pBSV2(flgB::cspZ). There is a HindIII restriction site al the very end of the MCS of 

p8SV2. With this in mind , there should have been an approximately 300bp band visible 

as well as the rest of the vector. In hindsight, this may have just been a loading issue. One 

hundred nanograms of DNA is typically the lowest threshold for visual izing DNA on an 

agarose gel. It is interesting 83 lcF transfonned with pBSV2(flg8;:cspZ) survives in 

BSK-II media supplemented with kanamycin. Also interesting was the PCR ran to ensure 

amplifying a product from a transformed plasmid. According to the results, the MCS in 

the strain rescued with pKFSS-1 encoding the CRASP-1 gene is very small. Taking this 

into consideration, it has been observed, B. burgdo,feri to spontaneously become 

resistant to kanamycin (Criswell, Tobiason, Lodmell, & Samuels, 2006) or the spirochete 

may have gone through recombination events leading to the elimination of the 

transformed gene. 



The construction and transfonnation of pGEX-4T-3 with a truncated versio n of 

ClpZ went very well. The mutations in the protein sequence (a serine for an asparagine 

and glutamic ac id for lysine) would still allow for hydrogen bonding wi1hin 1he tertiary 

structure. However, it is difficult to predict the exact folding. 
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The overexpression of the pGEX-4T-3(cspZ) plasmid was very discouraging. The 

growth curve showed mid-logarithmic phase to be when the bacterial culture reached an 

absorbance of 0.500 at 600nm. This was interesting considering most protein expression 

protoco ls suggest inducing protein production when the bacterial cultures reach "mid­

logarithmic phase", which was an absorbance reading of0.600-0.800 at 600nm. Inducing 

protein expression during mid-logarithmic phase maximizes the chance for protein 

production. When protein expression seemed to never be successful, the sequence was 

checked again to make sure it was in frame with the GST moiety included in pGEX-4T-3. 

It was con finned the sequence was in frame and translation of the mRNA should have 

proceeded unt il the expected stop codon was reached. The next thought was perhaps it 

was an induction problem as pGEX-4T-3 with nothing in the MCS would not 

overexpress the GST protein. More experiments optimizing the growing conditions may 

need to be perfonned for protein expression. One idea was to actua ll y add lactose to the 

broth bacteria are growing in thereby possibly removing the lac repressor more 

effect ively than IPTG. A lthough, IPTG is a very common reagent used during protein 

expression and there has been many successfu l protein expression experiments. Another 

idea was to switch vectors. 

The qRT-PCR was supposed to be a pinnacle in the experiment showing the up­

regulation of the cspZ gene. Unfortunately, the gene was not detected by the real-time 
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system and upon later investigation with traditional PCR, the plasmid encoding the cspZ 

gene was not detected either. The data was interesting however asjlaB and ospC were 

both detectab le. The data revealed the down•regulation of ospC whilejlaB levels 

remained not significantly different. It was interesting to see the ospC gene be down­

regulated as ospC is known to be up-regulated when spirochetes are being transmitted 

from a tick envi ronment into an animal host. Although, the experiment was conducted 

us ing in vitro conditions, this may have infl uenced the experiment. Also, traditional PCR 

conducted to check for the presence of 1p28-3 did not show any ampli fied PCR fragment 

from 83 1 M l or cF. This was unexpected as B3 1Ml encodes cspZ, this may be an 

indication the primers used may be contaminated. 

The proteinase K treatment of spirochetes yielded interest ing data showing 

B31 MI was capable of surviving dog sera even when all outer surface proteins were 

removed. This may have been because there was no ligand for the C3b to bind. The next 

few expe riments involvi ng fluorescent microscopy tracking protein local ization would 

add to our understand ing of how 8. burgdorferi populates the outer surface landscape 

a llowing fo r immune evasion in a canine host. 
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CHAPTER V 

Conclusion 

In conclus ion, the pBSV2(flgB::cspZ) construct seq uence analysis is 97% correct. 

83 lcF transformed with pBSV2(fl gB::cspZ) allows this strain to surv ive in dog sera. 

whi le 831 cF without cspZ does not survive. Troubleshooting protein expression and 

purification will continue, opt imizing growing conditions and/or swi tching vectors. The 

plasmid vector constructed fo r thi s work retains the integrity of the cspZ gene and is in 

frame wi th the GST moiety. Once the CspZ protein has been purified, ant ibod ies can be 

generated using rats. These antibodies can then be harvested and used for downstream 

reactio ns showing surface localization of the CspZ protein. Quan1 itative real-time 

polymerase chain reaction wi ll need to be redone to confirm cspZ is up•regulated when 

exposed 10 dog sera. 

Overall , evidence from Kay and Lund sti ll support the hypothesis CspZ is a key 

player in a llowing 8. burgdorferi to surv ive in a canine host. 
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