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ABSTRACT

A. ABSTRACT

BBK32, a fibronectin (Fn)-binding protein @orrelia (B.) burgdorferi sensu lato (s.l.)
which is encoded by thiebk32gene located on the 36kb linear plasmid (Ip36jsofate
B31, is playing an important role in serologicahghosis of Lyme borreliosis. Firstly, we
were interested in the genomic localizatiorbbk32regarding differenB. burgdorferis.|.
species as well as between strains of the samésp&outhern blot analyses based on 23
strains of the specieB. burgdorferi sensu stricto (s.s.B. afzelii B. garinii and B.
spielmaniirevealed that position dfbk32is rather variable between the species but also
within a given speciesqibk32could be located on different linear plasmids, (lpginly on
Ip23kb, Ip24kb, Ip25kb, Ip31kb and Ip36kb. The magrof this finding remains unclear so
far. Secondly, a mumber of thirteen chimeric poptmes representing different parts of
the N-terminal regions of BBK32 proteins of bdgh burgdorferis.s. isolate B31 anB.
garinii isolate PHei were generated. Fn-binding capadslitiof those generated
polypeptides were evaluated either by Western-tigaiot-based binding assay or by
enzyme-linked immunosorbent assay (ELISA)-basedlibgy assay. Results showed that
BBK32 from PHei possesses a higher Fn-binding dépatthan that from B31.
Furthermore, the higher Fn-binding capacity is asged with four amino acids (Lysing,
Lysinelss, Threonings; and Isoleucings) in the 32-amino acid-long segment (from
position 131 to 162). Moreover, both gelatin andlagen could partially inhibit the
binding of BBK32 to Fn. This suggests that BBK32jhtialso bind to the collagen-binding
domain of Fn (repeat.b and Ik ;) and partially to its N-terminal fibrin-binding dwain
(repeat 15). Though the meaning of the different Fn-bindiragacities remains unclear so
far, such studies may provide us with markers findehe different pathogenic potentials
of various Borrelia species and strains. Thirdlighe recombinantly prepared BBK32
homologues (either as partial or as whole) wertedes a line assay to evaluate their
contribution for serologic diagnosis of Lyme boiwsls. Though BBK32 homologues
could react with sera from Lyme borreliosis patsentcompared with other
Borrelia-antigens established in the Max von Pé&tiger Institute, these BBK32

homologues could not improve the sensitivity andcgrity of the class-specific 1IgG or
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ABSTRACT

IgM antibody tests. Nevertheless, thiady underlines the fact that the heterogeneity of
Lyme disease Borrelia species must be taken into comgide in the microbiological

diagnosis of Lyme borreliosis in European patients.

Zusammenfassung

BBK32 ist ein Fibronectin (Fn)-bindendes Protettes BakteriumsBorrelia (B.)
burgdorferi sensu lato (s.l.). BBK32 wird durch das bbk32-Géas im 36 kb linearen
Plasmid (Ip36) des Isolates B31 liegt, kodiert uggielt eine wichtige Rolle in
serologischen Verfahren fur den Nachweis von Lynoerdiosis. Als erstes waren wir an
der Lokalisierung von bbk32-Gen in verschiede®erburgdorferis.l. Spezies sowie in
verschiedenen Stammen derselben Spezi interesSetithern-Blot-Analysen von 23
Stammen der Spezidd. burgdorferi sensu stricto (s.s.B. afzelij B. garinii und B.
spielmanii zeigten unterschiedliche Lokalisation des bbk32g5esowohl in den
verschiedenen Spezies, als auch in verschiedenamn&n derselben Spezi. Das
bbk32-Gen konnte in verschiedenen linearen Plasm{t®, hauptsachlich in lp23kb,
Ip24kb, Ip25kb, Ip31kb wund Ip36kb, lokalisiert werd Die Relevanz dieser
unterschiedlichen Lokalisierung ist nicht Kklar. Ziges, es wurden 30 chimare
Polypeptid-Sequenzen aus unterschiedlichen Benmeiaer N-terminalen Region des
BBK32-Proteins vorB. burgdorferis.s. Isolat B31 unB. garinii Isolat PHei generiert. Die
Fn-Bindungsfahigkeit dieser hergestellten Polymkptwurde entweder mittels eines
Western-Ligand  Blot-basiertes  Bindungstestes odemese Enzymgekoppelter
Immunadsorptionstest (ELISA)-basiertes Bindungstestvaluiert. Die Ergebnisse zeigten,
dass BBK32 aus PHei ein héheres Fn-BindungspotealseBBK32-Polypetide aus B31
aufweist. AuRerdem ist die hohere Fn-Bindungsfagiiginit dem Vorhandensein der vier
Aminosauren: Lysin131, Lysin145, Threoninl47 undldscin1l55 im 32-Aminosauren
langen Segment (von Aminoséaure-Position 131 big &6R2oziiert. Darliber hinaus konnten
sowohl Kollagen als auch Gelatine die Bindungsfiéghilgvon BBK32 an Fn teilweise

inhibieren. Dies deutet darauf hin, dass BBK32 Ieieht auch an
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Kollagen-Bindungsdoméane in Fn (Motivggland Ik, 5) und teilweise an der N-terminalen
Fibrin-Bindungsdoméne (Motive 1.§) binden konnte. Obwohl die Bedeutung der
unterschiedlichen Bindungsféahigkeit an Fibronectoth unklar ist, diese Studie koénnte
Marker zur Identifizierung diverser Borrelia-Speziend —Stamme mit unterschiedlichem
Pathogenitatspotenzial liefern. Drittens, acht mekmant hergestellte homologe
BBK32-Proteine (gesamte oder nur Teil-SequenzerPdeeins) wurden fur ihre mogliche
Verwendung fir serologische Verfahren zum Nachweis Lyme Borreliosis in einem
Linientest gepruft. Obwohl BBK32-Homologe mit Serewus Patienten mit Lyme
Borreliosis reagierten, konnten diese, gegenubderam im Max von Pettenkofer-Institut
etablierten Borrelien-Antigene, zu keiner Erhéhuwhgy Sensitivitdt und Spezifitdt des
klassenspezifischen Nachweises von 1gG oder IgM Antikdrper-Test fihren.
Nichtsdestoweniger unterstreicht diese Arbeit dasdche, dass die Heterogenitat der
Borrelien-Spezies bei der mikrobiologischen Diagneen Lyme Borreliosis in Betracht

gezogen werden muss.
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B. INTRODUCTION

Lyme borreliosis (or Lyme disease) is a multisystdisease involving many organs,
mainly the skin, nervous system, joints and hestedre, 1989; Pfistat al, 1994; Stanek
and Strle, 2003). As the most prevalent and widegpbrector-borne infectious disease in
the northern hemisphere, Lyme disease is causeBolglia (B.) burgdorferi sensu lato
initially detected in the American tick vectidodes(l.) scapularis(Burgdorferet al., 1982).

B. burgdorferis.l. is transmitted to humans by the bite of itéddhard ticks belonging o

ricinus/ . persulcatusspecies complex (Johnson, 1996).

1. Discovery of Lyme borreliosis

The first record of a condition associated with leydmorreliosis dates back to 1883 in
Breslau, Germany, where a physician named AlfredhBwald described a degenerative
skin disorder now known as acrodermatitis chromitaphicans (ACA). Then, throughout
the early twentieth century, many of the symptomd signs that constitute Lyme disease
were already described independently of each offiaally, Lyme disease gets its name
from a small coastal town in Connecticut called leynm 1975, a woman brought to the
attention of Yale researchers an unusual clustenae than 51 cases of mostly pediatric
arthritis. In 1977, Dr. Allen Steere and Yale cafiees identified and named the 51 clusters
“Lyme arthritis." In 1979, the name was changed'ltpgme disease,” when Steere and
colleague Dr. Steven Malawista discovered additisgmptoms linked to the disease such
as neurological problems and severe fatigue. In2198e cause of the disease was
discovered by Dr. Willy Burgdorfer. Dr. Burgdorfpublished a paper on the infectious
agent of Lyme disease and earned the right to hesveame placed on the Lyme disease
spirochete now known dorrelia burgdorferi (Burgdorferet al, 1982) Two years later,
the isolation of spirochetes from the CSF of agudtwith Bannwarth’s syndrome further
confirmed that spirochetes are the pathogenic agdrityme disease (Pfistet al, 1984).

In China, Lyme disease cases were first found itirH&ounty, Heilongjiang Province in

1986 (Aiet al, 1988). In 1987B. burgdorferistrains were first isolated frompersulcatus
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collected from the same area (Zhagtgal, 1989). Some important history events in the
discovery of Lyme disease are listed in Table B-1.

Table B-1. Timeline of important events in the disavery of Lyme disease

Year Event

1883 The first record of a condition of Lyme dis=agas described by Alfred Buchwald. He
described it as a degenerative skin disorder nowwkn as acrodermatitis chronica
atrophicans (ACA).

1909 Arvid Afzelius presented his research abouex@panding, ring like skin lesion, erythema
migrans (EM), associated with what would becomenkmas Lyme Disease.

1921 Arvid Afzelius published his work and spetedhathat the rash came from the bite of an
Ixodes ricinudick and connected the disease with joint problems.

1922 The disease was found to be associated aitiological problems.

1930 The disease was found to also cause psyctagtnptoms.

1934 Patients with benign lymphocytoma also haldeeiEM or ACA. Arthritic symptoms were
reported in connection with the disease.

1970 Rudolph Scrimenti reported an EM known wehtainty to have been acquired in the United
States.

1975 Allen C. Steere, Yale, investigated a grauashes and swollen joints in Lyme, Connecticut.
Scrimenti published about his treatment of the righ penicillin.

1976 A clustering of cases of the disease wagteghon Naval Medical Hospital in Connecticut.

1977 Steereet al. misdiagnosed Lyme disease as juvenile rheumatdiditss and named this
condition ‘Lyme arthritis’.

1982 The etiological agent of the dised&ehurgdorferj was discovered by Dr. Willy Burgdorfer.

1984 Pfister HW and his colleagues isolated speteh from the CSF of a patient with
Bannwarth’s syndrome.

1986 Lyme disease cases were found in Hailin Coti#ijongjiang Province in China.

2. Epidemiology

2.1 Frequency of Lyme borreliosis

Although Lyme borreliosis is the most commonly ngépd tick-borne disease in the

northern hemisphere including North America andaSi#, few data are available about its
actual frequency in several regions. Its prevalescestimated to range between 20 and
100 cases per 100.000 inhabitants in the USA aondtal00 to 130 cases per 100.000 in

Europe (Huppertet al, 1999; Hengget al, 2003). In China, investigations suggested that
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around 5.0% of the surveyed residents from 30 pams were antibody positive f@&.
burgdorferi Typical cases of Lyme disease were diagnosed iprdvinces, especially in
the northeast forest areas. And more than 130tesolaf B. burgdorferiwere recovered
from patients, ticks or animals in 19 provinces i(Q004; Zhanget al, 1997). However,
reported cases of Lyme disease are thought toseprenly seventh of the actual number
of people with the disease all over the world (Chelipet al, 1998). Lyme borreliosis
occurs with similar gender preference with the gxioa of ACA, which is more frequent
in women. Early neuroborreliosis cases showed at@hage distribution with a lower
frequency in adults whereas ACA occurs primarily dlder patients (Wilske, 2005).
High-risk groups include people who work or spendet outdoors such as farmers,

foresters, umberjacks, scientific researchers rijkeail workers, runners, and vacationers.

2.2 Causative agents

The agents of Lyme borreliosis are borrelia, baatef the spirochaete family, which are
grouped in theB. burgdorferis.l. species complex and further divided into 1l#edent
genomic species. Only four out of them are assto@duse human disea®e:burgdorferi
s.s. (the only human pathogenic species presehieitUSA),B. afzelii B. garinii and the
only recently described speciBs spielmanii B. spielmaniiso far has only be described in
rare cases with erythema migrans. Although the @IKB. valaisiana, B. lusitanigeandB.
bissettii has already been detected in samples of humam,odg the spirochetes were
isolated from the patients with symptoms of Lymerekosis, whether these species to be
pathogenic for humans is still unclg&ingerleet al. 2008; Richteet al 2006; Stanelet
al., 2003; Wilskeet al, 2007a, Pickert al, 1996; Zhanget al, 1997; Waret al, 2002;
Zeng et al, 2002; Masuzawat al, 2001; Chuet al, 2008; Rudenkat al, 2009).B.
burgdorferi s.l. have a length of 20-30um and a width of dh®-0.3um. Hence, most
spirochetes cannot be viewed using conventionht lgicroscopy. Dark-field microscopy

should be used to view spirochetes (Fig.B-1).
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Fig. B-1. Giemsa stainedBorrelia burgdorferi (with kind permission of Prof. Wilske).

Due to the diversity of the outer membrane pro®spA, the three main pathogenic
species B. burgdorferis.s.B. afzeliiand B. garinii) comprise at least 7 different OspA
serotypes in Europe. OspA serotype 1 correspontietspecie8. burgdorferis.s., OspA
serotype 2 t@®. afzelij and the OspA serotypes 3-7 to Biegarinii complex (Wilskeet al.,
1993) (Table B-2). Distribution of the different @sserotypes and thus also of the species
is very different in isolates from skin biopsy speens, CSF or ticks. Skin isolates,
especially those from ACA, show a predominanceBofafzelii whereas CSF and tick
isolates mainly belong t8. garinii. However, regarding the latter species, the variou
specimen types differ in the prevalence of tiBeigarinii-associated OspA serotypes (Table
B-2). Though initially lyme arthritis was excluslyelinked to B. burgdorferi s.s.,
OspA-type specific PCR has revealed that Borralgtected in synovial fluid specimens of
patients suffering from Lyme arthritis are hetemggus (Table B-2) (Eifferet al, 1998;
Vasiliu et al, 1998). The most frequent genomic groups in EeyBpafzeliiandB. garinii
occur across the continent and the islands, wheheathird frequent group. burgdorferi
s.s. has only rarely been isolated in eastern Eur@iubalek et al, 1997). The
heterogeneity of OspA has important implications faccine development in Europe as
well as for diagnostics (e.gspAPCR). Quite recently, the pathogenic potentighefnew
speciesB. spielmaniiwas confirmed by the finding of the correspondpathogen in

patients with EM from the Netherlands, Sloveniagd @aermany (Wanget al, 1999a;
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Fingerleet al., 2008).

Table B-2. Distribution of B. burgdorferi s.l. species and OspA types in European isolate®mh

ticks, cerebrospinal fluid (CSF), skin and synoviafluid specimens(Wilske et al, 2007a).

OspA Ticks (%) CSF (%) Skin (%) Synovial fluid (%)

Species type (n = 90) (h=43) (n=68?% (n=20)°
B. burgdorferis.s. 1 20 19 6 33
B. afzelii 2 9 12 84 29
B. garinii © 3-7 71 69 10 38

a. Source of skin specimens known in 46 patieriscg&es of EM, with 1, 26, 1 and 2 cases infected
with OspA types 1, 2, 4 and 6, respectively; 16esasith ACA, with one and 15 cases infected with
OspA types 1 and 2, respectively.

b. B. burgdorferis.l. speciation from synovial fluid samples is ézhonospAPCR results. Culture
isolates from this tissue were too few to estinsgiecies distribution.

c. Tick and CSF isolates differ in the percentagigdspA types 4 and 6. OspA type 6 was found in 53%
of tick isolates, but in only 23% of CSF isolatés.contrast, OspA type 4 was found in 28% of CSF

isolates, but was not isolated from ticks.

2.3 VVectors and reservoirs

B. burgdorferis.l. complex are transmitted by hard ticko@esspp.): In the U.S. they are
transmitted byl. scapularis(Eastern regions) arld pacificus(Western regions), in Europe
and western Asia bly ricinus (Fig. B-2) and in Asia by, persulcatugStaneket al, 2003).

l. persulcatusplayed a leading role in the transmissiorBofourgdorferito human beings
in the northern part Chind, granuatusand Haemaphysalis bispinosmight serve as
principle vector of the agents in the southernaegiWan, 2002; Aiet al, 1990). The
larvae and nymphs feed primarily on small roderttenwas adult ticks feed on a variety of
larger animals. In Europe small mammals such ag m@und voles provide reservoirs #r
afzelii, B. burgdorferis.s, andB. garinii serotype 4, and birds are reservoirsBomgarinii
and B.valaisiana(Gernet al, 1998; Hueglet al, 2002). Rodents and birds also form the
reservoir forB. burgdorferis.s. in North America (Piesman, 2002). Genus apadeand
Clethrionomys might serve as a major reservoir Borburgdorferis.l. in China. Some
cattle, sheep, dogs and rats from forest areasepemd a high antibody titer fd.
burgdorferi s.s. (B31) (Wan, 2002), however, whether thesamalsi also serve as

reservoirs foB. burgdorferis.l. is unclear so far. Birds might also play mxportant role as

8



INTRODUCTION

both hosts of ticks and vectors Bf burgdorferis.l. (Olseret al, 1995; Kippet al, 2006;
Ishiguroet al, 2000, 2005). In unfed tick8. burgdorferis.l. lives in the midgut. During
the blood meal on humans or other hosts, Borrdéleae to migrate to the salivary glands
wherefrom they are transmitted via saliva to thethim most European regions the average
infection rates fot. ricinus range from 10 - 20 % (Gewt al, 1993). However, there are
marked differences in the infection rates of theotess developmental stages of the ticks: A
study carried out in Southern Germany revealeddhat/er 3.000 ticks about 20% of the
adults, 10% of the nymphs and 1% of the larvae wefected (Fingerleet al, 1994;
Wilske et al, 1987). The Borreliae are thus mostly acquiredfésding on infected
reservoir hosts during the developmental cycle amigt rarely transmitted transovarially.
The life cycle of the hard tickkodesspp and the transmission of Borrelia to humandsin

are illustrated in Fig. B-3.

Fig. B-2. Adult Ixodesricinus. Left, male; Right, female. (from Dr. Boesebeck).
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Mouse as impartant
reservoir nost

large animals and man

Fig. B-3. Life cycle of the hard tickIxodes ricinus and transmission of the organisr
that causes Lyme borreliosis(With kind permission of Dr. Boesebeck, HMR, Genyjg

3. Symptoms

Lyme disease comprises three stages: early lodalearly disseminated, and late-stage
manifestations (Steeret al, 2004). The natural course of untreat®d burgdorferi

infections varies considerably, and the variousicdil manifestations can occur alone or in
various combinations (Steeet al, 2004; Oschmanmt al, 1999). In most cases, the
infection is self-limiting, but in rare casd3, burgdorferimight persist and chronic disease
manifestations could develop. The early and latges are usually separated by an

asymptomatic interval.
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3.1 Stage | (days through weeks after the tick bije

The early stage of Lyme disease is often charaet@iy a distinctive, expanding red rash
that usually develops at the site of the tick bitais rash, known as erythema migrans
(EM), is the hallmark and best clinical indicatdrLoyme disease (Fig. B-4). The center of
the expanding annular lesion often fades to prosladaull’'s-eye appearance. However, the
extension, color intensity and duration of EM vamgnsiderably. In addition, general

accompanying symptoms such as low fever, myalgedache and, rarely, meningism

may occur.

Fig. B-4. Erythema migrans(Source, NRZ Borrelighttp://www.lgl.bayern.de/gesundheit/nrz_borreliadéx.htn)

3.2 Stage Il (weeks through months after the tick ibe)

In some patients, hematogenous dissemination gpatigogen to other organs and tissues
may occur (stage Il). Patients sometimes feel giiiteand may present with fatigue,
headache, fever, malaise, arthralgia and myalaymptoms that may last for weeks.
Multiple erythemata migrantia (Fig. B-5) as sigm fbssemination are seen more often in
the USA. Neuroborreliosis is the most frequent restation of this stage, particularly in
its appearance as lymphocytic meningoradiculitisjctv usually reveals typical clinical
symptoms. Cardinal symptoms are the radicular pgindrome - characterized by
excruciating, burning pains exacerbating mainlyimyurthe night - and/or cranial nerve
palsy. Pareses of the extremities and the trunkesefrequent. Meningitis or even facial
palsy (Fig. B-6) as sole manifestation without amgningitic symptoms is more frequently

found in children than in adults. Typical CSF fings characterized by blood/CSF barrier

11
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dysfunction, lymphocytic pleocytosis, elevated Q86tein concentration and oligoclonal
IgM are diagnostically indicative. Detection of bara-specific intrathecal antibody
production assures the diagnosis. Further clinfoahifestations of stage Il are Lyme
carditis, which clinically presents as dysrhythmaainly in the form of atrioventricular
blocks of changing degrees. Borrelial lymphocytoraasmall reddish to livid nodular
swelling of the skin in typical locations such dw tearlobe, nipple, or scrotum, is

manifested among some patients in Europe as welh aare cases various forms of

ophthalmoborreliosis (Wilsket al, 2007b) (Fig. B-7).

Fig. B-5. Multiple erythemata (Source, NRZ Borreli. Fig. B-6. Facial palsy of patient suffered fror
http://www.lgl.bayern.de/gesundheit/nrz_borrelindé
x.htm)

neuroborreliosis. (Figure remodeled froriat
et al, 2009)

Fig. B-7. Borrelial lymphocytoma. Left, in earlobe; Right, in nipple. (Source, NRZ Borreli
http://www.lgl.bayern.de/gesundheit/nrz_borreliadéx.htn).
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3.3 Stage Ill (months through years after the inital infection)

Lyme arthritis and acrodermatitis chronica atroph (ACA) are the most common
manifestations of stage Ill (Fig. B-8). Lyme arttsi which typically affects large joints
(especially the knee), can take a monoarticulamlayoarticular, intermittent or, less
frequently, a chronic course. Here, acute diseam@fastations and asymptomatic intervals
may alternate. Spontaneous remissions are frequansjtions into the chronic stage rather
seldom. Patients with ACA initially develop an itfative stage, followed by the
alterations characteristic of the atrophic stageased skin with livid discolorations and
plastic protrusion of vessels. It is notable thaAAis almost exclusively observed in
Europe. Chronic neuroborreliosis is a very rare ifeatation of the late stage. Parapareses
and tetrapareses are its most common symptoms.ikx&om of the CSF reveals a marked
elevation of protein concentration with a low to decate increase of CSF cells and
oligoclonal IgG-bands, in some cases even IgA- andijM-bands. The detection of
intrathecally produced specific antibodies is cotite regarded as the best marker for
borrelial etiology and is also the most relevaitecion allowing differentiation from other

chronic disease like multiple sclerosis.

Fig. B-8. Lyme arthritis (left) and acrodermatitis chronica atrophicans (ACA) (right) (Source

NRZ Borrelia,http://www.lgl.bayern.de/gesundheit/nrz_borrelindéx.htn)

4. Indications for microbiological diagnosis

If there are no pathognomonic symptoms such aspizaly erythema migrans, clinical

diagnosis of Lyme borreliosis usually requires aométion by means of a

13
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laboratory-diagnostic assay. Antibody detectiorthods mainly are used for this purpose,
whereas detection of the causative agent by cuisotation and nucleic acid techniques is

confined to special situations.

4.1 Specimens for the microbiological diagnosis

For culture and PCR, skin biopsy samples are thst m@mising specimens. In general
poor results are obtained from body fluids with géxeeption of PCR from synovial fluid.
For antibody determination, serum or CSF can bestigated. CSF examination should
always be done together with serum antibody amaligetermination of the CSF/serum
antibody index) (Table B-3) (Wilske, 2005). Exantioa of ticks should be performed

only for epidemiological or other scientific stuslie

Table B-3. Specimen types used for the diagnosislofme borreliosis (Wilske, 2005).

Specimens for

Clinical manifestation Direct pathogen detection ~ Antibody detection
(culture, PCR)

Stage I (early / localized)(days through
weeks after tick bije

Erythema migrans Skin biopsy Serum

Stage Il (early / disseminatedyveeks
through months after tick bite

Multiple erythemata Skin biopsy Serum
Borrelial lymphocytoma Skin biopsy Serum
Lyme carditis Endomyocardial biopsy Serum
Neuroborreliosis CSF Paired serum/CSF

Stage Il (late / persistenthonths through
years after tick bite

Arthritis Synovial fluid, synovial biopsy Serum
Acrodermatitis chronica atrophicans Skin biopsy Serum
Chronic neuroborreliosis CSF Paired serum/CSF

a. from the same day for CSF/serum index deterinimat
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4.2 Direct detection of the pathogen

4.2.1 Culture

B. burgdorferi s.I. can be cultivated in modified Kelly-Petten&of (MKP) or
Barbour-Stonner-Kelly-1l (BSK-1l) medium (Preac-Mic et al, 1991; Wilske and
Schriefer, 2003; Barbour, 1984). However, it isweme-consuming and characterized by
a low sensitivity, especially in body fluids (Kastset al, 1990; Strle, 1999; Arnezt al.,
2001; Zoreet al, 2002). So, detection of the pathogen by cultsteally plays a minor role
in the routine diagnosis of Lyme disease and isfised to special indications, e.g. to
clarification of clinically and serologically amhigus findings. Also, application of the

method should be restricted to laboratories speemin this technique.

4.2.2 PCR

For DNA amplification under experimental conditiovarious target sequences have been
used, e.g. from plasmid-borne genes suabspsandospB or chromosomal genes such as
the genes for the flagellar protein or p66, or frgeme segments of the 16S rRNA or the
5S/23S rRNA intergenic spacer region (Schmidt, 19%Juero-Rosenfeldet al, 2005).

Borrelia PCR should allow diagnosis of tBerrelia species, i.e. the medical report should

contain information as to which of the species pgémic for humans has been found.

4.2.3 Sensitivity of culture and PCR

Table B-4 provides a survey of the sensitivity afedt detection methods in clinical

specimens from patients with Lyme borreliosis.

Table B-4. Sensitivity of direct pathogen detectiomethods in Lyme borreliosis(Wilske et al,
2007a)

Specimen Sensitivity

Skin (erythema migrans, acrodermatitis) 50-70% wisng culture or PCR
Cerebrospinal fluid (acute neuroborreliosis) 10-30Pken using culture or PCR
Synovial fluid® (Lyme arthritis) 50-70% when using PCR (culturergy extremely

seldom positive)

% Up to 50% of patients with a disease durationest|than 2 weeks, compared with only 13% of

patients with a disease duration of more than Zkw&éeesbectet al, 2000).
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® Higher sensitivity of direct pathogen detectioonfrsynovial biopsy specimens.

4.3 Antibody detection

Analysis of the humoral immune response in patieritis Lyme borreliosis with regard to
the immunodominant antigens dB. burgdorferi reveals specific, stage-dependent
characteristics that are also diagnostically relevA positive antibody test result can be
expected in approx. 20 to 50% of cases with prinsiage Lyme borreliosis. If only a short
time has elapsed since onset of the disease, mgMhantibodies will be found, whereas
in cases of long-term illness IgG antibodies preae. Approx. 70 —90% of patients
going through the secondary stage will show pasiintibody test results. In the tertiary
stage of Lyme disease, antibodies — in most casiéne dgG type only - can be detected in
almost 100% of patients (Wilsket al, 2007a). It is generally accepted that seroldgica
examination should follow the principles of a twes approach (Centers for Disease
Control and Prevention 1995; Johnsen al, 1996; Wilskeet al, 2000; Wilske and
Schriefer, 2003): In the majority of cases it wik sufficient to conduct a serological
screening assay and — in the event of a positiegjoivocal result — a confirmatory assay is
recommended (serological stepwise diagnosis). Fereesing enzyme linked
immunosorbent assay (ELISA) is mostly used, whisthen it is reactive, should be

confirmed by immunobilot.

4.3.1 ELISA

The ELISA tests used for screening should be at acond-generation tests (Wilskeal,
2000) that have been improved with respect to ereastivity with other bacteria (e.g.
antigen extract with previous Reiter treponema gudgm) (Wilske and Preac-Mursic,
1993) or use purified intact flagella as antigearskeret al, 1988). Strains used as antigen
source should express OspC, the immunodominargeantf the IgM response, and DbpA,
an immunodominant antigen of the IgG response @i al, 2000). Recently, specific
recombinant antigens (i.e. VISE) or synthetic pigsi (i.e. the C6 peptide derived from
VISE) have also been successfully used (Lawrenal, 1999; Lianget al, 1999, 2000;
Baconet al, 2003; Goettneet al, 2005).
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4.3.2 Immunoblot

As a confirmatory assay, the immunoblot should hiangh specificity (at least 95%). In
whole-cell lysate immunoblots the diagnostic baads to be specified by the supplier,
according to their identification with monoclonahtidodies. With the recombinant
immunoblot this is achieved by selection of thepeesive specific recombinant antigens.
For the whole-cell lysate immunoblot the Europ@&nafzelii PKo strain, which is well
characterized by means of monoclonal antibodiessgemmended as antigen (Wils&e
al., 2000). In Europe, recombinant immunoblots withte) high sensitivity and specificity
have been developed by the combination of diffemartigens and homologues of one
antigen (Wilskeet al, 1999; Paneliust al, 2003; Goettneet al, 2005, Schulte-Spechtet
al., 2006) (Fig. B-9). The American immunoblot intexation criteria (CDC) are not
suitable for application in Europe (Hauser al, 1997, 1998; Robertsoet al, 2000).
Interpretation criteria for the immunoblot recomrded by the German Society for
Hygiene and Microbiology (DGHM) are published inethiMiQ 12 Lyme-Borreliose’
(Wilske et al, 2000) which is available in English via internet

(http://www.dghm.org/red/index.html?cname5MIQFor the IgG immunoblot at least 2

diagnostic bands are required for a positive refuitthe IgM immunoblot the existence of

only one diagnostic band is considered sufficient.

Antigen (strain)

pl00 (PKa) I

058 (PBI) -
(B31) |

BmpA (PKo) =
(PBi) : [ I gl Fig. B-9. Representative 1gG lint

0 | |

- ({:L(:}z}{ i“ - :_... E: !! immunoblots of patients witr
ey | | . 3 §l neuroborreliosis. Strairs belon
EE&E} |r ! to the following species: B31 a

OspC . .

P~ PBI) {{ . ‘ PKa2 to Borrelia burgdorferi
(20047) |_ : |_ _ .

) (PKo) [ sensu stricto; PKo td. afzelij

P (pBi) <[ R _- PBr toB. garinii OspA type 3; PE
(B31) il -

DbpA (PKo) { =|_ | to B. garinii OspA type 4; 200¢
EEE{}} ™ B to B. garinii unknown OspA type.
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4.3.3 Detection of intrathecally produced antibodis

The determination of the CSF/serum index shouldpedormed if neuroborreliosis is
considered, as a positive CSF/serum index confpmesent or past involvement of the
central nervous system. Depending on the time ethgince the first manifestation of
neurological symptoms, this method is successfl0r90% (8-41 days after onset of the
disease), or even in up to 100% (> 41 days afteetyrof cases (Hansat al, 1991). In
cases of only short duration, there may be posfii¢ findings, while serological results
are still negativgChristenet al, 1993). A positive antibody index may be deteletads
long as years after successful therapy and isrbtisn appropriate means for monitoring
treatment success. For diagnosis of late neurdimsi® detection of a borrelia-specific

intrathecal 1gG-antibody production is obligate grugitive in near by 100%.

5. Treatment of Lyme borreliosis

Most features of Lyme disease respond to antildofitie antibiotic, dosage, duration, and
route of application depend on the clinical pictaral the stage of the disease (Weber and
Pfister, 1994; Wormseet al, 2006). For EM and borrelia Imphocytoma, orahtneent
with doxycycline, amoxicillin, or cefuroxime axetils recommended. Patients with
acrodermatitis or arthritis receive oral treatmueitth doxycycline or amoxicillin but in
cases of poor therapeutic response, patients shoeldetreated intravenously with
cephalosporins or penicillin G. Parenteral treatmesth ceftriaxone, cefotaxime, or
high-dose of penicillin G should be performed ie ttase of severe disseminated infection.
Intravenous cephalosporins or penicilin G is alsecommended for stagél
neuroborreliosis. Antibiotics most often used matment of Lyme borreliosis are listed in
Table B-5.

Table B-5. Antibiotics most often used for treatmenof Lyme borreliosis.

Clinical manifestation Antibiotics Dosage perday Application Duration (day)

Erythema migrans andDoxycycline* 1 x 200 mg p.o. 14

borrelial lymphocytoma  Amoxicillin* 2 x 1000 mg p.o. 14
Azithromycin* 2 x 500 mg p.o. 1
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then1x500 mg p.o. 2-5
Azithromycin* 1 x 500 mg p.o. 10
Ceftriaxone* 1x1g i.m. 5
Minocycline* 2 x 100 mg p.o. 14
Cefuroxime* 1 x 500 mg p.o. 14
PenicilinvV*  3x1g p.o. 14
Acute  neuroborreliosis Ceftriaxone* 1x2g V. 14
and carditis Cefotaxime* 3x2g V. 14
Penicilin G* 4x3g V. 14
Arthritis Ceftriaxone* 1x2g [AYA 21
Cefotaxime* 3x2g V. 21
Penicilin G* 4x3g V. 21
Doxycycline* 1 x 200 mg p.o. 28
Acrodermatitis chronica Doxycycline* 1 x 200 mg p.o. 21
atrophicans Amoxicillin* 2 x 1000 mg p.o. 21
Ceftriaxone* 1x2g V. 21
Cefotaxime* 3x2g [AYA 21
Penicilin G* 4x3g V. 21
Chronic neuroborreliosis Ceftriaxone* 1x2g V. 21
Cefotaxime* 3x2g [AYA 21
Penicilin G* 4x3g V. 21

*alternative regimens; i.m. = intramuscular; i.\ntravenousp.o. = oral.
Doxycycline should not be used in children yourthan 9 years or in pregnant or breastfeeding

women.

6. Prevention

Since the causative agent of the disease is tréteshtiy ticks, precautions against tick bite
should be taken by people in endemic areas. Tiblesta transmit the pathogen are small
and difficult to see. Once attached to the skiaythorge on blood for days. Transmission
of B. burgdorferidoes not usually occur until the infected tick baen in place for several

hours. Thus, searching for ticks after potentigbasure and removing them can help
prevent infection.

In the United States, a vaccine (LYMErix) based@spA against Lyme borreliosis was

licensed for use in humans (Steereal, 1998). In 2002, the producer withdrew the
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LYMErix vaccine from the market for commercial reas. However, several other
effective preventive measures like repellents rensaiailable to persons living in areas
where the disease is endemic. Antibody raised agamother surface-associated protein,
OspC, has also been shown to protect animals dgelradlenge with homologouB.
burgdorferi species (Preac-Mursgt al, 1992). Currently, both OspA and OspC vaccines

are being developed by industry for use in Europe.
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C. AIMS

For many bacterial pathogens, binding to their lexs$tacellular matrix molecules such as
Fn or collagen, is believed to be a critical steptheir adhesion to and invasion of host
tissuesB. burgdorferican bind to a variety of host extracellular matmwlecules (Jolet
al., 1999; Menzies, 2003; Cabelet al, 2007; Coburnet al, 2005). A Fn-binding
adhesin-BBK32 was originally identified by Probartd Johnson (1998). The Fn-binding
feature of the BBK32 and the biochemical mechanismits binding in case oB.
burgdorferi s.s. have already been elucidated (Kemal, 2004; Proberet al, 2001;
Raibaudet al, 2005). Overexpression of BBK32 in high-passBgburgdorferis.s. strains
that lacks this protein enhances the organism’sdibgn to Fn, as well as to
glycosaminoglycans (Fischat al, 2006). Furthermore, inactivation dbk32 gene in
infectious strains oB. burgdorferis.s. reduced spirochetal binding to Fn, as welitsas
infectivity in mice (Sesheet al, 2006), although the mutations had no apparefgictien
tick vectors (Liet al, 2006). These findings suggested that BBK32 mpdgny an important

role in the adhesion and invasion activitieBoburgdorferis.s. to its host tissues.

The Fn-binding site in BBK32 was localized to a @fino acid-long segment in the
protein. This ligand binding segment was shownhares 81-91% amino acid sequence
identity with the homologous proteins encodedbink32genes ofB. burgdorferis.s, B.
garinii andB. afzelii (Probertet al, 2001). A former Ph.D student in our laboratdby,
Christiane Heimerl, found that the BBK32 Bf garinii isolate PHei possesses a stronger
Fn-binding capacity than that Bf burgdorferis.s. B31 (C. Heimerl doctoral thesis, 2005).
From the observation that gelatin can partiallyibiththe binding of Fn to BBK32, the
collagen binding domain of Fn was suggested toatora binding site for BBK32 (Probert

et al, 1998).

B. burgdorferi contains a segmented genome that includes a s®Hl, kb linear
chromosome and as many as 23 circular and lin@eanptls, ranging in size from 5 kb to

56 kb (Fraseet al, 1997; Stevensoet al, 1997; 1998; Casjeret al, 2000; Milleret al,
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2000). Gendbk32is located on the 36kb linear plasmid (Ip36Bofourgdorferis.s. strain
B31 (Fraseet al, 1997). Genes carried by Ip36 in B31 are ofteméban 24-29kbp linear
plasmids in other isolates (Palnstral, 2000).

Besides its Fn-binding character, some studiesesigd that BBK32 might also be a good
antigen for the serological diagnosis of Lyme blavsgs (Heikkilaet al, 2002; Lahdenne

et al, 2003; Paneliust al, 2003; Lahdennet al,, 2006).

The bbk32 genes are located on linear plasmid and distribwmong differentB.
burgdorferi strains. This suggests that these strains haverealgobk32 by horizontal
transfer and benefit from the presence bifk32 However, the role ofobk32 for
pathogenicities remains to be elucidated. As adipproach in this direction, | investigated
() the presence and locationldfk32genes in &. burgdorferis.l. strain collection, (ii) the
binding properties of thébk32encoding protein for Fn, and (ii)) the serum aotilkes
response of patients suffering from Lyme borrefoagainst recombinant BBK32. A
positive antibody response would indicate that BBKS expressed during infection and

that BBK32 could be used for serological diagnosis.
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D. MATERIALS AND METHODS

1. Materials

1.1 Equipments

Centrifuge

Cycler

Electroblot apparatus

Electrode Assembly

Eppendorf centrifuge 5417C, Eppendodindurg, Germany
Sigma centrifuge 4K15, Deisenhofen, Germany
Sorvall® RC-5B Refrigerated Superspeed centrifugt
Rotor: SS34, GSA, GS-3, DuPonts Inst. Kendro
Gene Amp PCR System 2700, Applied Biosystddasmstadt,
Germany
Semi-Dry Trans Blot Tran€fell, BioRad, Munich, Germany
Mini-Protean Il Power-Pac 20@R&ad, Munich, Germany

Electrophoresis chamberHorizontal Agarose gel electrophoresis cell, PeQLab

ELISA reader
Film Developing
Machine
Freezer -20°C)
Freezer {-80°C)
French Press
Gel Dryer
Heatblock
Hybridization oven
Incubator
Magnetic stirrer
Microwave
Microscope

Orbital shaker

Erlangen, Germany
SUNRISE, Tecan, Germany
FUJIFILM FPM-100A, Japan

Profi line, Liebherr, Bulle, Switzerland

Forma Scientific, Inc., Marietta, Ohio, USA
SLM-AMINCO, Rating cell type, 40K, &penic Instruments
Model 583 Gel Dryer, BioRad, Munich, Gemmy

TR-L 288, Liebisch

Personal Hyb., Stratagene, Andste

Hanau Typ B20, Heraeus Instruments, Ha@atmany
RCT basic, Ika Labortechnik, SeayfGermany

LG Electronics, Willich, Germany

DIALUX 22, with phase contrast and dezlkf, Leitz
OMV ROM, Frobel Labortechnik, Lind&ermany
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PFGE apparatus
pH Meter
Photometer

Pipettes

Scale
Scanner
SDS-PAGE apparatus

Shaking incubator

Slot blot apparatus
Sterile work bench
Sterile Filter Units
Thermomixer
Transilluminator

UV-Crosslink

Vortex

Water bath

1.2 Enzymes

AmpliTag® Gold
Antarctic Phosphate*
BanH I *
Benzonase

EcoR 1 *
FastDigest™BseH [ *
FastDigest™BstF51*

CHEF-DR III, Bio-Rad, Munich, Germany

Accumet basic, Fisher Scientific, Schwe@ermany
Spectrophotometer Ultrospec 3000, PluarBsotech

2ul, 10ul, 20ul, 100ul, 200ul and 1000pétnan, Gilson,
France
12-Channel 50-300ul Pipette, Labsystems Finnpitett
MC1 Laboratory LC 220S, Sartorius, Gottingen

HP Scanjet 7450C Scanner

PROTEAN ll, Bio-Rad, Munich, iGany

Certomat BS-1, B. Braun Biotatkrhational, Melsungen,
Germany

Immunetics; Cambridge, MA

Hanau Herasafe HS12, Heraeus

Millipore

Comfort, Eppendorf, Hamburg, Germany

UVT-20M/W, Heralab, Wiesloch

GATC-crosslink, Analysetechnique anoihSulting Company,
Konstanz, Germany

Reax 2000, Heidolph, Schwabach

WB/OB7-45, Memmert, Schwabach, Germany

Applied Biosystems, Darmstadt, Gany
New England Biolabs, Inc.
Fermentas, Leon-Rot, Germany
Merck, Darmstadt, Germany
Invitrogen, Karlsruhe, Germany
Fermentas, Leon-Rot, Germany

Fermentas, Leon-Rot, Germany
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FastDigest™HaelIl* Fermentas, Leon-Rot, Germany
Lysozyme Roche, Karlsruhe, Germany
Proteinase K Roche, Karlsruhe, Germany
T4 DNA-ligase * Invitrogen, Karlsruhe, Germany
Xhol * Fermentas, Leon-Rot, Germany

*Corresponding buffers of these enzymes were dfeoenl by their manufacturers.

1.3 Molecular weight markers

CHEF DNA Size Standards (8~48kb) Bio-Rad, MuniBkrmany
MassRuler™ DNA Ladder (80-1031bp) Fermentas, LRoh-Germany
Prestained Protein Molecular Weight Marker Fermgnteon-Rot, Germany
1.4 Kits

ELC Direct Nucleic Acid Labelling and DetectioAmersham Biosciences, Freiburg,

Systems kit Germany

Glutathione Sepharose 4 Fast Flow GE Healthcamidh, Germany
High Pure PCR Product Purification Kit Roche, lsarhe, Germany

High Pure PCR Template Preparation Kit Roche, Maim, Germany
High Pure Plasmid Isolation Kit Roche, KarlsruGermany

1.5 Vectors

Cloning vector pGEM®-T Easy Vector was purchasesnfiPromega (USA). Expression
vector was prepared from the recombinant plasmi@#X@T-Hqg22 (Gacet al, 2007), a
generous gift from Prof. Dr. Yin Hong from the Léwoz Veterinary Research Institute,

Chinese Academy Agricultural Sciences.

1.6 Antibodies

Polyclonal Swine Anti-Rabbit IgG/ HRP Dako Denmark
Polyclonal Rabbit AntiEscherichia coli Dako Denmark
Polyclonal Rabbit Anti-Human Fibronectin Dako Dearin
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Polyclonal Rabbit Anti-Human IgG/HRP Dako Denmark
Polyclonal Rabbit Anti-BBK32 (B31) antibody Genm@ by Pineda Antibody

Service, Berlin, Germany
1.7 Bacterial strains

1.7.1Escherichia coli

JM109 Competent Cells Promega, USA
BL21(DE3)pLysS strains Promega, USA

1.7.2Borrelia burgdorferi s.l. isolates

Borreliae were propagated in Modified Kelly Pettefégk (MKP) medium as previously
described (Preac-Murset al, 1986), all the isolates used in this study wisted in Table
D-1.

Table D-1. Borrelia species

Species Strain Biological Geographic OspA type
source origin

B. burgdorferi s.s PKa2 K7/+40 CSF Germanny 1
PKa2 23/+2 CSF Germanny 1
PKa2 23/+16 CSF Germanny 1
B31 27/+7 Tick United States 1
B31 27/+8 Tick United States 1
B31 K4/+5 Tick United States 1
N40 52/+10 Tick United States 1

‘B.garinii  PBi192300 CSF  Germany 4
PBi 109/63 CSF Germany 4
PBi 196/9 CSF Germany 4
PHei CSF Germany 5

‘Balmii  PKo  Skn(EM)  Germany 2
PRui Skin (ACA) Germany 2
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PBo CSF Germany 2
B.spiedmanii PMai skn Germany nar

PSig Skin (EM) Germany n.a.
PHaP Skin (EM) Germany n.a.
ISaue 2 Tick Germany n.a.
DEbelJak Skin (EM) Slovenia n.a.
DSM Tick France n.a.
PC-Eql7 DSM  Tick France n.a.
PMew Skin Germany n.a.
PANz Skin Slovenia n.a.
PJes Skin Slovenia n.a.

*n.a., not available.
1.8 Partially purified recombinant BBK32 proteins

Four partially purified recombinant BBK32 proteifnem strains B31, PKa2, PHei and TN

were available in the laboratory from previous sadHeimerl, 2005).

1.9 Serum panels

Human serum samples were collected from well-ddfiméinically Lyme borreliosis
patients. 24 with erythema migrans (EM), 40 withlyeaeuroborreliosis (NB), and 8 with
acrodermatitis chronica atrophicans (ACA). Contadsprised 20 sera from healthy blood
donors, 10 sera from syphilis patients, 10 sampil@® patients who were positive for

rheumatoid factor, and 30 sera from patients vatlef of unknown origin.

1.10 Primers

All oligonucleotides used in the PCR reactions w&yathesized by biomers.net GmbH.
Primers used in this section are shown in Table D-2

Table D-2. Oligonucleotides

Primer no. Primer sequence (5'-3'} Restriction enzyme site

P1 CTGGATCAGATATGAAATGAAAGAGGA BanH |
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p2P CCACTCGAGITCATCMTCTTCATCAT Xhol

P3 CACTCGARTAATCATCTTCATAATA Xho I

P4° TACTCGAGGC@GTCATCCCTTTATATTCAT Xhol ,BseH |
PS5 TTGAGGCCAAAGAGTTCCTTACAA BseH |

P6" TAGGATCCMAAGGAAGTTTAAATTCCCT BanH I

P7 ATCTCGAGCCTTAAATCAGAATCTATAGT  Xhol

P8 TAGGATCGCCAAAGAGTTCCTTACAA BanH [

Forward P 1 CTGGATCCTTATTCAYAAGAKATGAAAT BanH |

Reverse P?L CCC TCG AG CTA GAT AAG ATT SATATC Xhol

Reverse P2  TACTCGAGAGTACCAAACACCATTCTT  Xhol

Forward P2  TTATTCAYAAGAKATGAAAT
Reverse P TAACACCYTCTAGATAAGATT

a. Restriction enzyme sites are underlined.

b. M could be Aor C; Y could be T or C; K could be®r G; and S could be C or G.

c. The primer contains 2 restriction enzyme sitegdffferent usage. A site-directed silent mutatiees

carried out in order to creaigsaH | site, where the Threonine code change from ACAG®. The

mutated nucleotide was framed.

1.11 Chemicals and other materials

Acetic acid

Acrylamid

Albumin Bovine, No. A-7409
6-aminocaproic acid

Ammonium persulphate (APS)

Ampicillin

Ampuwa® (pyrogenfreiedqua destH;Oqes)

Bacto™-Trypton

Bisacrylamid
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Merck, Darmstadt, Germany
Biozym, Hameln, Germany

Sigma, Deisenhofenyi@any

Sigma, Deisenhofen, Germany

BioRad, Munich, Germany

Biomol, Humburg, Germany
Fresenius

Becton Dickinson, Heidelberg,
Germany

Biozym, Hameln, Germany
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Bitek™-Agar

Boric acid

Brij 58

Bromphenol blue

Calcium Chloride (CaG)

Citric acid (Trisodium salt), No. C-7254
CMRL-1066 (10x) without Glutamine,
042-1540

Coomassie Brilliant Blue R250

Decorin (from bovine articular cartilage)
Diaminobenzidine

Dithiothreitol (DTT)

dNTP Mix

Ethanol

Ethidium bromide

Difco, Detroit, USA
Merck, Darmstadt, Germany
Sigma, Deisenhofen, Germany
BioRad, Munich, Germany
Merck, Darmstadt, Germany
Sigma, Bahofen, Germany
No.Gibco, Gaitersburg. USA

Sigma, Deisenhot@ermany
Sigmaigenhofen, Germany
Sigma, Deisenhofen, Germany
Biomol, Humburg, Germany

Perkin Elmer, Germany
Merck, Darmstadt, Germany

BioRad, Munich, Germany

ethylenediamintetraacetate sodium acid (EDTAMerck, Darmstadt, Germany

Gelatin, Art. 4070
GenAmp®10< PCR Buffer

Glucose, No. G-8270
Glycerin

Glycine

Hepes, No. H-3375

Human plasma fibronectin
Hydrochloric acid (HCI)
Hydrogen peroxide ($0,) 30%,
Incert agarose

Isopropanol

Isopropyl-B -thiogalaktopyranosid (IPTG)
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Merck, Darmstadt, Germany
Applied Biosystems, Darmstadt,
Germany

Sigma, Deisenhofen, Germany
Merck, Darmstadt, Germany
Serva, Heidelberg, Germany

Sigma, Deisenhofen, Germany

Gibico, Gaitersburg. USA

Merck, Darmstadt, Germany
Merck, Darmstadt, Germany

Biozym, Hilden, Germany

Merck, Darmstadt, Germany

Sigma, Deisenhofen, Germany
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methanol

N-acetylglucosamine, No. A-8625
Neopeptone, No. 0119-01
N-lauroylsarcosine

N, N-Dimethylformamide

PMSF

Ponceau-S solution

Potassium dihydrogen phosphate ¢RIGy)

Merck, Darmstadt, Germany
Sigma, Deisenho&grmany
Difco, Detroit, USA

Sigma, Deisenhofen, Germany

Sigma, Deisenhofen, Germany

Applichem, Darmstadt, Germany
Serva, Heidelberg, Germany

Merck, Darmstadt, Germany

Potassium phosphate dibasickPO, x3 HO)  Merck, Darmstadt, Germany

Protein Assay Dye Reagent Concentrate

Pulsed Field Certified Agarose

Pyruvic acid (Sodium pyruvat), No. P-2256

Rabbit Serum, No. 037-06120

RNAse A

Seakem LE agarose

SIGMA FASTM OPD

Skim milk powder

Sodium acetate (NaAc)

Sodium bicarbonate (NaHGE No0.S-8875
Sodium carbonate (NGO;)

Sodium chloride (NaCl)

Sodium deoxycholate

Sodium dihydrogen phosphate (N&HD,)
Sodium dodecyl sulphate (SDS)
Sodium hydroxide (NaOH)

Sodium lauryl sarcosine

Sulfuric acid (HSQy) 95-97%
Tetramethylethylendiamin (TEMED)

Thimerosal
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BioRad, thyiermany
Bio-Rad, MunichyiGany
Sigmaisbehofen, Germany
Gibco, GaitersburgdUS

Roche, Karlsruhe, Germany
BMA Rockland USA
Sigma, Deisenhofen, Germany
Glucksklee
Merck, Darmstadt Germany
Sigma, Deisenhofen, Germany
Merck, Darmstadt, Germany
Merck, Darmstadt, Germany
Serva, Heidelberg, Germany
Merck, Darmstadt, Germany
Sigma, Deisenh@enmany
Merck, Darmstadt, Germany
Sigma, Deisenhofen, Germany
Merck, Darmstadt, Germany
Serva, Heidelhgtgrmany
AppliChem, Darmstadt, Germany
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Tris (hydroxymethyl) aminomethan (Tris) Sigma, @amkofen, Germany
Triton X 100 Merck, Darmstadt, Germany
Tween® 20 Serva, Heidelberg, Germany
Type | collagen (from calf skin) Sigma, Deisenhmpf&ermany
Urea Roth, Karlsruhe, Germany
X-Gal Biomol, Humburg, Germany
Xylencyanol Sigma, Deisenhofen, Germany

All chemicals used in this work had a degree ofitpwsuitablepro analysis Plastic and
related articles were purchased from the followngmpanies: Nunc, Roskilde, DK;
Sartorius, Gottingen; Falco/Becton Dickinson, H#bdey; B. Braun, Melsungen;
Eppendorf, Hamburg; Greiner, Nirtingen and Schisic& Schiill, Dassel. Hybond-N
membranes were purchased from Serva, HeidelbergnBi@branes from PROTRAN, and
Whatman-paper (3mm) from Whatman Ltd., Maidston@&gl&nd. Hyperfilms were

purchased from Amersham Biosciences, England.

1.12 Culture media

Luria-Bertani (LB) broth 10g Bacto tryptone
59 Yeast extract
59 NaCl

Adjust to pH 7.4-7.6 with NaOH, and add®est to 1

liter. Autoclave for 20 min at 12°C.

Luria-Bertani agar 10g Bacto tryptone
59 Yeast extract
59 NacCl
15g Agar

Adjust to pH 7.4-7.6 with NaOH, and add®ito 1 liter.

Autoclave for 20 min at 12°C.
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MKP-Medium
MKP-Medium was prepared following Talde3 (Preac-Mursiet al, 1986).

Table D-3. MKP-Medium

I CMRL-1066 (10x) without Glutamine 150 ml
Dist. water 1350 ml
Neopeptone 45¢g
Hepes 9¢g
Citric acid 1059
Glucose 45¢
Pyruvic acid 129
N-acetylglucosamine 0.6¢g
Sodium Bicarbonate 39

Adjust to pH 7.6 with 5 N NaOH, sterilize the medilby filtration (0.2pm filter). The

durability of the Basic Medium (1) lasts for 3 mbatat —20°C.

I 7 % Gelatine (autoclave: 126 /15 Min) 300 ml
Rabbit Serum - partially hemolyzed (inactivate:®6630 min)100 ml
Albumin Bovine (35%) 100 ml

Fill 6.5 ml MKP-Medium into glass tubes (Schott 86 135 115), or plastic tubes (Falcon
No. 2027) and close tightly. The durability of theal medium usually lasts for 3 weeks at
4 °C. Incubate several tubes of the end Medium at@33or 3 days to check if there is

contamination or not.

1.13 Softwares and databases

Microsoft Office 2000 (WORD, EXCEL, POWERPOINT)

Adobe Reader 8.0

PDFCreator

HP Precision Scan Pro3.02

Lasergene software package for Windows (DNASTARdigan, WI)
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DNAMAN Version 5.2.9 software, Lynnon BioSoft, Calaa

GenBanknhttp://www.nchi.nlm.nih.gov/Genbank/index.html

NCBI http://www.ncbi.nlm.nih.gov/

PubMedhttp://www.ncbi.nlm.nih.gov/entrez/query.fcgi

BLAST http://blast.ncbi.nlm.nih.gov/Blast.cgi

ExPASyhttp://www.expasy.org/

2. Methods

2.1 Molecular biological methods

2.1.1 Genomic DNA isolation

Genomic DNA fromB. burgdorferis.s. strain B31B. garinii strains PBi and PHei, arigl

afzelii strain PKo was extracted with the High Pure PCRnflate Preparation Kit

according to the manufacturer’s instructions. Tihalfelution volume was 200pl.

2.1.2 PCR

PCR was performed in an automatic thermocycler50ja reaction mixture containing:

Reaction components: GenAmp®10< PCR buffer
dNTP Mix (2mM)
Forward primer (20 pmol/ul)
Reverse primer (20 pmol/ul)
AmpliTag Gold™
Template DNA
H>O

Cycling parameters: Denaturation 95°C
Denaturation* 95°C
Annealing* Tm

Elongation* 72°C
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5ul
8ul
0.5ul
0.5ul
0.5ul
S5ul
30.5ul
3 min
1 min
1min
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Final extension 72°C 7min
* 30 cycles
Tm: Annealing temperature dependent on the Tm (ngelemperature) of primers

2.1.3 Agarose gel electrophoresis

The agarose gels with different concentrations {©9%.5%) were prepared by mixing an
appropriate proportion of agarose with 1 x TAE buffthe mixture cooked and after
cooling poured into precast agarose gel chambérs.DINA was then mixed with loading
buffer, loaded onto spurs on the gel and electrogiloally resolved by voltage application
utilizing the 1 x TAE solution as the running bufféollowing the electrophoretic run, gels
were stained in ethidium bromide solution (1pug/rahd the DNA visualized under

ultraviolet radiation.

Solutions:
1x TAE buffer 40mM Tris / HCI, pH = 8.2
20mM Acetic acid
2mM EDTA, pH 7.6
Loading buffer for agarose gel 0.25 % (w/v) Bromepbl blue

0.25 % (w/v) Xylencyanol
30 % (w/v) Glycerin
20 mM NgEDTA

2.1.4 Recovery of DNA fragments from agarose gel

Agarose gel electrophoresis separated target DB@nients were cut from the gel under
ultraviolet radiation and recoveried using a Highrd® PCR Product Purification Kit

following the manufacturer’s instructions.

2.1.5 Enzymatic modification of DNA

2.1.5.1 Restriction digestion of DNA

Restriction endonuclease digestion of chromosonralplasmid DNA samples were

34



MATERIALS AND METHODS

performed as below:

BamH I and Xhol double digestion EcoR I digestion

DNA Xul DNA Xul
10X BufferBamHI 1l 10X Buffer EcoRl 1pl
BamHI 0.5ul EcoRl 1pl
Xhol 1l H,0 to 10pl*
H.O to 10ul*

Incubate at 37°C for 1 or 2 h.

*The higher concentration of DNA, the more amounitigO.

FastDigest® restriction enzyme digestion

DNA XUl

10x FastDigest® buffer 1pl

Restriction enzyme* ul

H,O to 10pI**

Incubate at 37°C for 5min.

*the enzymes are FastDigestB%aH I , FastDigest™BstF51 or FastDigest™adlll.

** The higher concentration of DNA, the more amouaht,0.

2.1.5.2 Dephosphorylation of DNA
To prevent self-religation or dimerization of atregion endonuclease linearized vector, its
5'-phosphate groups were removed with AntarcticsBhatase (as shown below) following

the manufacturer’s instruction. The vector DNAhsr free to ligate with an insert DNA of

choice.

NE buffer for Antarctic Phosphatase 1pl
Antarctic Phosphatase 2ul
Linearized vector Tl

Thoroughly but gently mixed and incubated at 379 30 min, followed by heat

inactivation at 65°C for 5 min.
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2.1.5.3 Ligation of DNA molecules
Ligation of an insert into arms of a vector or tiga of two DNA fragments to construct a
longer linear DNA fragment was carried out with ireyme T4 DNA ligase as described

below:

Ligation of purified PCR products into pGEM®-T easy vector (TA cloning)

2x Rapid Ligation Buffer, T4 DNA Ligase 5ul
pGEM®-T Easy Vector (50nQg) 1l
PCR product 3ul
T4 DNA Ligase (3 Weiss unifsl) 1l

Mix the reactions by pipetting and incubate4°C overnight.

Ligation of DNA inserts into linearized pGEX vector

5XT4,DNA ligase buffer 2ul
pGEX vector 2ul
Insert 5ul
T4,DNA ligase (1Weiss unitgdl) 1pl

Incubate at 18C overnight.

Ligation of two DNA fragments with similar sizes

5XT,DNA ligase buffer 2ul
Fragment 1 3.5ul
Fragment 2 3.5ul
T4,DNA ligase (1Weiss unitgdl) 1pl

Incubate at 18C overnight.

2.1.6 Preparation ofEscherichia coli BL21 competent cells

Competent cells were prepared as described by Sakl{2001). One single colony of
Escherichia(E.) coli BL21(DE3)pLysSwas inoculated into 5 ml LB broth and was
incubated overnight at 3 and 200 rpm. On next day, the 5 ml overnightureltwas

inoculated into 250ml LB broth and incubated at°@7with vigorous shaking until an
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ODG600 of 0.6 was achieved (about 3h). The followsteps were performed on ice. After
being chilled on ice for 10 min, the culture wastcéuged at £C and 4000 rpm (3220 rcf)
for 10 min. All supernatants were discarded andstétgiments were resuspended with 125
ml 0.1M CaC} and again chilled on ice for 45 min. Chilled ceflere centrifuged at %
and 4000 rpm (3220 rcf) for 10 min and supernatavdgee discarded. The pellets were
resuspended with 4 ml ice chilled 0.1M Ca&tid 1ml glycerol and 100 pul aliquots of the

bacterial suspension was put into 1.5 ml Eppentidrés. All the aliquots were stored at

—70C till usage.

2.1.7 Bacterial transformation

2.1.7.1 Transformation intoE. coli JIM109

Ten-microliter of ligation product was gently mixedth 50ul E. coli IM109 competent
cells and chilled on ice for 20min. After a 1 mimat-shock at exactly 42C, the
transformation mixture were again chilled on ice 3omin. LB broth at room temperature
was added to the tubes containing cells transformigd ligation reactions to a final
volume of 1 ml and incubated at 2 for 1.5 h with gentle shaking (~150 rpm). A huetir
microliters of transformation culture was spreadooan LB agar plate containing 200
png/ml of ampicillin (for pGEM-T easy vector, IPTG@ x-gal were also required, see
below). The rest 900ul culture was centrifuged @®@rpm for 3 min and its pellet was

cultivated onto another LB agar plate. Plates imrabated at 37C overnight.

Preparation of LB/ampicillin/IPTG/X-gal agar plate:
Spread 17upl of 200mM IPTG and 40 pl of X-gal (20 /mig in 100 % N,
N-Dimethylformamide) onto the surface of an LB aghate (g 9 cm) containing 200 pg/ml

of ampicillin.

2.1.7.2 Transformation intoE. coli BL21
One-microliter of isolated plasmid was gently mixedh 100uIE. coli BL21(DE3)pLysS
competent cells. The following steps were the sadransformation oE. coli JIM109

cells only with an exception of no IPTG and X-gdtimg to the plates.

37



MATERIALS AND METHODS

2.1.8 Recombinant plasmid purification

Three or fiveE. coli white colonies were picked from each plate anctuteted into LB
broth (supplied with ampicillin) and cultivated omgght at 37°C. Plasmids were isolated
from the overnight culture by using the High Putaskid Isolation Kit according to the

manufacturer’s instructions.

2.1.9 Confirmation of inserts

Isolated recombinant plasmids were first digestéti ®anmH I and Xhol orEcoR1.
Plasmids conceiving inserts with expected sizedirroed by restriction enzyme digestion

were sequenced by using the SP6 and T7 primersage® Company.

2.1.10 Pulsed field gel electrophoresis (PFGE)

2.1.10.1 Preparation of Borrelia DNA in agarose blcks
Borrelia DNA was prepared after embedding the badteells in agarose as described

previously (Busclet al, 1995) with some modifications. Cells were wasfea times and
resuspended in TN buffer (10mM Tris, pH 7.6, 1M Naf® approximately 1 x 10
cells/ml. Equal volumes of cells and 2%cert agarose were mixed at 56°C. Cell-agarose
suspension was filled into a mould and incubated°&. The solidified agarose blocks
were incubated in a lysis solution (1M NaCl, 20mMsTHCI, pH 8.0, 0.1M EDTA Na
0.5% Brij-58, 0.2% sodium deoxycholate, 0.5% N-tadsarcosine, 10pug/ml RNAse A, 1
mg/ml chicken lysozyme) for 30 min at 4°C. The agar blocks were washed with TE
buffer (20mM Tris-HCI, pH8.0, 50mM EDTA Ngp at 4°C for 1 h and digested with
digestion buffer (0.5mg/ml Proteinase K, 10mM EDPAI8.0, 0.2% sodium deoxycholate,
1% sodium lauryl sarcosine) at 50°C for 72 h wigmtle shaking. The agarose blocks were

washed 3 times (1 h for each wash) with TE buffet’& and stored at 4°C.

2.1.10.2 Gel electrophoresis
PFGE was done with a CHEF (contour-clamped homagenelectric field), DR (dynamic
regulated)Ill at 14°C in 0.5 X TBE (45mM Tris-borate, 1mM EDTAyjth 6 V/cm and

38



MATERIALS AND METHODS

an electrode angle of 120° with buffer circulatietalf of an agarose block was placed into
the sample well of a pre-cast 1% Pulsed Field @edtiAgarose gel and sealed with 1%
Incert agarose. Separation of plasmids was caaigdvith a pulse time of 3 s for 30 h.
CHEF DNA Size Standards (8~48 kb) was used asealatider. The gel was stained with
ethidium bromide (EtBr) and photographed under aultlet transillumination. For

southern blot, placing a ruler near the marker mex®ssary.

10xTBE:
Tris base 108g
EDTA N& 7.449
Boric acid 559

Add water to a final volume of 1 liter and pH 813taned.

2.1.11 Southern blot

After depurinization (in 0.25M HCI), denaturatiom 0.5M NaOH and 1.5M NaCl) and
neutralization (in 0.5M Tris-HCI, pH 7.5, and 1.5N&Cl), DNA was transferred to a
Hybond-N" membrane by capillary force and UV cross-linkedhte membrane with the

GATC-crosslink.

2.1.12 Preparation of labeled probe

Purified PCR product was labelled with the ELC Dir&ucleic Acid Labeling reagent
according to the manufacture’s instructions. ByiegHCR product (10 ngl) was boiled for

5 min and then chilled on ice for 5min. An equivdlgolume of DNA labeling reagent was
added to the cooled DNA and mixed gently but thghdy The glutaraldehyde solution
(the same volume as that of the labeling reageas) then added to the mixture and spun
briefly in a microcentrifuge to collect the contenét the bottom of the tube. After
incubation for 10min at 37°C, the mixture was agehiiled on ice and mixed with equal

volume of glycerol. The prepared probe can be stbre 20°C till required.

2.1.13 DNA hybridization and detection

DNA hybridization and detection of the DNA probe rergperformed using ELC Direct
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Nucleic Acid Labelling and Detection Systems kitlldwing the manufacturer’s
instructions. Briefly, threbbk32PCR fragments were labelled with horseradish pdease.
Prehybridization (for 1h) and hybridization (oveyini) were done in the hybridization
buffer (with 0.5M NaCl and 5% [w/v] blocking agerdj 42°C. The three probes were
mixed and used at a concentration of 10 ng/ml &arheprobe. Blots were then washed
twice (20 min for each washing) with primary wasliféer (0.5xSSC, 6M Urea, 0.4% SDS)
at 42°C and twice with secondary wash buffer (2x58& min for each) at room
temperature. To visualize positive signals, the blas incubated for 1 min in a freshly
prepared detection mixture of the ECL detectionges#s and positive signals were

exposed to a sheet of Hyperfilm ECL film at roomnperature.

20xSSC:
Nagcitrate 0.3M
NaCl 3M

pH 7.0 (adjust with 1M HCI)

2.2 Biochemical methods

2.2.1 IPTG induction for protein over expression

Three colonies were picked from each plate, indedlanto LB broth (containing 200

pg/ml ampicillin) and cultivated at 32 overnight. Then 50ul overnight culture was

cultivated at 3T in 5 ml fresh LB broth (with ampicillin adding)ith vigorous shaking
(~230 rpm) for 3 hours. The culture was then pregiavith IPTG to a final concentration

of 2 mM and incubated at Z8 for additional 5 h.

2.2.2 Sodium-dodecyl-sulphate Polyacrylamide Gel &ttrophoresis

(SDS-PAGE)

Proteins were fractionated by sodium dodecyl selfanlyacrylamide gels (SDS-PAGE)
using a 12.5% resolving gel and 4% stacking gelmf@mmnents see below)The

electrophoresis system from Bio-Rad was employdtisiwork and the assembly of glass
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plates and spacers for the production of the geds waccording to manufacturer's
instructions. Before electrophoresis, protein samphere treated with protein loading
buffer, boiled at 95°C for 5 min and loaded inte @lots of the gel. The electrophoresis
was run at 180 V until the bromophenol blue reaclied edge of the gel in a
Tris/glycine/SDS running buffer system (pH 8.3)e&tained Protein Molecular Weight
Marker was used for the estimation of the molecuoiass. Resolved proteins were either
viewed directly by staining the gel with Coomassielliant blue or transferred to
Nitrocellulose (NC) membrane and subjected to Washdot analysis or examined in a
Fn-binding assay. Destained gels were dried usi@gladryer for 2 h and scanned. All the

related solutions and buffers were listed below.

25% Acrylamid/ Bis acrylamid (4°C)  40% Acrylamid 60.83ml
2% Bisacrylamid 33.5ml
H20 5.67ml

SDS separation gel (for 2 mini-gels) HxO 2.35ml
1.5M Tris, pH8.8 2.5ml
10% SDS 100pl
25% Bis-Acrylamid 5.0ml
10% APS 50ul
TEMED 5ul
Total volume 10ml

SDS stacking gel (for 2 mini-gels) H.0 2.89ml
0.5M Tris, pH6.8 1.25ml
10% SDS 50ul
25% Bis-Acrylamid 0.78ml
10% APS 254l
TEMED 5ul
Total volume 5ml
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10X SDS-PAGE running buffer Tris-base 30g
(1:10 dilution before usage) Glycine 1449
SDS 10g
H,O till Lliter
2XProtein loading buffer (store at— H,O 4.6ml
20°C) 0.5 M Tris-HCI pH 6.8 1.0ml
Glycerin 0.8ml
10% SDS 1.6ml
Dithiothreitol (DDT) 89
Bromphenol blue 0.05% (wi/v)
Gel fix solution 30% (v/v) Ethanol

10% (v/v) Acetic acid

Coomassie Brilliant Blue solution 0.5% (w/v) Coomassie Brilliant Blue (R250)
10% (v/v) Acetic acid
45% (v/v) Methanol

SDS-gel Destaining solution 10% (v/v) Acetic acid
25% (v/v) Methanol

2.2.3 Western blot

Electrophoretic transfer of proteins from polyaamgide gels to a NC membrane was
performed using the Semi-Dry Trans Blot Transfell.@e shown in Fig. D-1, the blotting
sandwich was prepared in the following order: franodic pad to cathodic, 6 layers of
filters soaked in anodic solution | (0.3 mol/L Thsffer, 20% methanol [v/v], pH 10.5), 3

layers of filters soaked in anodic solutidn (25 mM Tris buffer, 20% methanol, pH 10.4),
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anodic solutiodl moistened NC membrane, cathodic solution equidar&8DS-PAGE gel
and 6 layers of filters soaked in cathodic solut@® mM 6-aminocaproic acid, 20%
Methanol, pH 7.5). Electrophoresis was performe@®mA constant current for 45 min
per mini-gel. Protein transfer was controlled bgirshg the membranes with Ponceau S
solution. Detection of proteins in a NC membrane wacomplished by using antibodies.
Briefly, unbound sites of the membrane were blockedtblocking solution (5% milk in
TBST [10 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.1% Tere 20]) for 1 h at 37 C to
suppress non-specific adsorption of antibodies. Timembrane was then incubated
overnight with fist antibody (negative serum, rdldniti-E. coli polyclonal serum or rabbit
anti-BBK3Zs3; polyclonal serum) with a dilution of 1:750 at rodemperature, followed
by a 1:1.000 dilution of swine anti-rabbit IgG-heradish peroxidase (HRP) conjugate for
2 hours. The dilution solution for both the firstdathe secondary antibody were TBST
containing 1% milk. Between incubations, membramerse washed three times with TBST,
10 min for each washing. Positive signals were aetewith 0.5mg/ml diaminobenzidine

solution (see below) and the reaction was stopged\bsulfuric acid (HSQy).

1
+
NC membran —- SDS-PAGE gel
- Anodic solutionl soaked filters
}— Anodic solutionl soaked filters
Fig. D-1. Diagram of preparing the gel sandwich
0.5 mg/ml diaminobenzidine solution
Diaminobenzidine 50mg
IMTrispH 7.4 5mi
H,0 95ml

Just before usage, add 50ul of 30%®OH
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2.2.4 Purification of recombinant proteins

2.2.4.1 Cell extract preparation
About 30 ml overnight culture ofE. coli BL21(DE3)pLysS expressing expected

recombinant protein was inoculated into 500 ml L®tb under ampicillin selection and

incubated at 3T with shaking for 2-3 h till an Ofg of 0.7-1.0 was achieved. The cells
were then induced with 0.2mM IPTG for another 5rscat 28C. Cells were pelleted by

centrifugation at 7.000 rpm for 10 min aC4 and the pellet were thoroughly resuspended

in binding buffer (50 mM Tris-HCI pH 7.5, 0.3M NaQlmM DTT and 0.1% Triton X-100)
and brought to a final volume of 28ml. Then 10phBenase and 280ul of 0.2 M PMSF

were added to the suspension. The cell extracts alemys kept on ice.

2.2.4.2 Lysis of. coli by high pressure (French Press) homogenization

The suspended cells were broken at 1.000 psi simmaghrough a French Press cell for 3
times. Cell lysate was chilled on ice between rimdlowing breakage, lysed samples were
centrifuged at 15.000 rpm for 30 min at £ (Sorvall Rotor SS34) and the supernatant

was ready for protein purification.

2.2.4.3 Batch purification

Supernatant containing recombinant proteins wesmsterred to 5 ml Glutathione
Sepharose 4 Fast Flow beads balanced by Bindirfgriagforehand and incubated on ice
for 4 hours with gentle agitation. Unbound proteimghe supernatant after centrifugation
at 500X g for 5 min were transferred to another freshlyppred beads for a second round
of purification. After being washed with Binding fber (50 mM Tris-HCI pH 7.5, 0.3M
NaCl, ImM DTT and 0.1% Triton X-100) for 3 timespfeins bound to beads were eluted
with 10 ml Elution buffer (30mM glutathione, redacgGSH], pH8.4) on ice for 2 hours.
Supernatant containing the purified fusion protewas carefully harvested after

centrifugation of the slurry at 500g for 5 min.
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2.2.4.4 Protein purification with polyacrylamide gé

Some proteins, after a first round of purificati@rere still not pure enough. Thus a second
round of purification with polyacrylamide gel wals@ performed. Briefly, proteins from
the first round purification were resolved on a5l% SDS-PAGE gel and transferred to a
NC membrane. After being stained with Ponceau 8tisol, target protein bands were cut
from the membrane and eluted with nonvolatile sotu{50mM Tris-HCI, pH9.0, 2% SDS
[w/v], 1% Triton X-100 [v/v]) at room temperaturerfl hour with rotating. Eluted proteins
were concentrated using Vivaspin Concentrators (@Ealthcare) following the

manufacturer’s instruction.

2.2.5 Protein concentration determination

Protein concentrations were determined by the Bradfmethod (Bradford, 1976) using
bovine serum albumin (BSA) as protein standardefBti six dilutions of a protein
standard BSA were prepared and 200 ul of dye réagementrate was added to each tube
containing 800 pul of each standard and mixed widlier an incubation of 5 minutes at
room temperature, absorbance at 595 nm of theiprdy@ mixture was measured using a
spectrophotometer set. A standard curve was thepaped according to the standard
concentrations and their absorbance at 595 nm. ébdrations of purified proteins were

then determined by measuring absorbance at 595temagpropriate dilution.

20X PBS pH7.4

NaCl 78.85¢9
KoHPO, X 3 H,O 34.25¢
KH,PO, 3.99

Solved to a final volume of 500ml with,B, 1:20 diluted before requirement.

2.3 Line assay

For the line assay, each recombinant antigen wdigsidually dissolved in anodic solution

I (25 mM Tris buffer, 20% Methanol, pH 10.4), andded into a separate line of a slot
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blot apparatus (Miniblotter 45, Immunetics; CambadMA). Proteins were then allowed
to bind in horizontal lines to the membrane for @is at room temperature. Protein
binding was assessed by staining membranes withelRarS. After being destained with
distilled waterand blocked in blocking solution (5% milk in TBSThe membranes were
cut vertically into 3- to 4-mm-wide strips and it@ed overnight at room temperature
with human sera diluted 1:200. Bound antibody wastected with horseradish
peroxidase-labeled rabbit anti-human I1gG secondamiibody. Between incubations,
membranes were washed three times with TBST, 5fonieach washing. Positive signals
were detected with 0.5mg/ml diaminobenzidine solutand the reaction was stopped by

1N sulfuric acid (HSQy) (all the buffers were the same as in sectiorB2.2.

2.4 Fn-binding assays

2.4.1 Western-ligand blot-based binding assay

Proteins were separated by SDS-PAGE gel and tnaedfdo NC membranes. The
membranes were incubated first with 5ug/ml human tRan with a 1:500 dilution of
polyclonal rabbit anti-human Fn, and finally withl1al.000 dilution of polyclonal swine
anti-rabbit immunoglobulins/ HRP conjugate (in TBS™Prior to the first incubation,
membranes were blocked with 5% milk in TBST forduhat 37 C. Between incubations,
membranes were washed three times with 10ml TBS3mbtanes were developed using

0.5mg/ml diaminobenzidine and stopped by 1)$6,.

2.4.2 Immunoblot-based inhibition assays

On the one hand, purified proteins (0.5 pg/lanejewseparated by SDS-PAGE gel and
electroblotted onto NC membrane. On the other haimighs carrying the purified proteins
(100 pg/ml) for line assay were prepared as desgrib section 2.3. Prior to incubation
with Fn, the blots or strips were first incubatedwincreasing concentrations of either
collagen, gelatin, BSA or decorin (in TBST bufféoy 1 h at 37 C. The following steps

for binding assays were the same as in sectioth.2.4.
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2.4.3 ELISA-based binding assay

An enzyme-linked immunosorbent assay (ELISA)-badeubinding test was also
performed. Briefly, Nunc 96-well microtitre plategere coated with the different purified
recombinant proteins (0.01 or 0.05 pg/well) andubated overnight at°4C in 0.1 M
carbonate buffer, pH 9.6. The plates were washedashing buffer consisted of PBS
containing 0.05% (v/v) Tween 20 (PBST) and therckdal for 1 h with 5% skimmed milk
powder in 0.1 M carbonate buffer. After blockingetplates were incubated first with
human Fn (0.1 or 0.2 pg/nh PBST), then with a 1:800 dilution of polyclonabbit
anti-human Fn, and finally with a 1:1.000 diluticof polyclonal swine anti-rabbit
immunoglobulins/ HRP conjugate. Each incubation waedormed at 37 C for 1 hour.
Between incubations, the plates were thoroughlyheddor 4 times with washing buffer.
After a final wash, 200 ul of o-phenylenediaminbydirochloride (SIGMAFAST™ OPD)
substrate (to dissolve one OPD tablet and onehy@agen peroxide/buffer tablet in 20 ml
of water to get a final concentration of 0.4 mg®#RD, 0.4 mg/ml urea hydrogen peroxide,
and 0.05 M phosphate-citrate, pH 5.0) was addedd¢h well and incubated in the dark for
30 min at room temperature. Reactions were theppstb by adding 50 pl of 3 MJ80, to

each well and the absorbance was measured at 482 aamELISA reader.
2.4.4 ELISA-based inhibition assay

To map the functional domain of Fn that interacih\BBK32 proteins, as described above,
the microtitre plates were coated with purifiedtpnes with an amount of 0.05ug protein
per well and blocked with skimmed milk powder smnt Before adding to the plates,
human Fn (0.1 pg/ml) was incubated for 1h at & with diluent only or increasing
concentrations of either BSA, gelatin or collag@fter this incubation step, the Fn was
added to the plates. The following steps for bigdassays were the same as in section

2.4.3.

2.4.5 Statistical analysis

In ELISA based binding assays, for each conceotratf proteins three independent
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experiments (each in duplicate) were performed.damh concentration of Fn, 3 assays in
duplicate were conducted. In the ELISA based itinbitests, for each concentration of
gelatin, collagen or BSA, three independent asgagsh in duplicate) were carried out.
Average of the absorbance value from the dupliosgis in each independent experiment
was calculated first. Later, mean and standardatiewi (SD) of the three averages were
calculated. The two sets of averages (each witlhurfBbers) from two different proteins

were analyzed using Studentigest. Statistical significance was accepted whea t

P-values were less than 0.05.

2.5 Sequence analysis

BLAST-search analysis was used for the search ohdhmgous sequences. Sequence
alignment was carried out with the Lasergene saotivpackage for Windows (DNASTAR,

Madison, WI) or with the DNAMAN version 5.2.9 sofane.

2.6 GenBank accession numbers

GenBank accession numbersbk32genes related to this study are listed in Table D-

Table D-4. GenBank accession numbers dbk32 genes

Species Isolate Accession number
B. burgdorferi s.s B31 NP_045605

156a YP_002477384
1A AF472532
PKall FJ997275

B.garini PHel Figodlds
PBI FJ997277
TN FJ997278
50 AF472531
40 AF472529
46 AF472530

B.afmlii PKo Fioo7276
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ACA-1
570
600
1082
A91

YP_002455579
AF472526
AF472528
AF472527
AF472525

49



RESULTS

E. RESULTS

1. Localization of thebbk32 gene in the genomes of differens.

burgdorferi s.l. strains

Borrelia burgdorferis.s. contains a segmented genome that includeslg 910 kb linear
chromosome and as many as 23 circular and lin@anpdls, ranging in size from 5 kb to
56 kb (Fraseet al, 1997; Stevensoet al, 1997; 1998; Casjeret al, 2000; Milleret al,
2000). The Ip36 plasmid of strain B31 is a linelsmid of approximately 36kb encoding
54 putative open reading frames (ORFs), seven afhwdippear to be pseudogenes (Fraser
et al, 1997; Casjenst al, 2000). Of the few genes on |p36 that have atpetdunction
(Casjenst al, 2000),bbk32has been shown to encode a Fn-binding proteirb@rand
Johnson, 1998; Probesat al,, 2001) that may be involved Bl burgdorferis.s. mammalian
infectivity (Li et al, 2006; Seshet al, 2006). Former study suggested genes carried by
Ip36 in B31 are often found on 24-29kbp linear plats in other isolates (Palmet al,
2000). Here we described the plasmid profile of entinan twenty isolates of four
pathogenic borrelial species and the distributibrblok32 genes on these plasmids by

PFGE and southern blot.

1.1 Probes for hybridization

To preparebbk32 probes, gene fragments bbk32 with sizes of around 580 bp were
generated by PCR (Fig. E-1) amplification of genomNA isolated fromB. burgdorferi
s.s. B31B. garinii PBi, andB. afzeliiPKo with gene specific primer pairs (Forward Pd an
Reverse P3) and confirmed by sequencing. Compadédime 3 fragments was shown in
Fig. E-2. The fragments dibk32 from those isolates shared identities from 82.6%6 t
92.6%. The threbbk32PCR fragments were then labeled with horseradisbxidase and
mixed at a concentration of 10 ng/ml for each pradehybridize bbk32 genes on the

genome of a various of strains®fburgdorferis.|..
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M B31 PBi PKo

1031+

TR
i
Bt

Fig. E-1. Amplified bbk32 gene fragments for preparing the probes

PCR productamplified from genomic DNA from isolates B31, PBicaPKo were

a 2% agarose gel. Laiewas the DNA standard ladder.
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1.2 Localization ofbbk32 among strains

Genomic DNA of 23 isolates d8. burgdorferis.l. were separated by Pulsed Field Gel
Electrophoresis (PFGE) and transferred oHfgbond-N+ nylon membrane aniobk32
genes were probed with the abgwepared probes. Results in Fig. E-3 showed that th
localizations obbk32were quite various among different species, argheéw one species,
the localization was different from strains. As\poeisly reportedbbk32was localized on
the 36 kbp linear plasmid (Ip36) &. burgdorferis.s. B31 (Fraseet al, 1997) and the
same pattern was seen in strain PKa2 (K7/40), hemte localization of the gene was on
a plasmid with a size of around 32kb in strain NB@. E-3, a)bbk32was localized to the
25kbp linear plasmid in botB. garinii (PBi) andB. afzelii (PKo). The gene was not
detected in strains PRui and PBo (Fig. E-3, b gnthd. spielmanij signals were detected
on plasmids with comparable sizes between 23kbp28ktp by using thébk32probes.
Hybridization signals were not obtained from stsatMai, PSig and DSM (Fig. E-3, d).
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'PBi 109/6:
PBi 196/¢
PBi 192/30!
PBi 109/6:
PBi 196/¢

kb kb
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24.8 24.8
22.6 22.6
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29.9p 29.9
24.8p 24.8
22.6%» 22.6

19.4

Fig. E-3. Detection of thebbk32 gene in the genomes dBorrelia burgdorferi s.l. strains. DNAs
from representativB. burgdorferis.l. isolates (indicated above each lane) weraraggdby PFGE, th
gel was stained with ethidium bromide (left panmekeach group), and the DNA was transferred

membranes for hybridization analysis with label#ak32 probes (right panel in each group).B,
burgdorferis.s strains; B. garinii strains; cB. afzeliistrains; and dB. spielmaniistrains
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2. Comparative assay of Fn-binding capacities of B&32

proteins from B31 and PHei

For many bacterial pathogens, attachment to thest fissues is believed to be a critical
step during colonization and is typically mediatadadhesins, i.e., surface proteins that
promote bacterial attachment to host cells (Firdagl, 1997; Jolet al, 1999; Menzies,
2003). ForB. burgdorferis.l., their infectious processes require mobilarafrom the tick
vector following a blood meal into a mammalian hobkere colonization occurs within the
dermis (Duray, 1989; Asbrinkt al, 1990; Malaneet al, 1991). This location is rich in
extracellular matrix (ECM) molecules such as Fnjagen, and elastin (Cabellet al,
2007; Coburnet al, 2005). Following deposition in the dermis, Bdige bind to host
ligands from which they replicate and dissemindteughout the infected host. Most
strikingly, it has become clear that the pathogensode several adhesion molecules
including the Fn-binding protein BBK32, the decebimding proteins DbpA and DbpB,
the integrin-binding protein P66, and the glycosaglycan-binding protein Bgp (Coburn
et al, 1999; Guoet al, 1998; Parveeret al, 2000; Proberiet al, 1998). All these
molecules might run a role in promoting the attaehtrof Borreliae to cell surfaces or to
components of ECM, reinforcing the notion that agiive is critical to the biology oB.
burgdorferiand the pathogenesis of Lyme disease (Fig. E-d@eet al, 2005).

The Fn-binding protein BBK32 was originally idergil by Probert and Johnson (1998).
The Fn-binding feature of the BBK32 and the biocloeatnmechanism of the binding have
already been elucidated (Kimt al, 2004; Proberet al, 2001; Raibaucet al, 2005).
Overexpression of BBK32 protein in high-passd&yeburgdorferi strain that lacks this
protein enhances the organism’s binding to Fn, @l as to glycosaminoglycans (Fischer
et al, 2006). Furthermore, inactivation lobk32gene in infectious strains Bf burgdorferi
reduced spirochetal binding to Fn, as well asrifedtivity in mice (Seshet al, 2006),
although the mutations had no apparent defectck tectors (Liet al, 2006). These
findings suggested that BBK32 might play an impatrtale in the adhesion and invasion

activities ofB. burgdorferito its host tissues.
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Fig. E-4. Summary of interactions betweerB. burgdorferi and host cells.Top: In the starvetkode:
tick, OspA promotes attachment of the spirochetmittgut epithelial cells by recognition of TROS
on the epithelial cell surface. (Photo providedhs American Lyme Disease Foundation.) Bottam: |
the north-eastern USA, thieromyscusnouse is a natural host fBr burgdorferi.(Photo provided t
S. Telford.) Attachment of the spirochete to maniamakells can be mediated by DbpA or Dt
which recognize decorin or GAGs, BBK32, which remiags fibronectin or GAGs, or P66, wh
recognizes integringn addition, Bgp recognizes GAGs, however, an ieagent role for Bgp in c
attachment is not well established.

TROSPA: tick receptor for OspAGAG: glycosaminoglycand3gp: Borrelia GAG-binding protein;
Fn: Fibronectin

(Figure remodeled from Coburnet al., 2005)

BBK32 consists of a C-terminal globular domain asa N-terminal region lacking
well-defined secondary structure (Kiet al, 2004). In prior studies, the Fn-binding
activity of BBK32 was localized to a 32-amino atwehg segment within the unstructured

domain. This ligand binding segment was shown &resl81-91% amino acid sequence
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identity with the homologous proteins encodedbink32 genes oB. burgdorferis.s.,B.
garinii andB. afzelii(Probertet al, 2001). From the observation that gelatin cowadiglly
inhibit the binding of Fn to BBK32 and BBK32 coubibck the interaction of gelatin with
Fn, it was speculated that the region of Fn boupndBBK32 overlapped with the Fn
domain that binds gelatin and collagen (Probeel, 1998).

A former Ph.D student in our laboratory, Dr. Chase Heimerl, found that the BBK32 of
B. garinii isolate PHei possesses a stronger Fn-binding itgphaan that oB. burgdorferi
s.s B31 (C. Heimerl doctoral thesis, 2005) (Figb)E-n this section the molecular

mechanism of the difference will be elucidated.
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Fig. E-5. BBK32 (PHei) exhibited a stronger Fn-binthg capacity than BBK32 (B31)(Result of C
Heimerl doctoral thesis, 2005)
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2.1.bbk32 gene fragment cloning and mutation construction

Former study indicated that the Fn-binding actiwfyBBK32 was localized to a 32-amino
acid-long segment within the N-terminal unstructuregion(Probertet al, 2001). In this
work, Fn-binding capacities of the N-terminal reggp and especially the 32-amino
acid-long segments, of BBK32 proteins of PHei ar3d Bvill be intensively investigated.
Sequence alignment showed that 4 amino acids sn3®iamino acid-long segment were
different between the two strains (Fig. E-6). Tleme, we suspected that the variation of

the 4 amino acids might be responsible for theetiffit Fn-binding capacities.

EIlE " ENKEESPGLFDEGES 2 L KK G K5 KIS
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PHei Kl { ! 5 A Q v g Z Z I K ek
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gy 133

B3l
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176
152
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Fig. E-6. Schematic showing the arrangement of Fnifding sites in BBK32 from B. burgdorferi
and BBK32 sequence comparison between B31 and PHEhe NTD/NTDbinding sites are shown
dark gray, and the GBD/GBDinding sites are shown in light gray. The 32 ananils responsible f
the Fn binding activities of the proteins were feinNTD: N-terminal domain; GBD: gelathindinc
domain. (The figure was partially modified from Rlaaudet al.,2005)
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In this case, the whole BBK32 N-terminal regionboth B31 and PHei was produced as
both 3 independent segments (including the 32-araid-long segment, segments before
and after the 32 amino acids) or as a whole. Dmiatiutations without the 32 amino acids
and site-specific point mutations were also inctbdéompared with BBK32 from B31,
there is a six-amino acid-insertion (YYEDDY) in BBKR from PHei, a whole BBK32

N-terminal region of PHei including those additibGamino acids will be also prepared.

2.1.1 PCR amplification ofbbk32 fragments

Based on comparison of the BBK32 N-terminal domah®&Hei and B31, eight primers
were designed. The locations of the eight primetst® P8 at the compareobk32
sequences of strains B31 and PHei were illustratdelg. E-7. By using the primer pairs
listed in Table E-1, totally ninkbk32gene segments with expected sizes were succegssfull
generated by PCR amplification of genomic DNA isetafrom B31 and PHei (Fig. E-8).
Amplified PCR products were purified using a Higiw® PCR product Kit and cloned into
pGEM-T-easy vector and sequenced. Sequencing seshdived that all the gene segments

were successfully cloned. Detail sequence informnatiere shown in appendix A and B.

Table E-1. Primer pairs and their targeted bbk32 gene fragments for protein

expression
Isolate Primer pair Target gene fragment
B. burgdorferis.s. B31 P1 and P4 bbk32g31 (73-300)
P6 and P7 bbk32g31 (391-486)
P8 and P2 bbk32g31 (487-600)
P1 and P2 bbk32g31 (73-600)
'B.gariniPHei | PLandPs bbk32ere rasey
P6 and P7 bbk32pHei (391-486)
P8 and P2 bbk32pei (a87-600)
P1 and P2 bbk32pei (73-600)
P1 and P3 bbk32phei (73-618)
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bbk3ZB31  ATGAAAAAAGTTAAAAGTAAATATTTGGCTTTGGGATTACTTTTTGGTT
bbk32 PHel ATGAABAAAGT TAAAAGTAAATATTTRAGCTTTGGGATTACTTTTTGGETTTTA 2
P1

bbk3ZB31 TAAGTTGTGATTTATTCATAMGATATGAAATGAAAGAGGAATCCCCTGECTT 104
bbk3ZPHei TAAGTTGTGATTTATTCATAMGATATGAAATGAAAGAGGAATCCCCTGECTT 104

bbk3ZB31 ATTTGATAAGGGAAACTCTATTTTAGAGACTAGCGAGGAATCTATTAAAAAG 156
bbk3ZPHel ATTTGATAAGGGAAACTCTATTTTAGAGACTAGCGAGGAATCTATTAAAAAG 156

bbk32B31 CCTATGAATAAGAAAGGTAAAGGTAAGATTGCTAGAAAGAAAGGLAAAAGCA 208
bbk3ZPHei CCTATGAATAAGAAAGGMAAAGGTAAGATTGCMAGAAAGAAMGGEAALAGCA 208
bbk32B31  AGGTTTCTAGAAAAGAACCOTATATTCATAGTTTAAAAAGGGACTCTGCTAA 260
bbk3ZPHei AGGTTTCTEGAAAAGAACCGTHTATTCATAGTTTIAAAAGEGACEICTGCTAS 260

bbk32B31 TAAAAGCAATTTTTTACAAA

AAAATGTAATTT 312
bbkiz PHei TAAAAGCAATTTTTTACAAAAAAATGTAATET

GAGGAAGAAAGTTTAAAA
GAGGAAGAAAGTTTAAAA 312
bbk3ZB31  ACTGAATTATTAAAAGAGCAATCTGAGACTAGAAAAGAALAAATACAAALAC 364

bbk3ZPHei ACTGAATTATTAAAAGAGCAATCTGAGACTAGAALAGAAAAAATACALAAAAC 364

PE
——
TaAAGEGATGAC|CAAGGAAGTTTAAATTCCCTITAGCGGE 416
TAAAGEHG ATTCCCT]

bbk3ZB31  AACAAGATGAATA
bbk3Z PHei AACAAGATGAATA

ATEAC AAGEAAGTTTAA Ta&GCGGE 416
—
P7
bbk3z B31 TOAAAGTGGTGAATTOGOAGGAGLCTATTGAAAGTAATOAAATTGATCTTACT 463
bbk3ZPHei TGAAAGTEGTGAATTGEAAGEAGECTATTGAAAGMAATGAAATTGATATTACT 463
P5 or P
e
bbk3z B31 ATAGATTCTEGATT TAAGQCCAAAGAGTTCCTTACAAGGCATTGCAGGATCAA B20
bbk32 PHei ATﬁgﬁTTCTGATTTﬁAGGCCAAﬁGﬁGTTCCTTﬁCﬁAGMCﬁTTGCﬁGGﬁTCAA 520
P
bhk3z B3l ACTCTATTTCATACACTGATGAAATAGAGGAAGAGGATTATGATCAGTATTA &2
bbk3Z PHei ACTCTATTTCATACACTGATGAAATAGAGGAAGAGRATTATGEMTCEGTATTA 572
bbk3z B31 TTTAGATOGAATIATOATGAAGAGGATGA 600
bhk32 PHei TTTAGATGAA ATGATGAﬁGﬁnGﬁTGﬁAhATTATGﬁﬁGﬁTGﬁTTAﬂ g18
- = - Pz
Z <

Fig. E-7. Locations of the 8 primers at the compak bbk32 gene fragments encoding i
N-terminal regions of B. burgdorferi s.s. strain B31 andB. garinii strain PHei. Positions of th
corresponding primers were framed and labelled aitbws.

Fig. E-8. Agarose gel electrophoresis analysis bifk32 PCR products

PCR products were resolved through a 2.5% agarm@seé.@nes 1 to 9 werkbk32gs; (73.390) bbk3233;
(391-486) bbk32g3; (487-600) bbk32g3; (73-600) bbk32pei (73-390) bbk32ppei (391-486) bbk32pei (487-600) bbk32
pHei (73-600aNADDK32p1ei (73-618) respectively. Lankl was the DNA standard ladder.
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2.1.2 Construction of thebbk32 deletion mutations

The strategy of construction @bk32 deletion mutations was shown in Fig.E-9. Firstly,
four gene segments bbk32from position 73 to 390 and from 487 to 600 wemgkfied
from genomic DNA of strain B31 and PHei, respedtivasing the two pairs of primers
(P1 and P4; and, P5 and P2) in Table E-2. AmpliR€&R products were purified using a
High Pure PCR product Kit. After being digestedhaidseH I, the two segments were
ligated together. The ligation product was PCR dfepl with primer pairs P1 and P2.
Sizes of the amplified PCR products and the ligatmoduct (PCR amplified) were
evaluated on an agarose gel as shown in Fig.E-46.li§ation product was cloned into
pGEM-T-easy vector and sequenced. Sequencing seshtiwed that nucleotides from
position 391 to 486 were successfully deleted fthenwild type genes. The two deletion
mutations were designatdabk32neiA (391-486)aNd bbk3231 A (301-486), respectively. Their

sequences were shownappendix A and B

hhk32 ORF
73 W0 47 &0
bhk32 template _ |
—t- - —ti
F1 P4 P P2
l PCR
BamH I BsaH f BzqH1 FKhol
PCR fragments —!1 73300 - AeEre -
I .BsaH 1 digestion
Il .TADNA lization
EamH I Fho I
2hk%32 deletion mutation 75390 [ &57-600 -

Fig. E-9. A schematic presentation of constructionf bbk32 deletion mutations
DNA fragments before and after nucleotide posit8891l to 486 were PCR amplified and ligate:

construct deletion mUtatidDbk32PHeiA (391_486)andbbk32331 A (391-486)
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Table E-2. Primer pairs and targeted products for @életion mutation construction

Isolate Primer pair Target gene fragment
B. garinii PHei P1 and P4 bbk32pHei (73-390)

P5 and P2 bbk32pHei (a87-600)
B. burgdorferis.s. B31 P1 and P4 bbk32g31 (73-300)

P5 and P2 bbk32g31 (487-600)

Fig. E-10. Agarose gel electrophoresis analysis BCR products for construction of bbk32 deletior
mutations and their ligation products. a. gene fragments from PHei and bng fragments from B:
M. DNA standard ladder; Lane fibk3273.390) lane 2bbk32g7.600)and lane 3bbk32A (391.4g6)

2.1.3 Construction of site-specific point mutations

A strategy as shown in Fig.E-11 was used to cocisthe site-specific point mutations.
Purified PCR productbbk32g31 (73-600)andbbk32p1ei (73-600)(Table E-1) were digested with
FastDigest™Haelll and thus each of the DNA fragments was cleavexitimb fragments
with different lengths. The shorter digestion segtrfeom B31 was ligated to the longer
part of PHei, while the shorter one from PHei waisgd to the longer one of B31. The
ligation products were then followed a digestiorFastDigest™BstF51 and the generated
DNA fragments were exchanged in the same way. Boaguee ligation of two fragments
with their right direction (ligation happens at tbieds with the same restriction site of the
two fragments), ligated products were always PCRIdied with a primer pair (P1 and P2)
after each ligation and the amplified PCR produatse cloned into pGEM-T easy vector
and confirmed by sequencing. Sequencing resulterethdhat nucleotides from position
390 to 486 were successfully exchanged betweemgatsbbk32z31 (73-600)andbbk32pei
73-600)@nd thus they had the substituted nucleotide segseof (391A, 433A, 439A, 450C
and 463A), and (391C, 433G, 439C, 450T and 463Spectively (see appendix A and B).

The pI’OdUCGd 2 mutations were nanhm32331 (73-389) PHei (390-486) B31 (437-6@ndbbk32p|-|ei
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(73-389) B31 (390-486) PHei (487-600f€Spectively. Hereafter, these two mutationdlnk32 were
denoted asbbk323173600) ™" and bbk3Znei (73600 -, respectively. The encoded
corresponding polypeptides of the two mutationsendgsignated BBK32; (25200 and
BBK32phei 25-200) ", respectively. The deduced amino acid sequentieedBBK 3231 (25-200)
™! had substituted amino acids of lysisielysineuss threonings; and isoleucings, while
that of BBK32wuei (252000 had substituted ones of glutaming glutamic acigs,
proline47 and leucing;s (Fig. E-13).

Bs¢F51 Hae 111 EsiF5l Hae 111

|—mmr:- J A_—Imtm-mjw\m-_@jb ST }m1¢3@&4&53>33ms?.m>

Hiee I digestion and exchange
BstFil Hae 111 Bt FS Hae III

T >|PHE‘L(3BJ-4&S]> el ] > ) } B ¢3gu4as;>m>

Fst F51 digestion and exchange

B3] (T2-380) | PHe (300-4560, _S[B3] (4876001 [ PHei [73-280],

B3 2 p31 przem ™2 bhl32 pra 73600 ™T

Fig. E-11. A schematic presentation of constructionf bbk32 site-specific point mutations
Nucleotides from position 390 to 486 of wild typadmentsbbk32s3; (73-600)aNADOK321ei (73-600)VETE
exchanged between the two fragments by restricimzyme treatment and ligation to produgane

segment®dbk323; (73.600) " aNdbbk32pei 73.600) > rESpectively.

2.2 Construction of expression plasmids

The 13bbk32 gene segments (Table E-3) generated in sectiorw2ré cleaved from
recombinant cloning plasmids, pGEM-T easy vectarceovingbbk32segments, bganmH

I andXhol double digestion. Obtaindabk32fragments were introduced into tBarmH

[ /Xhol restriction sites of the linearized expressionteepGEX by T,DNA ligase to
construct expression plasmids pGBEk32 (bbk32 any one of the 13 fragments)
(Fig.E-12). Inserts of the constructed expressiasmids were confirmed by sequencing.
Results showed that all the bBk32fragments were successfully inserted into theorsct

The deduced amino acid sequences dildkB2fragments were shown in Fig.E-13.
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BamH 1 bbk32 fragment Xho |
<
i 1
GGC GCACCT AG C GCC GGC
CCG CGTG TC GAG,CGG CCG

BamH | Xho |

pSj10ABam7Stop7

~4900 bp

Nar |

EcoR V AlwN |

BssH Il

Apa |

BR322
BstE Il P o

Miu |

Fig. E-12. A scheme of introduction ofbbk32 gene fragments into the restriction siteof the

linearized pGEX vector. The red bar indicates any one of thebb&32fragments.

Table E-3.bbk32 gene fragments and their corresponding polypeptide

Gene segments Polypeptide names Predicted MW (kDa)*
bbk32g31 (73-600) BBK32 g31 (25-200) a7
bbk32s31 (73-600) ™" BBK32 g3t (25-200)™" 47
bbk32g31 A (391-486) BBK32 g31A (131-162) 43
bbk32g31 (73-300) BBK32 g31 (25-130) 39
bbk32s31 (391-486) BBK32 31 (131-162) 30
bbk32g31 (487-600) BBK32 g31 (163-200) 31
bbk32pei (73-618) BBK32 piei (25-206) a7
bbk32pHei (73-600) BBK32 phei (25-200) 46
bbk32ptei (73-600) " BBK32 prei (25-200) 46
bbk32pHeiA (391-486) BBKS32 pHeiA (131-162) 43
bbk32pHei (73-390) BBK32 prei (25-130) 39
bbk32pHei (391-486) BBK32 phei (131-162) 20
bbk32pHei (487-600) BBK32 prei (163-200) 31

* Molecular masses here referred to those of GST-BBKiBion proteins, the vector expressing GST
protein’'s MW 26kDa was added to MWs for every pelptides.
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BEK.32 PHeil 25-205)
BEK.32 PHeil 25-200)
BEK32 B31¢25-200)
BBK32 PHeit25-200; Mt
BEK.32 B31¢25-200 mut
BEK3? PHei Af391-486)
BEK32 B31A (391-485)
BEK.32 PHei(25-130)
BEK3Z B31(25-130
BEK32 PHeit 131-162)
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BEK32 PHeil 25-206)
BBK.32 PHeil 25-200)
BBEK3Z B31(25-200)
BBK.32 PHei(25-20mmMut
BEK32 B31¢25-200mut
BEK32 PHei AC391-436)
BBE32 B31.A (391-486)
BBEK32 PHei( 251300
BEK.3Z2 B31(25-130) (]

BBE32 PHeif131-162) SLMNSLSGESG 5N ) DSDLHA
BBEKIZ B310131-162) (1 WS LS GESG i ) D5DLA
BBE32 PHeil 163-200)
BBEK32 B31(163-200)

BEK32 PHei( 25-208)
BEK 32 PHeil ?5-2000)
BEK32 B31{25-200)
BBK32 PHeif25-200;M4t
BBKIZ BI1(25-200mut

BEK3Z PHeiA{391-406) g 144
BER3Z B314A (391-486 s L0115 AV ) 1Y D OYYLDEYD . 144
BEK.3Z PHeif25-130) 106
BEK3Z B31(25-130) 106
BEK.3Z PHei{131-162) 32
BEK.3Z B31(131-162) 32
BBk.32 PHei{163-200) 3 ) 1 ‘LD ) ) i
BBK32 B31(163-200) B

Fig. E-13. Comparison of the deduced amino acid segnces of BBK32 polypeptides.

Protein fragments of the wild type BBK32 from bd@B1 and PHei and the generated mutations
compared using the ClustalV method in MegAlign comgnt of the Lasergene software packag
Windows (DNASTAR, hadison, VI).

2.3 Protein expression irk. coli and detection

The constructed expression plasmids, pGEX inseibgd bbk32 fragments, were
transformed into BL21(DE3)pLysS competent cells gmdtein expression was then

induced with IPTGE. coli expressing BBK32 recombinant polypeptides weredyand
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analyzed by SDS-PAGE electrophoresis. Results sthdiasg all the recombinant proteins
fused with GST were successfully expressed withr thgected sizes. A control protein, a
28-kDa GST, was also produced from the expressaxtoy, following induction with
IPTG (Fig. E-14, top panel).

To confirm their borrelial origin of the observeecombinant proteins in SDS-PAGE gels,
lysate of recombinart. coli expressing different protein fragments of BBK32dxminal

regions of strain B31 and PHei were transferredN®© membranes for Western blot
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Fig. E-14. SDS-PAGE and Western blot analysis of BE82-GST fusion proteins

Recombinant proteins were separated by $B&E and resolved proteins were either viewed dirdxy
staining the gel with Coomassie brilliant blue ranisferred to Nitrocallose (NC) membrane for West
blot analysis. The membranes were immunoblottetl Wi same secondary antibody, swine eatiibit
IgG-HRP conjugate. Prior to this, two membranesewnacubated with rabbit anti-BBK32; polyclona
serum (1:750 diluted), while the other two wereuipated with normal rabbgterum as negative contre
All the proteins were fused with GST and proteimd®in (SDSPAGE) were marked with arrowsd)).

M was the molecular weight marker.
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analysis. Results showed that except BBi32131-162),all the other BBK32 fragments
were recognized by the rabbit anti-BBKgg) polyclonal serum, while the control protein
GST was not (Fig. E-14, middle panel). Serum ctdieécdrom a normal rabbit did not
recognize any band on the blots (Fig. E-14, botpamnel). Some minor immunoreactive
bands of lower MW than the dominant bands probatdye degradation products of

BBK32.

2.4 Qualitative Fn-binding analysis

So far 13 polypeptides representing different paftshe N- terminal regions and some
corresponding mutations as well of BBK32 proteireyevproduced (Table E-3, Fig. F-14).
Fig. E-15 illustrated the basic structures of latide prepared polypeptides.

[ BET I I | I | BBEZ32ps1 25200
| BET | | BBE 32 pa1 (zs13m
B31 [ BET | 1] BBE 32 pa1 3116
| BET | | BEEK3Z ps1neam
| GET T I | BBE 32g31 & 131168n
[ EET I I | BBE32 pa1 zsooo™
fgf [ e B Y Y A R )
BBE32 pHei(zs20)
BBE 32 pHsizs130)
PHei < I iy I | BBE 32 pHeiq131-162)
BEE 32 pHei(163-200)
BBE 32 peil(131-162)

R S — e R e R

Fig. E-15. lllustration of basic structures of thel3 BBK32 polypeptides.

Position of amino acid residues

In strain B31|:| position 25-13D position 13(:’121|:| position 163-200.

In strain PHei. position 25-13(|:| position 1B32; . position 163-20d:| position 201-206.
[ GsT

I:' K131, Kias, Tra7and kss

i Qu31, Eya5 Prgzand Liss
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To evaluate whether those polypeptides exhibitingbiading capacities or not, qualitative
binding analysis was carried out with non-purifig@écombinant proteins in a
Western-ligand blot-based binding assay. ResultSign E-16 showed that the 32 amino
acids from position 131 to 162 of BBK32 were almastponsible for the full Fn-binding
capacities of the proteins, while amino acids befand after this region had no or quite
weak binding capacities. This was further provedhsyweak Fn-binding capacities of the
two deletion mutations BBK321 A (131-1627@and BBK32nei A (131-162) Which did not contain
the 32 amino acids in their middle parts. Resuls® ahowed that both the site-specific
point mutations and the wild type N-terminal regionf BBK32 had quite strong
Fn-binding capacities. Since all the recombinantgins were fused with GST, Fn-binding
capacity of GST protein was also examined. Resnitgated that GST protein had no
binding capacity to Fn. This suggested the BBK3gtide segments were responsible for

the whole Fn-binding capacities in the GST-BBK3&idm proteins. Non-specific reactions

might be caused by overloading or degradation atigms.
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Fig. E-16. Western-ligand blot based fibronectin-mding assay of non-purified BBK32 proteins
Recombinant proteins were separated by SDS-PAGE teatsferred to NC membranes. The
membranes were incubated first with human fibranedhen with polyclonal rabbit antiumar
fibronectin, and finally with polyclonal swine amtbbit IgG-HRPconjugate. All the proteins we

fused with GST. M was the molecular weight marlk&d).
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2.5 Purification of the seven polypeptides exhibiig strong

Fn-binding capacity

For further quantitative analysis of the Fn-bindoapacities of BBK32 polypeptides, the
seven GST fusion proteins showing strong Fn-bindoagacities were purified with
Glutathione Sepharose 4 Fast Flow beads. Proteiceotrations were determined by the
Bradford method (Bradford, 1976) using the standard/e prepared by application of
BSA as a protein standard (Fig. E-17). The finalcemtration of each purified protein was
brought to 100 pg/ml either by dilution with PBS ooncentrated using Vivaspin
concentrators following the manufacturer’s instimct The purity of the purified proteins
was monitored by SDS-PAGE and Western blot. Resodtisated 6 out of the 7 BBK32
polypeptides could be recognized by rabbit anti-BBdg; polyclonal serum, while rabbit
anti-E. coliserum did not detect any protein bands on the Blétough BBK32pyei (131-162)
could not be recognized by anti-BBKg32 polyclonal serum, the presence of a single band
only on the SDS-PAGE gel and non-reactivity withi-d&h coli polyclonal serum argued
for successful purification of the respective aatigqFig. E-18). Taken together, 7 proteins
were regarded as pure enough for further invesbigst BBK32 phei (131-162) BBK32 31
(131-162) BBK32 priei (252000 ™", BBK32 531 (252000, BBK32 piei (252000 BBK32 531 (25-200)

and BBK32ppei (25-206) respectively.

0D595

2 4 6 8 10 12

Concentration (ug/ml)

Fig. E-17. Standard curve for the Bio-Rad Protein Ncroassay (112 pg/ml) prepared from bovine

serum albumin.
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Fig. E-18. SDS-PAGE and western blot analysis of ¢h7 purified BBK32-GST fusion proteins

Purified proteins were separated by SPSSE and then stained with Coomassie brilliant tde
transferred to NC membranes. The membranes werdaited with the same secondary antic
swine anti-rabbit IgG-HRP conjugate. Prior to tmembrane in the middle was incubated wéthbi
anti-BBK32s3; polyclonal antiserum, while membrane at bottom imasbated with rabbit ani- coli

polyclonal antiserum. All the proteins were fusethvcST. M was the molecular weight marker.

2.6 Quantitative Fn-binding assay

To quantitatively compare the Fn-binding capaciteBBK32 from strains B31 and PHei,
ELISA-based binding tests were performed usingstheen purified BBK32 polypeptides.
Microtitre plates were coated with 0.01 or 0.05wadl of each of the purified recombinant
proteins overnight. Immobilized BBK32 proteins onhetplates were incubated with
0.1pg/ml human Fn to evaluate their Fn-binding cas. Results (Fig. E-19, panel A)
showed that BBK32Hei 25-200)had a stronger Fn-binding capacity than BBIg3225-200)

(P<0.05 in Student’s-test). Further, in the case of the two 32-aminid &mng-segments,
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Fig. E-19. Binding of human fibronectin to immobilzed BBK32 polypeptides.

Ninety-six-well plates were coated with BBK32 ppiptides and subsequently incubated with ht
fibronectin to determine the capacity of thesegira adhere to fibronectin. The value shown inéi
the mean of three binding assays per peptide tesigdhe errors bars represent the steschdeviatio
observed. A. Microtitre plates were coated with10dy 0.05 pg/well of BBK32 popeptides ar
subsequently incubated with 0.1pug/ml human fibréne®. Microtitre plates were coated with O
pg/well of BBK32 polypeptides and subsequently bated with 0.1 or 0.2 pg/ml human fibronectin.

BBK32pHei (131-162Nd BBK3231 (131-162) the former showed stronger capability to attach t
Fn than the latterR<0.05 in Student’s-test). Sequence alignment showed that 4 amino
acids were different between the two 32-amino doidg-segments. Obviously, the
variation of the 4 residues could be responsibletf® difference in the Fn-binding
capacities. We speculated that the higher Fn-bghdiapacity of the whole BBK32
N-terminal region of strain PHei might also be @by the variation of the 4 amino acids.

To prove our hypothesis, two mutations BBIK3R (25200 (Qus1. Ews Puz and Lss) and
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BBK32531 (252000 (K1s1, Kuas T147 and kss) Were then constructed by exchanging all the 4
amino acids between the whole N-terminal regionBBK32s from PHei and B31. After
substitution of the 4 amino acids, Fn-binding céyaaf the constructed mutant BBK32:i
(25-200)""decreased greatly compared with its wild type BB#3225-200(P<0.05) and even
was the same as that of BBKg3%25-200)(P>0.05). On the contrary, Fn-binding capacity of
BBK32g31 (25200 Was increased to the same intensity as that of 3B (2s-200)
(P>0.05), which was much stronger than that of itisl wpe BBK3231 (25-200y IN addition,
compared with BBK32 from B31, there is a 6 aminadaasertion (YYEDDY, from
position 201 to 206) in BBK32 from isolate PHeit thiese 6 amino acids did not influence
the Fn-binding capacity because BBIK3& (25-200)and BBK32ei (25-206) Showed similar
Fn-binding capacityR>0.05).

In another trail, microtitre plates coated with®j0g/well each of the 7 purified proteins
were incubated with 0.1 or 0.2 pg/ml human Fn. Wise, similar results as above were

again obtained (Fig. E-19, panel B).

2.7 Inhibition of the BBK32-Fn interaction with ligands

Fn contains distinct domains that interact with dreép collagen (gelatin), intergrins and
other plasma and tissue components (Proctor, 1P8ikov and Yamada, 2002; Owens
and Baralle, 1986; Mardon and Grant, 1994; Matsetkal, 1994; Coburret al, 2005).
One study indicated that the region of Fn boundB¥32 overlapped with the Fn domain
that binds gelatin and collagen (Probatral, 1998). A former study also demonstrated the
32-residue peptide (from position 131 to 162 inkherminus of BBK32), which had been
mapped to be the Fn-binding region of the protsimred sequence homology to the
upstream Fn-binding region of an Fn-binding prot¢inBP) (Sfbl) fromStreptococcus
pyogenes(Probertet al 2001). This region of Sfbl had been shown to bindthe
gelatin-binding domain (GBD) of Fn (Tal&y al, 2000). Moreover, it has been shown that,
like FNBPs from other Gram-positive pathogé&taphylococcus aurewmndS. pyogenes
the unstructured N-terminus of BBK32 undergoes gnicant conformational change
upon binding to the F1 module in the N-terminal @ém(NTD) of Fn with an increase in

B -sheet content in the complex (Kiet al, 2005; Raibaueét al, 2005). The observation
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suggests that BBK32 could interact with the NTDFafin a similar manner to that of the
FnBPs ofS. aureusand S. pyogenesTo ascertain the region of Fn that interacts with

BBK32s, we attempted to block specific binding sising some known ligands of Fn.

2.7.1 Western blot-based inhibition test

Samples of purified BBK32 proteins (0.6pg/lane) eveesolved by SDS-PAGE and
transferred to NC membranes for Fn-binding assaysiown in the upper panel in Fig.
E-20, all the purified BBK32 polypeptides exhibitéd-binding capacities. Again we found
BBK32phei (131-162)had a stronger Fn-binding capacity than BBg32i31-162) In the lower

panel, prior to incubation with human Fn, blot garg BBK32 proteins was incubated
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Fig. E-20. Western blot based Fn-binding assay of purified BBR2-GST fusion proteins

Recombinant proteins were separated by ¥B&E and transferred to NC membranes. Succe
incubations of the blots were carried out in hunfifmonectin, polyclonal rabbit antiumat
fibronectin, and polyclonal swine anti-rabbit IgGRRA conjugate. Prior to reaction wittumar
fibronectin, membrane in thieottom panel was incubation with 5mg/ml gelatinl #hle protein

were fused with GST. M was the molecular weightkear
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with 5mg/ml gelatin. Result showed that the Fn-bigdcapacity of BBK3gs1 (131-162£0uld
be inhibited completely by 5 mg/ml gelatin, andagel could also weaken the Fn-binding
capacities of BBK3g31(25.200and BBK32hei (25-200) - as well. The minor bands migrated
faster than the predicted BBK32 fragments did, ssfjgg that degradation of
corresponding BBK32 polypeptides might take pldeig.E-20, lower panel).

2.7.2 Line assay-based inhibition test

Line assay-based binding tests were developedainae inhibition of BBK32 attachment
to Fn. Prior to incubation with human Fn, the bogndteins on the strips were incubated
with increasing concentrations of known Fn ligasdfiagen and gelatin, or with decorin
and BSA as controls. Results showed that with tleeeasing concentrations of collagen
and gelatin, continuous decreases in the Fn-bindemgacity of BBK3231(131-162) Was
observed (Fig. E-21). This suggested both collagehgelatin could inhibit the Fn-binding
capacity of BBK32s1131-1629 While neither BSA nor decorin could affect theaebhment of

BBK32331 (131-162)t0 Fn.

1 2 3 45 123 4! 1 2 3 4! 12 3 4
H . m - N RN O = Em Hm - BBK32PHei(131-162)

BBK32 g31 (131-162)

- EEw N mom mmm W m W BBK32pu 25200 ™"

m = o = 1" = om W Em = m w = BBK32 g3 25200 ™"

N N m m LR - mEEN B om = m BBK32 pyei (25.200)

NN e = CLE IR - m N Em B m = BBK32 g3 (25-200)

m . EE LR ™ mm EEm = om = BBK32 pei (25.206)
Collagen Gelatin BSA Decorin

Fig. E-21. Effect of ligand addition on the interation of BBK32 polypeptides with fibronectin.
Strips with same amount of BBK32 recombinant priteat different positions were preparec
described in Materials and methods. @&ssive incubations of the strips were carriedimtituman Fr
polyclonal rabbit anti-human Fn, and polyclonal msvianti-rabbit IgG-HRPconjugate. Prior -
incubation with human Fn, proteins on the blots eMecubated with increasing concentration:
collagen, gelatin, BSA or Decorin. The concentratiof the 4 ligands from strip 1 to 5 in each gl
were 1, 5, 10, 50 and 100 pg/ml.
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2.7.3 ELISA-based inhibition test

To evaluate the inhibition impact caused by gelatid collagen on the interaction between
BBK32 and Fn in a quantitative manner, an ELISAdaamhibition assay was carried out.
Human Fn was first incubated with diluent only @her gelatin, collagen or BSA before
incubation with the immobilized BBK32 polypeptides the microtitre plates. As shown in
Fig. E-22 (panels A and Bjoth gelatin and collagen could inhibit the attaehiof Fn to
most of the BBK32 polypeptides in a dose dependeatinner P<0.05) (except
BBK32g317131-1627aNd BBK3231 252001 ). Since Fn-binding capacity of BBK83 (131-162)
was not visible at this low concentration (0.05uglyy inhibition impact caused by gelatin
or collagen on it could not be observed. In theeaasBBK32s31(25-200) ™, the addition of
50 pug/ml of gelatin could cause a minor decreasts iRn-binding capacityR<0.05), while
collagen could not inhibit the Fn-binding capaciy BBK32331(25-2003““‘. Moreover,
addition of gelatin and collagen caused a greatabition impact on BBK3gs1(25-200)than

on BBK3Zhei (25-200)and BBK32wei (25-206)(Table E-4). The mutation of the 4 amino acids
in BBK32pHei (25-200)0reatly increased the inhibition effect of botHagj@ and collagen on
BBK32phei 25-200) - binding to Fn. On the contrary, after the mutatidrihe 4 amino acids
in BBK32zg31(25-200) the inhibition impact caused by gelatin and a@iaon BBK3231(25-200)
Mt was reduced dramatically or even no inhibition waserved. These results indicated
that the sites of BBK32 interaction overlapped wité gelatin or collagen binding domains
of Fn. However, BBK32 from isolate B31 might posseshigher percentage of overlap
with the gelatin or collagen binding domain of Fran protein from isolate PHei had. In
contrast, preincubation of Fn with BSA had no dfiee BBK32 polypeptides/ Fn binding
activities (Fig. E-22, panel C).
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Fig. E-22. Effect of preincubation of ligand and fibronectin on BBK32-fibronectin interaction.

Ninety-six-well plates were coated with 0.051g BBK32 polypegsi per well. Before being used to pi

BBK32 proteins in the plates, human Fn was incubatith either diluent or different concentratiorf

ligands.

Ligand in panel A, B dnC were collagen, gelatin and BSA, respectivelye Talue show

indicated the mean of three binding assays peligeeptsted and the errors bars represent the st

deviation observed. Asterisks indicated that thlygarld could significantly inhibithie interaction ¢
BBK32 peptide and Fn (P<0.05
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Table E-4. Effect of preincubation of ligand and Fnon the interaction of BBK32
polypeptides and Fn.

Protein Percent fibronectin binding activity (%) 2

10pg/ml 50pug/ml 10pg/ml 50pug/ml 10pg/ml 50pg/mi

BSA BSA gelatin  gelatin  collagen collagen

BBK32ZpHei (131-162) 99 105 18 7 43 30
BBK32g3; (131-162)b — — — — — —
BBK32ppei 25200 99 91 21 10 44 28
BBK32g3; (25.200)"" 108 108 92 76 97 102
BBK32pHei (25-200) 105 103 77 56 83 80
BBK32g31 (25-200) 101 91 31 10 53 32
BBK32Zphei (25-206) 110 107 89 70 86 74

a. (average absorbance of wells receiving ligaretéaye absorbance of wells receiving diluent)x100.
b. Since Fn-binding capacity of BBK33? (131.162)Was not visible at this low concentration (0.05l),
inhibition impact caused by ligands could not beeybed.

3. Application of recombinant BBK32 in serodiagnos of Lyme

borreliosis

Due to limitations in direct detection & burgdorferis.l. in clinical specimens, antibody
detection methods have been the main laboratoryahtpdiused to support a clinical
diagnosis of Lyme borreliosis. Serological diagsoshould follow the principle of a
two-step procedure: a sensitive enzyme-linked inmsarbent analysis as the first step,
followed by immunoblot (IgM and 1gG) if reactive {Mke et al, 2007a). An in-house
recombinant immunoblot previously developed by Wélsand her colleagues have been
improved significantly by the addition of severdaher antigens such as VISE and DbpA
(Wilske et al, 1999; Schulte-Spechtel et al., 2003, 2006; Geettt al, 2005). As the
improvement of immunoblot for serological test esuable, we checked the suitability of
BBK32 proteins as antigens.

Several studies suggested that BBK32 might be d gotigen in serological diagnosis of
Lyme borreliosis (Heikkildet al, 2002;Lahdenneet al, 2003; Paneliuset al, 2003;

Lahdenneet al, 2006). One investigation also indicated that BBKiragments might

76



RESULTS

improve the early 1IgG serology of Lyme borreliosssnpared to the BBK32 whole protein
(Lahdenneet al, 2006). Moreover, In Europe and Asia, the devalept of a uniform
approach for the serological evaluation of Lymer&lavsis is always complicatdxy the
prevalence of organisms from the three or more gece®f B. burgdorferis.l. and by
the antigenic diversity due to variations in theusnces and expression of immunogenic
proteins in these different Borrelia species (Watgal, 1999b; Barantoret al, 1992;
Robertsoret al, 2000; Roesslegt al, 1997; Goettneet al, 2005; Schulte-Spechtet al,
2003; Schulte-Spechtet al, 2006).

We investigated here the implication of recombinaBK32s in line assay for serological
diagnosis of Lyme borreliosis. In order to covértlaé frequent pathogenic Borrefipecies
that cause human Lyme borreliosis, we prepared &EBhomogoues from different
strains of the three pathogenic borrelial sped@efurgdorferis.s.,B. afzelij andB. garinii.
The respective variant r BBK32s were tested forindeyme borreliosis serolodyy using

serum samples from patients suffering from theadisaat early- and late-stage.

3.1 Cloning ofbbk32 gene fragments

In order to produce recombinant BBK32 proteins @it vhole and partial as antigens for
serological diagnosis of Lyme borreliosis, fdabk32gene segments were amplified from
genomic DNA isolated from strain B31, PBi and PKousing the primer pairs in Table
E-5. Agarose electrophoresis analysis showed thattBe amplified PCR products were
with a size of around 580 bp, and the other oneatasit 1000bp length (Fig. E-23). The
amplified PCR products were ligated into pGEM-Tyeasctor and sequenced. Sequencing
results showed that the folbk32 gene segments were successfully cloned. Since the
shorterbbk32segment (around 580 bp) was only encoding theridibal part of the whole
BBK32, the 3 shortbbk32 segments from strain B31, PBi and PKo were desigha
bbk3231 partiai POK32i partial aNd bbk32ko partiar respectively. And their encoding proteins
were named as BBK82: partiai BBK32pgi partia aNd BBK32ko partias COrrespondingly. The
1000bp-lengthbbk32 gene segment amplified from strain PKo was givename of

bbk32ko whole @Nd BBK 32k, whole fOr its encoding protein. The cloned nucleotidgussce

77



RESULTS

and its deduced amino acid sequelniok32p, whoeWere shown in Fig. E-24.

1000 bp

580 bp

Fig. E-23. Amplified PCR products ofbbk32 gene partial and whole fragments
PCR products were electrophoresed through a 2.5¥0sg gel. Lanes 1 to 4 weyek32g31 partiai
bbk32pg; partiai DOK32pko partiai@nNdbbk32pk, whoie respectively. M was the DNA standard ladder.

tta ttc ata aga gat gaa ata aaa gag aaa tet ctt gge ttg tgt gat gag gaa agt tcot &0

att tta gag act ggt gac aaa tet gtt aaa aag tet ctt aat aag aaa gge aaa gat aag 120
gtt goct aga aag aaa gtt gaa ggt aat get gtt aaa asa gac cog ttt aat cat cat gta 180
aag agg gag tet gttt aat aat agt aat cta toca cas asaa aat gtg ata tog gaa gaa gaa 240
att ttg aaa act saa tta tta aga gaa cga cct gag act aga aaa gaa gaa ata caa aaa ano
cag caa gat gag cat asa agyg atg ctt caa gga agt tta agt ttt ctt agt ggt gaa agt 360
ggt gas ttg aag gat act att gaa age aat gas att gat bttt act ata gat tet gat tta 420
aga cty asg agt gat tta cas got att tea gge tea ast tet att teoa tat act gat gas 480
ata gaa gaa gaa gat tat gat cag tat tet tta gas gaa gat tat tat tat gat gag gaa 340
aca aga tta agt aat aga tat gaa tet tat cta gag ggbt gtt asa tat aat gta agt tea 00
goa att aaa aca att gtt aag ata tat gat aat tat ace tta ctt tca aca aag caa acc &E0

caa atg tat tet aca cgt ottt gac aac ctt got asa goo aas got aga gaa gas got osas TI0

aag ttt aca aassa gas gas ctt gaa aaa gat ctt asg ace tta ttg aac tat att cas gtg 780

K F T K E E L E K D L K T L L il s I Q W

agt goa agy act gog aca aat bttt gta tat goa aga gaa ata tat toca aas aga asa tta 840
3 A R T A T N F ki he A R E I he ] K R K. L

gat goe att gas aca gaa ata asa aat tta gtt tta asg atec aas gga caa tet gat tta 900
D A I E T E I K. H L W L K I K G Q 3 D L

tac gag goa tat aaa goa ata gta agg toea ate tta tta atg asa gat tet ctt aaa ata Q0
ke E A hd K. A | W R 3 | L L b K o] 5 L K.

atc gaa ata gte att gat asg aat ggt gtt tgg tac ta 993
I E | W I D K H G W w he

Fig. E-24. Nucleotide sequence of the clondobk32 pko whoe @and its deduced amino aci
sequence
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Table E-5. Primer pairs and their targetedbbk32 fragments for protein expression

Isolate Primer pair Target gene fragment

B. burgdorferis.s. B31 Forward P1 and Reverse P1bbk32g31 partial
B. garinii PBi Forward P1 and Reverse P1bbk32pg; partial
B. afzeliiPKo Forward P1 and Reverse P1bbk32pko partial

Forward P1 and Reverse P2 bbk32pko whole

3.2 Sequence comparative analysis

The 3 shorter gene fragmertbk3231 partias POK32gi partiar and bbk32ko partial and  their
deduced amino acid sequences were aligned usingliretal V method in MegAlign
component of DNASTAR. At the nucleotide level, itdeas shared by the three shorter
bbk32segments ranged from 78% to 89%, and at their @aiid level the identities were
between 65% and 81%. Comparison of the three pagtuences was shown in Fig. E-25.
Obviously, BBK32 has a much higher amino acid saqaéeterogencity compared to the
DNA sequence heterogeneity.

To further confirm this, open reading frames (ORBE)16 bbk32 sequences from the
GenBank database were aligned and a sequence lpntode (DNA tree) was created
with the DNAMAN software. Identity shared Ipk32DNA sequences was relatively high
ranging from 84 to 100%. In the tree, the seletigkB2DNA sequences were divided into
two big groups (group | and group II). Group | comeed all theB. afzelii strains and
bbk32sequences in this group were highly conservedwstyp100% identity). While all
the strains fronB. garinii andB. burfdorferis.s. were clusterd into group Il. As a whole,
bbk32sequences in group Il were also quite homologaiik, the exception of PBi, which
showing more variation (Fig. E-26). Another treéA(fee) was constructed by alignment
of the BBK32 amino acid sequences derived by thOREs with the same software. Like
their corresponding DNA sequences, again the BBKB2nio acid sequences were
clustered into two big groups. However, identisbared by the amino acid sequences were
lower compared to their DNA sequences (Fig. E-Z&mparison of the amino acid
sequence homology tree with the DNA sequence iergvealed a decrease of minimal

BBK32 sequence identities from 84 to 71% from tid¢ADto the amino acid level.
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B3l 50
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Decoration 'Decoration #1': Shade (with solid bright turquoise) residues that match BEBE3Z B3l partial.pro exactly.

Fig. E-25. Sequence comparison dibk32 partial gene fragments of strains B31, PBi and PKand
their deduced amino acid sequences.

The clonedobk32partial gene fragmentsbk3231 partiai DOK3 25 partial aNADOK3 2k, partial(in panel A) an
their encoding amino acid sequences BBi3gariai BBK32pgi partiaiand BBK32ko partial (in panel B) wer
aligned using the Clustal V method in MegAlign campnt of DNASTAR.

80



RESULTS

Eb_PEa Ilseq
(B.g_ﬁﬂ.pro 100% (
Bh_Bil.se
B.z_d40.pro 100% = q
B.g_PHeipro 4% Bb_l36aseq
B.g d6.pro B.g TH.zeqg oE
Eb_IA se
’ Bb_156apro 93% group Il < sed i
rou
groue Bh Bilpm Lo B 40.seq -
B _FKa Ilpra |00 B.g 30.seq
- - 06% 239,
- . 3, 9%
B.g_TH.pro B.g PHeiseq
Bh_I4 pro kEl.g_ékﬁ.seq —
KB.g_PBi.pro B.g PBiseqy o
T1% ]
( E.2_570.pro 100% B ( E.a_o00.seq 100%
E.a 600.pro 100% E.a PKoseg [L00%
B.a FKopro B.a_570.zeq
group | 99% group 1% 100%
B.a 1082 pt0 0% B.a 1082.5eq ||,
E.a_aflpro 00% B.a A9 .seq 100%
\ B.a_aACA-1pto \ Ba_&CA-1seqg

Fig. E-26. Sequence homology trees of BBK32 sequeamofBorrelia burgdorferi s.I. strains.

Both DNA sequences and their deduced amino acid) (#g§juences of BBK32s from a iety ol
borrelial strains were aligned with the DNAMAN seéire and two homology trees (DNA tree and
tree) were created. In the figures: BBoyrrelia bugdorferis.s.; B. gBorrelia garinii; and B. aBorrelia

afzeli. GenBank accession numbers of involtddit32genes se@able D-4.

3.3 Construction of expression plasmids and proteiaxpression

Recombinant cloning plasmids, pGEM-T easy vectseilted bybbk3231 partiai DOK32p;
partiab DOK3 20 partial OF DOK32 k0 whole, Were cleaved bdamH I andXho [ double digestion.
Releasedbk32gene fragments were subcloned intoBaeH [ /Xhol restriction sites of
the linearized expression vector pGEX byDINA ligase. The constructed expression
plasmids, pGEX inserted bybk32 fragments, were transformed into BL21(DE3)pLysS
competent cells and protein expression was themcedl with IPTG. Expression products
were examined by SDS-PAGE electrophoresis. Reshitsved that the 4 GST fusion
proteins were successfully expressed with theireetqa sizes. GST protein was also

produced as a control (Fig. E-27).
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Fig. E-27. SDS-PAGE analysis of BBK32-GST fusion pteins

Recombinant proteins were separated by SDS-PAGEtaimed with Coomase brilliant blue. Lane
1, 3, 5 and 7 were overnight cultures without inglurc with IPTG; lanes 2, 4, 6 and 8 w
IPTG-induced proteins BBK32: paiai BBK3Zpgi patis BBK3Zpko parial and BBK32xo whole
respectively; and lane 9 was the GST cdntfdl the proteins were fused with GST and thegé&

protein bands were marked with arrovs)( M was the molecular weight marker.

3.4 Purification of recombinant proteins

At first, the four recombinant proteins BBK@Zpariias BBK32pgi partias BBK32pk0 paritai@and
BBK32pko whoeWere purified with Glutathione Sepharose 4 FaswFheads. However,
after purification, they were still contaminated Bycoli proteins. The 4 proteins together
with some other partially purified BBK32 proteinshole BBK32 from strains B31, PKaz2,
PHei and TN) produced before (Heimerl, 2005) weyaira purified with a Polyacrylamide
gel. After the second round of purification, a $en@pand for each purifed protein was
observed on the SDS-PAGE gel (Fig. E-28, a andnc)Vestern blot analysis, before
purification, all the protein samples had crosstieas with rabbit antk. coli polyclonal
antibody, while all those non-specific bands dissgwpd after this purification (Fig. E-28, b
and d). All the 8 purified BBK32 homologues coulellecognized by rabbit anti-BBK32
polyclonal antibody in Western blot analysis (FEg29)

M 1 2 3 4 5 6 7
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110% = — == = 118
850 o = 85
i
50~ s 4 50
33\ 33
26\ = 26
4

82



RESULTS

KDeyg ¢ 2 3 4 5 6 7 Kby 1 5 3 4 5 6 7
11€ 11€
88 85
50 B &4 5C
33 33
26 26
C d

Fig. E-28. Detection of BBK32 proteins after beingurified with Polyacrylamide gel

BBK32 proteins before and after purification weeparated by SDBAGE and then stained w
Coomassie brilliant blue (panel andc) or transferred to a membrane (panglsindd). The twc
membranes were first incubated with rabbit &ticoli polyclonal antiserumand then immunoblott
with the secondary antibody, swine anti-rabbit Ig&P conjugate. In panedsandb, lane 1, 3, 5 and
were E. coli lysate expressing BBK32: pariai BBK3Zpgi partias BBK3Zpko partiaiand BBK32ko whote
respectively; while lane 2, 4, 6 and 8 were putiterresponding proteins. In pamandd, lane 1, 3,
and 7 were partially purified recombinant BBK3hale proteins originated from strains B31, P
PKa2 and TN; Lane 2, 4, 6 and 8 were purified BBKBle proteins from corresponding strains
was the molecular weight marker.
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Fig. E-29. SDS-PAGE and western blot analysis of ¢W8 purified BBK32 proteins

Purified BBK32 proteins were separated by SBXSsE and then stained with Coomassie bril
blue (panel a) or transferred to a membrane (pdr)elhe membrane was immunoblotted wabbir
anti-BBK32s3; polyclonal antiserum, and the bound first antibedg detected with swine amébbi
IgG-HRP conjugateLanes were labelled with corresponding strain degtign from which BBK3
proteins were produced. —GST, the protein was fusgdGST,; Histag: the protein was fused wit

6-His tag. M was the molecular weight marker.
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3.5 Application of BBK32 proteins in line assay

Eight BBK32 homologues (both partial and whole hsven in Table E-6) from different
borrelial stains were tested with a panel of 72isesamples of Lyme borreliosis patients.
Fig. E-30 exemplarily shows the reaction of se@mnfr8 patients with ACA with the 8
BBK32s.

Table E-6. BBK32 proteins fromB. burgdorferi s.l. used in line assay

Species Proteins

B. burgdorferi s. s. BBK32 g31 partai, GST fused
BBK32531 whole His-tag fused
BBK32pka2 whole His-tag fused

B. garinii BBK32pgi parial, GST fused
BBK32pHei whole His-tag fused
BBK32rn whole His-tag fused

B. afzelii BBK32pko partait GST fused
BBK32pko whole GST fused

Results in Table E-7 showed 13 out of 24 (54.1%4 f®m patients with EM, 6 out of 40
(15%) sera from patients with NB, and 8 out of 80%) sera from patients with ACA
reacted positive with rBBK32 proteins from straBl, PKa2, PHei, PBi and TN. No sera
from patients with EM, only 1 out of 40 sera fromtipnts with NB and 5 out of 8 sera
from patients with ACA reacted positive with rBBK3@m strain PKo. No negative sera
could react with the rBBK32 proteins. The resuitdicated rBBK32 fronB. burgdorfer
s.s. andB. garinii could be valuable antigens for diagnosis of Lyrogddiosis, especially
in ACA. Notably, partial and whole rBBK32 proteifrtom B. burgdorfer s.s. shared the
same sensitivity in the diagnosis of Lyme borretipg/hile whole BBK32 proteins frorB.

garinii exhibited a higher sensitivity than their corrasgiog partial ones.
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Fig. E-30.Reactivity of recombinant BBK32s from B. burgdorferi s.s. (B31 and PKa2),B.
garinii (PBi, PHei and TN), andB. afzelii (PKo) using the line immunoblot.(A) Exemplan

reactivity of negative sera (n=7, from healthy ldatonors). (B) Exemplary reactivity of pati

sera (n=8, from patients with ACA).

Table E-7.Reactivity of human Lyme borreliosis sera with rBBK32s

No. (%) of positive sera (IgG)

Group® No. of sera  rBBK32 rBBK32
B. burgdorfers.s. and. garinii  B. afzelii
EM 24 13*%(54.1) 0 (0.0)
NB 40 6 (15) 1 (2.5)
ACA 8 8 (100) 5 (62.5)
All cases 72 27 (37.5) 6 (8.3)
Controls 20 0 (0.0) 0 (0.0)

aEM, erythema migrans (stage 1)
NB, early neuroborreliosis (stage II)
ACA, acrodermatitis chronica atrophicans (stade Il

* partially weak reactions

85



DISCUSSION

F. DISCUSSION

1. The various locations obbk32 on the borrelial genome

B. burgdorferi conceives a segmented genome that includes a,s8@l kb linear
chromosome and as many as 23 circular and lineanptls, ranging in size from 5 kb to
56 kb (Fraseet al, 1997; Stevensoet al, 1997; 1998; Casjeret al, 2000; Milleret al,
2000). The genbbk32was sequenced from the 36kbp linear plasmid (Ilp8®31 (Fraser
et al, 1997). Here we also localizéthk32on Ip36 of strain®. burgdorferis.s. B31 and
PKa2. However, the gene was localized no a 31kpbnpld in strain N40 in this species.
Moreover, our study showed that the locatiorbbk32was quite various among different
species and even differ between strains withingpeeies. In strains &. garinii, B. afzelii
andB. spielmaniibbk32is carried by plasmids with sizes ranging fromkB3o 28 kb (Fig.
E-3). Our results here are consistent with tha®aimer’s in the aspect that genes carried
by 36kbp linear plasmid in B31 are often found ahZ®kbp linear plasmids in other
isolates (Palmest al., 2000).

The B. burgdorferigenome is unstable during vitro passage and many of the plasmids
can be lost during this process (Busgtlal, 1997; Schwaset al, 1988; Norriset al, 1995;
Xu et al, 1996; Xuet al, 2005; Purser and Norris, 2000; Labandeira-RelySkare, 2001;
McDowell et al, 2001; Labandeira-Rest al, 2003; Grimmet al, 2004; 2005; Lawrenet
al., 2004, Strotheet al, 2005; Gléckneet al, 2006). Here genlebk32was not detected in
some strains of the strain collection suggests dbsorresponding plasmids harboring the
genebbk32during cultivation.

Other reasons for lack of hybridization signal ntigh thatobk32genes are ploymorph and
cannot be detected with the DNA-probes derived fstrains B31, PKo and PBi.

2. Comparative analysis of the Fn-binding capacitie of BBK32

proteins

For many bacterial pathogens, binding to host #éssis an essential step during
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colonization and is typically mediated by adhesins,, surface proteins that promote
bacterial attachment to host cells (Bogkeal, 2003; Finlayet al, 1997; Jotet al., 1999;
Menzies, 2003). To gain entry into the host throngicosal surfaces, bacterial pathogens
express fimbrial and/or afimbrial adhesins thadhio various abundant sugar moieties of
glycolipids and glycoproteins on epithelial celducosal colonization by pathogens often
results in inflammation and tissue damage that sgpdhe underlying extracellular matrix.
Binding to integrin and components of the extradatl matrix, such as Fn and collagen, by
pathogens not only promotes bacterial colonizabah also facilitates bacterial invasion
into deeper tissues, which may lead to systemisedmnation (Cabellet al, 2007;

Coburnet al.,, 2005).

Fn is a large, dimeric glycoprotein that is prodlibg a broad range of cell types. It exists
as a soluble molecule in body fluids such as blptasma and as a splice-variant as
insoluble cellular Fn of cell membranes and theramdllular matrix. Its two nearly
identical subunits of 220-250 kDa are linked comtienear their carboxyl-termini by a
pair of disulfide bonds. Each monomer is compriskthree different types of homologous
repeating domains, termed Type I, Il and Il (Hyn#890). Fn contains 12 type | repeats,
two type |l repeats and 15-17 type Il repeats.oligh these functional domains, Fn can
interact with a variety of macromolecules suchibgr, heparin, collagen, and integrins as
well. Many of these functional domains are alsogeted by adhesins expressed by
pathogenic microorganisms (Fig. F-1) (Proctor, 19®ankov and Yamada, 2002).
Streptococcal fibronectin binding protein | (Sfidhd its allelic variant (F1) mediate
adherence to and invasion 8f pyogeneto human epithelial cells by binding to the
whole N-terminal fragment of Fn (includes the Nateral fibrin binding domain of Fn,
repeat {.5,.and the collagen-binding domain of Fn, repgatdnd Iy ) (Johet al, 1998;
Talayet al, 2000; Ozerket al, 1996). The collagen-binding domain (repgatdnd Ik, )
binds far more effectively to denatured collageelgtn) than to native collagen. Thus Fn
interactions with collagens in general may be du#st binding to unfolded regions of the

collagen triple helix (Pankov and Yamada, 2002).
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FN
Flbrrn Collagen [ FN | FN

HHH.OI]DI]

70 kDa fragment Synergy

Fig. F-1. Domain structure of fibronectin (Fn)

Fn consists of type | (rectangles), type Il (ovasyl type Il (circles) repeats. Sets of repeatstitute
binding domains for fibrin, FN, collagen, cells ahdparin, as indicated. The assembly domair
FN-binding sites are highlighted in orange. SSdatlis the C-terminal systeines that form the dimer
(Figure remodeled from Wierzbicka-Patynowski antvi&rzbauer, 2003).

Up to now, several adhesins expressed by Borsgeries that can bind Fn have been
identified (Grabet al, 1998; Koppet al, 1995; Probergt al, 1998; Schorewt al, 1996).
BBK32, a 47-kDa lipoprotein, is a primary Fn-bingiadhesins identified iB. burgdorferi
(Probertet al, 1998). Overexpression of BBK32 protein in higispageB. burgdorferi
strain that lacks this protein enhances the orgasidinding to Fn, as well as to
glycosaminoglycans (Fischat al, 2006). Furthermore, inactivation obk32 gene in
infectious strains ofB. burgdorferi reduced spirochetal binding to Fn, as well as its
infectivity in mice (Sesheet al, 2006), although the mutations had no appareigcten
tick vectors (Liet al, 2006). These findings suggested that BBK32 mightan important

role in the adhesion and invasion activitieBoburgdorferito its host tissues

BBK32 consists of a C-terminal globular domain ama N-terminal region lacking
well-defined secondary structure (Kiet al, 2004). In prior studies, the Fn-binding
activity of BBK32 was localized to a 32-amino atoathg segment within the unstructured
domain. This ligand-binding segment was relativagserved among strains (Probedral,
2001). Previously, this research group found th&K82 protein from strain PHei
possessed a stronger Fn-binding capacity thanfritvat B31 (C. Heimerl doctoral thesis,
2005). In this study the molecular mechanism of thfference was clarified. Since it has
already been described that the N-termianl regama, especially the 32-amino acid-long
segment in this region is mainly responsible f@ Em-binding activity of BBK32 (Probert

et al, 2001), Fn-binding capacities of the N-termiregion, and especially the 32-amino
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acid-long fragment from both strain PHei and B3lrevmtensively investigated in this
thesis. By sequence comparison, four amino acitlsisn32-amino acid-long segment were
found different between the two strains (Fig. EMdg speculated that the 4 different amino
acids should be responsible for the different Frdinig capacities. In this case, a variety of
protein fragments including some mutated protesee Fig. E-15) were generated and their
Fn-binding capacities were evaluated. In Westewt [Fig. E-14), 12 out of the 13
produced BBK32 polypeptides could be recoginzeddibit anti-BBK323; polyclonal
antibody, suggesting that the protein bands witbeeted sizes observed with Coomassie
staining were in fact BBK32 protein fragments. Ti@n-reactivity of BBK33nei (131-162)
with the rabbit immune serum might be due to thot, fdnat the antigen used to generate the
polyclonal antibody in rabbit was from strain B3thile 4 out of the 32 amino acids of

BBK32phei (131-1628ir€ different to the corresponding region of BBK&#n B31.

At first, Fn-binding capacities of all the producedlypeptides were evaluated by using a
Western blot-based Fn-binding assays. Just asteebdny Probert and his colleagues
(2001), we also found that the 32-amino acid-loegnsent (from position 131-162) was
mainly responsible for the Fn-binding capacity @&K382 proteins. Strikingly, amino acid
residues proximal and distal from the 32-amino dard) segment had quite weak or even
no Fn-binding capacity. And this was further camizd by the weak Fn-binding capacities
of the two deletion mutations, which did not cont#ihe 32 amino acids in their middle
parts. The whole N-terminal regions of BBK32 fromthp strains and two other proteins
containing the four substituted amino acids in3Beamino acid-long region also exhibited

strong Fn-binding capacities (Fig. E-16).

To compare the Fn-binding capacities of those prsteuantitatively, seven purified
BBK32 polypeptides were evaluated in an ELISA-basedbinding assay. Again, the
32-amino acid-long segment from PHei showed a geoiirn-binding capacity than the
corresponding region from B3P<0.05). Furthermore, compared with its wild typetpm

BBK32ppei (252000 FN-binding capacity of BBK3Rei 25-200™" decreased dramatically

(P<0.05) to such an extent that there was no dift@¥en the Fn-binding capacity between
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BBK32ppei (25200 and the wild type protein BBK32; (25.200(P>0.05). While on the
contrary, Fn-binding capacity of BBK82 (25200 which containing the 4 substituted
amino acids increased to as strong as that of tlaetype BBK3Z:Hei (25-200)(P<0.05) (Fig.
E-19). All these data demonstrated that the repiacg of the 4 amino acids motif in the
32-amino acid-long segment of PHei greatly incrdage attachment to Fn and this even
led to the high affinity of the whole BBK32 proteto Fn. In addition, it must be
emphasized that although the 32- amino acid-loggnsat in BBK32 plays a critical role
in binding to Fn, it could not be responsible foe whole Fn-binding capacity of BBK32.
On the one hand, although quite weak, protein satgneefore and after this 32-amino
acid-long segment also can bind to Fn (Fig. E-T§).the other hand, whole N-terminal
region of BBK32 exhibited a stronger Fn-binding @eipy than the 32-amino acid-long

segment in its middle par€0.05).

Like Fn-binding proteins (FNBPs) from other Gransipige pathogens such & aureus
andS. pyogenesdinding of BBK32 to the F1 module in the N-tenmal domain (NTD) of
host Fn converts the unstructured amino-terminusBBK32 into a stableB -sheet
structure (Kimet al, 2005; Raibauckt al, 2005; Johet al, 1999; Menzies, 2003). The
observation suggests that BBK32 could interact withNTD of Fn in a similar manner to
that of the FnBPs d&. aureuandS. pyogenedrevious studies also demonstrated that the
ligand-binding region of BBK32 (the 32 amino acitiesm position 131 to 162) shared
sequence homology to the upstream Fn-binding regfi@m FnBP (Sfbl) frons. pyogenes
(Probertet al 2001). This region of Sfbl had been shown to gwadly bind to the
collagen-binding domain of Fn (Talay al, 2000). From the observation that gelatin could
partially inhibit the binding of Fn to BBK32 and BB2 could block the interaction of
gelatin and Fn, it was speculated that the colldgeding domain of Fn might contain a
binding site for BBK32 (Probeet al, 1998). To ascertain the region of Fn that irdera
with BBK32 proteins, we attempted to block speciinding sites using some known

ligands of Fn such as collagen and gelatin.

In a Western blot-based binding assay, preincubati@elatin with BBK32 proteins could
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reduce the binding of Fn to the whole N-terminaioe of BBK32 (B31) and especially
the 32-amino acid-long segment of the strain (FROEE Further, in a line assay, with the
increase of the concentration of gelatin or collag®mntinuous decreases in the binding of
Fn to the 32-amino acid-long segments (from botll B&d PHei) were observed (Fig.
E-21). This suggests the entire N-terminal regiorBBK32 from B31 also can bind to
collagen/gelatin, and the collagen/gelatin bindiagion of the BBK32 should be in the
32-amino acid-long segment. Once this region wasumed by collagen/gelatin, its
capability of binding to Fn was highly inhibitedhds we suggest that BBK32 froBi
burgdorferis.s. B31 should also be a collagen/gelatin bingnogein.

In an ELISA based inhibition test, preincubatiorFof with both gelatin and collagen could
inhibit the attachment of Fn to wild BBK32 polypej#s of the two strains. However,
gelatin and collagen caused a greater inhibitiopaich on BBK32 polypeptides from B31
(Fig. E-22, Table E-4). This different inhibitiorifect was further confirmed in the two
mutations, BBK3231(25-200) " and BBK3231(25-200) . The mutation of the 4 amino acids in
BBK32pHei (25-200)greatly increased the inhibition effects of botlagin and collagen on
BBK32ppei (25-200) - binding to Fn. On the contrary, after the mutatdrthe 4 amino acids
in BBK32z31025-200y the inhibition impact caused by gelatin and a@®la on
BBK 3231025200 " Was reduced dramatically or even no inhibition waserved (Fig. E-22,
Table E-4). These results indicated that BBK32 @mst mainly bind to the
collagen-binding domain of Fn (repeailand Ik ;). However, preincubation of Fn with
gelatin or collagen could not thoroughly block theeraction between Fn and BBK32, this
indicates that BBK32 might also partially bind teetN-terminal fibrin binding domain of
Fn (repeatils) in a similar manner to that of the FnBPsSofaureusandS. pyogenegloh

et al, 1998; Talayet al, 2000; Ozeriet al, 1996). Sequence homology shared by the
32-amino acid-long segment of BBK32 and the upstré&a-binding region of an FnBP
(Sfbl) from S. pyogenealso supports our hypothesis (Proletral 2001).

Moreover, on the one hand, the higher affinity lné 82-amino acid-long segment from

BBK32pnei to Fn might be difficult to be inhibited by collg or gelatin. On the other hand,
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BBK32 from isolate B31 might possess a higher peaege of overlap with the gelatin or
collagen binding domain of Fn than protein fromlase PHei. In addition, since other
regions rather than the 32-amino acid-long segmémBK32 could also bind to other
domains of Fn (presumably the repega$) land/or because of the high concentration of
proteins on the blot in the immunoblot-based iriobi assays, the inhibition impact of
gelatin and collagen on other polypeptides were wisible (Fig. E-20; E-21). With an
amount of 0.05pug BBK32: (131-162) per well in the microtiter plate, the polypeptide
exhibited a quite weak Fn-binding capacity, so ititebition impact caused by gelatin or

collagen on it could not be observed (Fig. E-122-Table E-4).

Our results also suggested compared to collagdatjrgexhibited a higher inhibition effect
on the interaction of BBK32 and Fn, this is coreist with the fact that the
collagen-binding domain (repeaioland Ik ;) binds far more effectively to denatured

collagen (gelatin) than to native collagen (Pan&og Yamada, 2002).

From a strategy point of view, by using restrictemzyme digestion and,;IDNA ligation,
the construction of the four mutations was larggiyplified compared with traditional
PCR directed mutation. For construction of the thetetion mutationspbk32HeiA (391-486)
and bbk3231 A (301-486) @ Site-directed silent mutation was carried oubider to create
BsaH [ site (GACGCC) at the 3-end obbk3Z73.300p Where the threonine codon
(nucleotide 388-390) was changed from ACT to AC@&dAhe same restriction enzyme site
was also created at the 5’-end of the gene fragbte82457.600) After digestion witiBsaH

I, the two gene fragments were connected head tdtais nucleotides from position 391
to 486 were successfully deleted from the gene. (E{§). As for construction of the 2
site-specific point mutationsibk32ei (73-600) - andbbk3231 (73.600) ", 4 amino acids of
BBK32 from each isolate were mutated by codon wmptent. We found two unique
restriction enzyme site8¢6t51 andHaelll) proximal and distal the region conceiving the
4 amino acids to be replaced. Thus the regionsdmivihe two restriction enzyme sites
were exchanged betwedibk32 gene fragments from PHei and B31 after a series of

digestion and ligation treatments (Fig. E-11).
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In summary, the interaction & burgdorferis.l. BBK32 and human Fn is mainly mediated
by the N-terminal region, and especially the 32ramacid-long segment of BBK32 by
binding to the collagen-binding domain of Fn (rdpka and Ik ;) and partially to its
N-terminal fibrin binding domain (repeai.d. Because of the variation of the 4 amino
acids (K1, Kus Tiszand kss) in BBK32 of isolate PHei, its binding capacity En
increases greatly compared with BBK32 proteins fisolate B31, and this high affinity to
Fn is only partially inhibited by gelatin or colleig in comparison to that of its homologue
from B31. Surprisely, we found BBK32 from. burgdorferis.s. B31 should also be a

collagen/gelatin binding protein.

3. Application of recombinant BBK32 proteins in seological

diagnosis of Lyme borreliosis

Some studies indicated that BBK32 might be a goeiigen for detection of specific
antibodies of patients suffering from Lyme borrsigo(Heikkilaet al, 2002;Lahdenneet
al., 2003; Paneliugt al, 2003; Lahdennet al, 2006). One investigation also indicated
that BBK32 fragments might improve the early IgGrotegy of Lyme borreliosis
compared to the BBK32 whole protein (Lahdemtel, 2006). An in-house recombinant
immunoblot assay for serodiagnosis of Lyme borssdiavas previously established in our
laboratory (Max von Pettenkofer institute) (Wilske al, 1999; Schulte-Spechtet al,
2003, 2006; Goettneat al, 2005). Therefore, we checked the possibilityngfroving the

immunoblot established by our laboratory by additdd some BBK32 proteins as antigens.

In Europe and Asia, the development of a unifapproach for the serological evaluation
of Lyme borreliosis is complicatdxry the prevalence of organisms from the three aremo
genospeciesf B. burgdorferis.l. and by the antigenic diversity due to vaoas in the
sequences and expression of immunogenic proteirthase different borrelial species
(Wanget al, 1999b; Barantoet al, 1992; Robertsoet al, 2000; Roesslest al, 1997,
Goettneret al, 2005; Schulte-Spechtet al, 2003, 2006). Both former studies (Heikkai
al., 2002) and our results indicated BBK32 proteinsenguite heterogeneous (Fig. E-25).
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We also realised that BBK32 proteins had a muclhdrigheterogenicity at amino acid
sequence level than at DNA sequence level (Fig6)E-Phis may be due to the immune
selection as Borreliae binding to Fn might evadedial immunity of its host. In order to
cover all pathogenic Borrelgpecies that cause human Lyme borreliosis, we prdpd
BBK32 homologues from different strains of the thpathogenic specieB, burgdorferi

s.sl,B. afzelij andB. garinii.

The respective variaBBK32 recombinant proteins were tested for useyimé. borreliosis
serologyby using serum samples from patients with earlyg late-stage Lyme borreliosis.
Results indicated rBBK32 fronB. burgdorfer s.s. andB. garinii could be valuable
antigens for diagnosis of Lyme borreliosis, esdbcia ACA. Our results also suggested
for improvement of sensitivity, that entire BBK32opeins should be applied rather than

truncated ones.

Former studies suggested that epitope specifibaaiets might be induced by different
species oB. burgdorferis.l. (Heikkilaet al, 2002; Lahdennet al, 2003). As shown in the
AA homology tree (Fig. E-26), BBK32 sequencesBinafzeliiwere quite different from
those inB. garinii andB.burgdorferis.s.. We speculated that most of the pathogemriotag
of those borreliosis patients of our sera sournethis study were likely infected witB.
garinii or B. burgdorferis.s.. And this might explain the low percentagectiedy of
antibodies with BBK32 proteins from strain PKo Bf afzelii To prove this, pathogenic
Borreliae should be isolated from patients and oB@AR should be performed in order to
differentiate related®. burgdorferis.l. isolates as described elsewhere (Mieheall, 2003).
This further implies that in regions wheéngne borreliosis is caused by different species of

B. burgdorferis.l.,variant BBK32 antigens are probably needed to calléheEM cases.

After the first round of purification of recombinaBBK32 proteins with either Ni-NTA
beads or Glutathione Sepharose 4 Fast Flow besgldied to some contaminations fr&m
coli proteins. To get rid of this, a second round afffmation with Polyacrylamide gel was
performed. As demonstrated in this study there weraon-specific reaction bands visible
after the second round of purification (Fig. E-28)though with its short-coming of quite

low efficiency, the method is still reliable in senexperimental test where only small
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amounts of proteins are needed. In the future, sother methods will be tried for

large-scale purification of proteins.

However, though BBK32 homologues could react wiymke borreliosis patient sera,
compared with other antigens on the in-house imrlmcestablished in the Max von
Pettenkofer Institute (Wilsket al, 1999; Schulte-Spechtet al, 2003, 2006; Goettneat

al., 2005), these homologues could not improve ththatein detection of either 19G or
IgM antibodies. Nevertheless, tlseudy underlines the fact that the heterogeneity of
Borrelia strains and species must be taken intgideration in the serologicdiagnosis of

Lyme borreliosis in European patients.
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G. CONCLUSION

The location ofbbk32gene varies among different Borrelia species amghtneven differ
between strains. The gene was not detected by RdRSauthern-blot in some strains,
which suggest the loss of corresponding plasmidsdnimg thebbk32gene in those strains
during in vitro cultivation. Other reasons might be tldtk32genes in some strains have
distinct sequences and are not recognized by tiee fbrobes prepared from strains B31,

PKo and PBi.

BBK32 from B. garinii strain PHei exhibits a much stronger Fn-bindingadality when
compared to its homologue froB burgdorferis.s. strain B31. The 32 amino acids (from
position 131 to 162) in the N-terminal region araimhy responsible for the Fn-binding
capability of the protein. The substitution of thamino acids (K 131 Q, K 145 E, T 147 P
and | 155 L) in the Fn-binding region of BBK32(PHe& abrogated the higher affinity of
BBK32pneito Fn. The interaction of BBK32 and human Fn is mhaimediated by the
N-terminal region, and especially the 32-amino 4oy segment of BBK32 by binding to
the collagen-binding domain of Fn (repeat bnd 1} ;) and partially to its N-terminal

fibrin binding domain (repeat.t).

Though BBK32 homologues react with serum antibodiesn some Lyme borreliosis
patients, these homologues could not improve tr@agcal test in detection of either IgG
or IgM antibodies. Nevertheless, thieidy underlines the fact that the heterogeneity of
Lyme disease Borrelia species must be taken into camgide in the microbiological

diagnosis of Lyme borreliosis in European patients.
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LIST OF ABBREVIATIONS

|. LIST OF ABREVIATIONS

ACA acrodermatitis chronica atrophicans
APS Ammonium persulphate

bp Base pairs

BSA Bovine Serum Albumine

BSK-II medium Barbour-Stonner-Kelly-Il medium
CDC Center for disease control

CSF Cerebrospinal fluid

DNA Deoxyribonucleic acid

E. coli Escherichia coli

EDTA Ethylendiamintetraacetic acid
EM erythema migrans

EtBr ethidium bromide

Fig. Figure

Fn fibronectin

FnBP Fn-binding protein

g gram

GBD gelatin-binding domain

h hour

HRP Horseradish peroxidase

IPTG Isopropyl-B -thiogalaktopyranosid
kb kilobase

kDa kilodalton

I liter

LB broth Luria Bertani broth

M molar

MCS multiple cloning site

Min minute
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LIST OF ABBREVIATIONS

MKP-medium

ml
mM
MW
ul

NB
NC
NCBI
NTD
oD
o/n
ORF
Osp
PAGE
PBS
PCR
PFGE
pH
PMSF
rpm
RT
Sec
Stbl
SD
SDS
TEMED
Tris
Tween 20

viv

Modified Kelly-Pettenkofer medium
milliliter

milimolar
Molecular weight

microliter
neuroborreliosis

Nitrocellulose

National Center for Biotechnology Information
N-terminal domain

Optical density

overnight

open reading frame

outer surface protein

Polyacrylamide gel electrophoresis
Phosphate buffered saline
Polymerase chain reaction

Pulsed Field Gel Electrophoresis
power of hydrogen
phenylmethylsulphonyl fluoride
revolutions per minute

Room temperature

second

Streptococcal fibronectin binding protein |
standard deviation

Sodium dodecyl sulphate
N,N,N’,N*-Tetramethylendiamine
Tris-hydroxymethyl-aminomethane
Polyoxyethylensorbitanmonolaureate

volume/volume
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LIST OF ABBREVIATIONS

wiv weight/volume

X-Gal 5-Bromo-4-Chloro-3-Indolylg -D-Galaktosid
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Nucleotide sequences of the cloned gene fragmedts@nstructed mutations bbk32 A.

gene fragments of isolate B31, and B. gene fragsnaisolate PHel.

A

bbk3Z B31(73-600)
bbk32 B31 (73-600)2UE
bbk3Z BI1A[391-456)
bbk3Z B31(73-390)
bbk3Z B31(391-436)
bbk32 B31(487-600)

bbk32 B3L (73-600)
bbl32 B31 (73-600)MUT
bbk32 B31A(391-486)
bbk32 B3L (73-390)
bbk32 B31 (391-436)
bbk32 B31 (487-600)

bbk32 B3L (73-600)
bbl32 B31 (73-600)WUT
bhl32 BI1A (391-486)
bbk32 B3L (73-390)
bbk32 B3l (391-486)
bhl32 B3l (487-600)

bbk3Z B31(73-600)
bbk3Z B31 (73-600)14E
bbk32 B3l (391-486)
bbk3Z B31(73-390)
bbk32 B31(391-486)
bbk32 B31 (487-600)

bbk32 B3L (73-600)
bhl32 B31 (73-600) W4T
bbl32 B3LA (391-486)
bbk32 B3L (73-390)
bhl32 B3l (391-436)
bbk32 B31 (487-6001

bbk32 B31 (73-600)
bbl32 B31 (73-600)UUE
bbk32 B31A(391-486)
bbk32 B3L (73-390)
bhl32 B3l (391-486)
bbk32 B31 (487-600)

bbl32 B3l (73-600)
bbk32 B31 (73-600)UUE
bbk32 B31A (391-486)
bbk32 B3l (73-390)
bbk32 B3l (391-486)
bbk32 B3l (487-600)

bbk3Z B3l (73-600)
bhk3Z B31 (73-500)0UT
bbk3Z E31A (391-4586)
bbk3Z B31 (73-390)
bbk32 B3l (391-486)
bbk32 B3l (487-600)

bbk32 B31 (73-600)
bbk32 B31 (73-600)Lut
bbk32 B31A (391-486)
bbk32 B31 (73-390)
bbk32 B31(391-436)
bbk32 B31 (457-600)

bbk32 B31 (73-600)
bbk32 B31(73-600)LUL
bbk32 B31A(391-486)
bbk32 B3L (73-390)
bbk32 B31(391-436)
bbk32 B31 (457-600)
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B

bbk3z PHei [73-618)
bbk3z PHei [73-600)
bhlk3z2 PHei [73-500 )45
bbk3z PHeiA (391-486)
bbk3z PHei [73-390)
bhk32 PHei (391-4886)
bhk32 PHed (487-600)

bbk3Z FHei (73-618)
bbk32 FHei (73-600)
bbk32 PHei (73-600 41T
bbk3Z PHei A[391-486)
bbk32 FHei (73-390)
bbk3Z PHei (391-486)
bbk3Z PHei (487-600)

bbk3z PHei [73-618)
bbk3z PHei [73-600)
bhk3Z PHei [73-600)TUE
bhk3Z PHeiA[391-486)
bbk3z PHei [73-390)
bhk32 PHei (391-4886)
bhk32 PHei (487-600)

bbk3Z FHei (73-618)
bbk32 FHei (73-600)
bhk32 PHei (73-600) LUt B
bbk3Z PHeiA(391-486)
bbk3Z2 PHei (73-390)
bbk3Z PHei (391-486)
bbk3Z PHei (487-600)

Oononoo
N

bbk3z PHei [73-618)

bhk32 PHei (73-600) 275
bhlk3z2 PHei [73-500 )45 275
bhlk3Z PHei A(391-486) 275
bhk32 PHei (73-390) 275
bbk32 PHei [391-486) D2?5
bhk32 PHei (487-600) o
bbk3z PHei [73-618)

bhk3Z PHei (73-600) 330
bblk3z PHei (73-600)0UE 330
bhlk3Z PHeih (391-486) gig
bbk3z PHei [73-390)

bhk32 PHei (391-4886) 318
bhk32 PHei (487-600) éz
bbk3z PHei [73-618)

bhk32 PHei (73-600) 385
bhk3z PHei [73-600)00E 385
bhlk3Z PHeiA(391-486) g?g

bbk32 FHei (73-390) 318
bbk3Z PHei (391-486) L A i i L & L L 2 A P TR
bbk3Z PHei (487-600)

bbk3Z FHei (73-618)
bbk32 FHei (73-600)
bbk32 PHei (73-600)04C
bhlk32 PHeiA (391-486)
bbk32 FHei (73-390)
bbk3Z PHei (391-486)
bbk3Z PHei (487-600)

bbk3Z FHei (73-618)
bbk32 FHei (73-600)
bbk32 PHei (73-600)04C
bbk3Z PHei A(391-486)
bbk32 PHei (73-390])
bbk3Z PHei (391-486)
bbk3Z PHei (487-600)

bbk3z PHei [73-618)

bhk32 PHei (73-600) GATGATTAT 546
bbk32 PHei (73-600) WUt 1]
bhlk3z PHeiAl391-486) 1]
bhk3z PHei (73-390) 43z
bhk3z PHei (391-456) 313
bbk32 PHei (487-600) P A . . R F F i e L " . ii
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