IDENTIFICATION ET QARACTERISATION DE
PROTEINES ANTIGENIQUES DE BORRELIA
BURGDORFERI SENSU LATO

These présentée a la Faculté des Sciences
Institut de Biologie
Université de Neuchatel
Pour I'obtention du grade de docteur s sciences

Par

Jean-Christophe Wyss

Acceptée sur proposition du jury :

Dr Olivier Peter .......c.ccoevnne... Co-directeur de these
Prof. Bruno Betschart ............... Co-directeurtdese
DrLise Gern .....ooovvevieiieiiinnnn, Rapporteur

Dr Guy Baranton ............... ... Rapporteur

Sountenue le 24 mai 2012

Université de Neuchéatel
2012






UNIVERSITE DE
NEUCHATEL

FACULTE DES SCIENCES
Secrétariat-Décanat de la facuité
Rue Emile-Argand 11

CH-2000 Neuchatel

IMPRIMATUR POUR LA THESE

Identification et caractérisation de protéines
antigéniques de Borrelia Burgdorferi sensu lato

Jean-Christophe WYSS

UNIVERSITE DE NEUCHATEL

FACULTE DES SCIENCES

La Faculte des éciences de I'Universite de Neuchatel,
sur le rapport des membres du jury

Prof. Bruno Betschat (co-directeur de thése), Neuchatel
Dr Olivier Péter {co-directeur de thése),
institut Central des Hopitaux Valaisans, Sion
Prof. ass. Lise Gern, Neuchétel
Prof. Guy Baranton, Institut Pasteur, Paris

autorise l'impression de la presente thése.

D

Le doyen :
P. Kropf

Neuchatel, le 18 juin 2012 -

Téiéphone : +41 32 713 21 00 E-mail . secretariat. sclences@unine.ch www umine.ch/sciences







A mon pere






TABLE DES MATIERES

1 Résumé / Abstract
2 Introduction
2.1Borrelia burgdorferi
2.1.1 Classification
2.1.2 Structure et exigences de croissanicevitro
2.1.3 Génome
2.1.4 Les protéines de surface externe
2.2 Borréliose de Lyme
2.2.1 Epidémiologie
2.2.2 Pathologie
2.2.3 Réponse immunitaire 8. burgdorferi
2.2.4 Manifestations cliniques
2.2.5 Diagnostic et traitement
2.3 Problématique et objectifs
3 Articles

3.1 Comparison of antigens oBorrelia afzelii, B. burgdorferiand
B. garinii isolated with immuno-affinity columns on two-dimersional

electrophoresis maps
3.1.1 Introduction
3.1.2 Material and methods
3.1.3 Results
3.1.4 Figures and tables
3.1.5 Discussion
3.1.6 Bibliography

3.2 Analysis of putative extracellular proteins oBorrelia afzelii
(strain PKo), B. burgdorferi (strain B31) andB. garinii (strain PBi)

3.2.1 Introduction

3.2.2 Material and methods
3.2.3 Results

3.2.4 Figures and tables
3.2.5 Discussion

3.2.6 Bibliography

3.3 Characterization of the protein recognized byte monoclonal

antibody D6 specific forBorrelia garinii isolates
3.3.1 Abstract
3.3.2 Introduction
3.3.3 Material and methods
3.3.4 Results
3.3.5 Figures and tables
3.3.6 Discussion
3.3.7 Bibliography
4 Discussion
5 Bibliographie
6 Remerciements
7 Annexes
7.1 Annexe | : BB0112
7.2 Annexe_ll : 2D immunoblots
7.3 Annexe_lll : Recombinant proteins

WOOWow®NooOoOnVTuougolw

= =

13
14
16
18
19
23
25

29
30
32
33
34
37
38

43
44
45
46
49
51
57
59
63
69
73
75
76
81
82



Mots clefs

Algorithme; Alignement de séquence; Ameérique dudndknalyse de motif; Analyse de
séquence; Anticorps; Antigene; Bactérie gramme-négaBactérie; Biologie informatique;
Biologie moléculaire; Borrelia ; Borrelia burgdaife Borrelia garinii ; Borrelia azeli;
Chromosome; Clonage; Coloration; Conformation det&ine; Détergent; Diagnostique;
Electrophorése; Electrophorése a deux dimensionsSA Epidémiologie; Epitope;
Etiologie; Europe; Expression de gene; Focalisatiepélectrique; Génétique; Génome;
Génomique; Génotype; Humain; Immunoblotting; Immgiobuline; Immunologie;
Infection; Informatique; Interaction hote-pathogenaternet; Isolement & purification;
Lipoprotéine; Logiciel; Maladie de Lyme; Microbia; Monoclonal; Motif d'acide aming;
Pathogenicité; PCR; Phénotype; Phylogénie; Plasmigiéage de protéine; Protéine
membranaire; Protéine recombinante; Proteome; &rotpie; Seécrétion; Sensibilité et
spécificité; Séquence d'acide aminé; Sera; Serggyp&ignal de protéine; Solubilité;
Spécificité de l'espéce; Spectrométrie de massey@®ete; Structure de protéine; Syndrome;
Test sérologique; Tigue; Traitement ; Vaccin;

Keywords
Algorithm; Amino acid motif; Amino acid sequencen#body; Antigen; Bacterial; Borrelia ;

Borrelia afzelii; Borrelia burgdorferi; Borrelia gaii; Chromosome; Cloning; Cluster
analysis; Computational biology; Detergent; DiadimpsElectrophoresis; Enzyme-linked
immunosorbent assay; Epidemiology; Epitope; Etigidgurope; Gene expression ; Genetic;
Genome; Genomic; Genotype; Gram-negative bactelust-pathogen interaction; Human;
Immunoblotting; Immunoglobulin; Immunology; Infecti; Informatic; Internet; Isoelectric
focusing; Isolation & purification; Lipoprotein; loye disease; Mass spectrometry; Membrane
protein; Microbiology; Molecular biology; MonoclohaNorth America; Pathogenicity;
Phenotype; Phylogeny; Plasmid; Polymerase chaiatioga Protein conformation; Protein
folding; Protein sorting signal; Protein structuRFpteome; Proteomic; Recombinant protein;
Secretion; Sensitivity and specificity; Sequendgrahent; Sequence analysis; Sera; Serologic
test; Serotyping; Software; Solubility; Speciesapaty; Spirochaeta; Staining and labelling;
Syndrome; Tick; Treatment ; Two-dimensional elggharesis; Vaccine;



1 Résumé

Borrelia afzelii, B. garinii, et B. burgdorferi sont trois des cinq especes Berrelia
définitivement reconnues comme responsables der@llose de Lyme en Europe. Cette
maladie infectieuse est transmise par les tiquss ehractérise par des symptémes multiples
en plusieurs étapes touchant le derme, les articota le systéeme neurologique et cardiaque.
Le but de cette étude est de révéler de nouvele®ipes antigéniques spécifiques Ble
burgdorferi sensu lato et de les caractériser. L"intérét saefameliorer la détermination
sérologique, la PCR de routine, et le diagnostidioad (symptdomes / antigenes particuliers).
Dans cette étude, deux approches globales ont tdigéaes pour étudier les protéines
antigéniques d'intéréts: une démarche protéomitjueeedémarche génomique.

La partie protéomique consiste a étudier 'immuotgome de chaque espece pathogene. Les
fractions antigéniques des lysats protéiques totdauB. burgdorferi sensu stricto VS215,
B.garinii VS102 etB. afzelii VS461 ont été préparées en utilisant différentel®onnes
d'immuno-affinités ayant une réactivité sérologimpgcifique. Les protéines ont ensuite été
séparees par électrophorese bidimensionnelle fdmenio des cartes de références spécifiques
a chacune des espeéces. 4 spots spécifiques ombseévés pouB. afzelii et 2 pourB.
burgdorferi.

La partie génomique consiste a étudier le protépradit de chaque espece. Des algorithmes
bioinformatiques ont été utilisés et une méthoddéadécrite pour sélectionner les protéines
potentiellement sécrétées arafzelii, B. burgdorferi et B.garinii (méthode rapide, facile et
librement disponible a partir d’internet). Cettéeséon a mis en évidence 3 candidats gur
afzelii, 7 pourB. burgdorferi et 2 pouiB.garinii.

Ces deux approches donnet une vue de I'ensemblntigenes d8. burgdorferi s.I.

Finalement un exemple d’identification et de cadsation de candidat a été faite. L'objectif
de cette étude était d'identifier une protéine 2i&Da deB. garinii réagissant avec 'anticorps
monoclonal D6. La protéine a été extraite et soaraisine analyse de séquence LC-MS/MS.
Cette analyse a révélé trois séquences polypepédignalogues a BB0477 (30S ribosomique
S10), a BB0061 (thiorédoxine A), et a BB0390 (5(bBsomique L7/L12).

Les analyses génétiques ont été réalisées et adypeptides de la thiorédoxine A et un de la
protéine ribosomique 50S ont ainsi été identifiésme des épitoques potentiels.
L’expression dans le vecteur PQR9Hlecoli suivie d'immunoblots a permit de montrer que
les résidus 7-12 de la thiorédoxine A. sont recopaule D6. Cela a été confirmé par des

expériences de compétition avec un peptide synneti



Abstract

Borrelia afzdlii, B. garinii, and B.burgdorferi are three of the five Borrelia species definitely
recognized as responsible for Lyme borreliosis iaroge. This infectious disease is
transmitted by ticks and is characterized by mialge skin, joint, neurological and cardiac
manifestations. The aim of the present study iet@al new species specific proteinsBof
burgdorferi sensu lato and to characterize them. The pointiatefest consist in serologic
determination, routine PCR, chips technology andmedical diagnostic (symptoms /
particular antigen).

In this study, two global approaches were usedtudysantigenic proteins of interest: the
proteomic way and the genomic way.

The proteomic part consists to study the immunégore of each pathogenic genospecies.
Antigenic fractions of total bacterial protein Iysaof B. burgdorferi sensu stricto VS215,
B.garinii VS102 andB. afzelii VS461 were prepared using different immune-afficiblumns
with specific serological reactivity. Proteins wethen separated by two-dimensional
electrophoresis to obtain specific reference mapeiach species. 4 specific spots were
observed foB. afzelii and 2 forB. burgdorferi.

The genomic part consists to study the predictetepme of each genospecies. Bioinformatic
algorithms were used and a method was describgelécot potential secreted proteins frBm
afzelii, B. burgdorferi andB.garinii proteome in a simple way (fast, easy and freelyl@ia
from internet). At the end of selection, 3 candedatvere found foB. afzelii, 7 for B.
burgdorferi and 2 forB.garinii.

These two approaches resume the antigenic st&ebafgdorferi s.l.

Finally an example of identification and characation of such candidates was made. The
objective of this study was to identify al2 kDatpio from B. garinii reacting with the D6
monclonal antibody. Protein was extracted and stibchto LC-MS/MS sequence analysis.
This analysis revelead three polypeptide sequeanatogous to BB0477 (30S ribosomal
protein S10), BB0061 (thioredoxine A), and BB0390 & ribosomal protein L7/L12).

Genetic analyses were performed and two polypepficden thioredoxin A and one from 50S
ribosomal protein were thus identified as potengpitopes. Expression i&.coli PQR9
followed by by immunoblotting identified residueslZ of thioredoxin A as the D6 mab

epitope. This was confirmed by competition experitaavith a synthetic peptide.



2 Introduction

2.1Borrelia burgdorferi

2.1.1 Classification

Borrelia burgdorferi sensu lato appartient a lI'ordre des Spirochaetateame les genres
Leptospira et Treponema. Le ge@relia comprend une trentaine d’especes, dontelia
burgdorferi sensu lato qui regroupe 19 espéces et 5 sontsgesas pathogénes majeuigs,
burgdorferi sensu strictoB. garinii, B. afzelii, B.bavaiensis et B. spielmani responsable de la
borréliose de Lyme (BL) (Baranton et al. 1992; Cargt al. 1993). Il contient aussi au moins
huit espéces étroitement apparentées qui ne prembguue trés rarement des infections
humaines.
Borrelia burgdorferi sensu lato est abrégé dans cette théese comme Bb tmrgdorferi,
Borrelia burgdorferi sensu stricto comme Bb s.Borrelia garinii comme Bg etBorrelia

afzelii comme Ba.

2.1.2 Structure et exigences de croissance in vitro
Bb est une bactérie Gram-négative hélicoidale qgsure 15-25 um de long sur 0,2-0,5 um
de large, qui est dotée de 7-11 flagelles péripiqses (Barbour, Hayes 1986), qui permettent
la motilité et lui conferent sa forme. D'une maei@nalogue aux autres bactéries Gram-
négatives, Bb a une membrane externe qui entasgake periplasmique et une membrane
cytoplasmique interne qui protege le cytoplasmel{Bar, Hayes 1986). Exceptionnellement,
aucun lipopolysaccharide (LPS) n'est présent damsedmbrane externe de Bb. Bb peut étre
visualisé sans coloration par champ noir ou parasiopie a contraste de phase (Preac-
Mursic et al. 1993). L'organisme peut étre détpatémicroscopie apres coloration de Wright,
Giemsa ou argent, ainsi que par microscopie a dkaance suite a un marquage
immunocytochimique.
Bb peut étre cultivén vitro dans des conditions microaérophiliques a 33 °G danmilieu
liquide appelé Barbour-Stoenner-Kelly (BSK 1) (Baur 1984). Lors de conditions
défavorables, tel que pH bas ou sous l'influenaatitbiotiques, le spirochete développe des

blebs de membrane (Preac-Mursic et al. 1986).

2.1.3 Génome
Bb a un chromosome linéaire d'une taille approxweatle 1Mb (Fraser et al. 1997), et il
contient généralement au moins quatre plasmidésilies et plusieurs plasmides circulaires.

La plupart du génome de la souche B31 de Bb €& publié en 1997 (Fraser et al. 1997) et



le génome complet a été publié en 2000 (Casjeak 2000). Le génome contient un grand
nombre de génes qui codent pour des lipoprotéingsngluent des protéines de surface
externes (Osps) de A a F (Fraser et al. 1997)c®dre, le génome de Bb ne code que pour
peu de protéines impliquées dans la biosynthégeifisint que le spirochete est dépendant de

I'hn6te pour les exigences alimentaires.

2.1.4 Les protéines de surfaces externes
Les protéines de la surface externe OspA et OspBd&ux lipoprotéines majeures de surface
de la membrane externe de Bb. Dans le génomestrithe B31 de Bb s.s, les génes codant
OspA et OspB sont localisés sur le plasmide lieea# (Ip54). Les deux génes partagent un
promoteur et sont transcrits de maniere coordo(iiéee et al. 1986; Bergstrom et al. 1989).
Bb est transmis aux étres humains par les tiqudeseétudes ont montré que Bb régule
I'expression de beaucoup de protéines de surfasadola phase de transmission. OspA et
OspB sont exprimés par Bb dans lintestin moyefadégue. Peu aprés l'entrée dans I'héte
vertébré, l'expression est diminuée, et I'exprasdiospC est augmentée (Schwan et al. 1995;
Schwan, Piesman 2000). Des anticorps dirigés cadsmA et OspB sont détectables chez
guelques malades lors de la phase précoce de &dimaét lors de I'étape tardive pendant
l'arthrite (Kalish et al. 1995; Chen et al. 1998jnsi que lors de traitement-réfractaire a
l'arthrite de Lyme (Lengl-Janssen et al. 1994; Céieal. 1999) suggérant qu'OspA et OspB
sont aussi exprimés lors de certaines étapesndiection persistante. De plus, des antigenes
OspA (Coyle et al. 1993) ainsi que ces anticorgh(&er et al. 1997) ont été identifies dans
le fluide cérébrospinal de malades atteints de afmuréliose. Dans une étude publiée par
Batsfor, approximativement 80% de sera de malagastaine arthrite ou une acrodermatite
chronique atrophiante (ACA) et 23% des sera de aealayant un érytheme migrant (EM)

reconnaissent les antigenes OspA ou OspB (Batstaxtl 1998).

2.2 Borréliose de Lyme
2.2.1 Epidémiologie
Les spirochétes Bb vivent dans un cycle enzootigualiquant des tiques et une grande
gamme d'animaux comprenant des mammiferes, encydéeti des souris, des oiseaux et
méme des reptiles (Anderson, Magnarelli 1984; Getrral. 1998; Xu et al. 2007). La
borréliose de Lyme apparait comme I'affection veette la plus fréquente aux USA et
probablement en Europe. Les vecteurs sont de lalléahes Ixodidae. Selon le lieu

géographique I'espece differéxodes ricinus en Europe occidentale,persulcatus en Europe



de I'Est et Asie]. ovatus au Japon, dt scapularis etl. pacificus pour ’Amérique du Nord,
respectivement a l'est et a I'ouest. Le risque detamination dépend directement de la
densité en tiques et de leurs pourcentages d’atfess, ainsi que des facteurs géographiques
et climatiques (Magnarelli, Anderson 1988; Wittenkret al. 1994).

Le cycle dixodes comprend trois stades : larve, nymphe et adukepdassage d’'un stade au
suivant nécessite un repas sanguin. La larve segBréralement sur des insectivores ou petits
rongeurs, la nymphe sur des vertébrés de tailleemuy ou des oiseaux et finalement I'adulte
sur des mammiféres de plus grande taille. Aux tstasles, 'homme est un hoéte accidentel,
mais Bb est habituellement transmis par les nymphts tiques adultes (femelles).

Les études sur les animaux de laboratoire ont lante la transmission de la maladie exige
généralement un attachement de la tique d'une dieéd8-72 heures (selon I'espéce),
signifiant que si la tiqgue a été attachée duraninsnde 24 heures, le risque d'infection peut

étre considéré comme bas (Piesman et al. 198mRie$993; Des Vignes et al. 2001).

2.2.2 Pathologie
Pour maintenir son cycle enzootique, Bb doit s'stapux environnements des différents
hotes. A l'intérieur de la tique, Bb exprime latgine de surface externe A (OspA) qui reste
attaché au récepteur OspA de la tique (TROSPA)i@an de l'intestin moyen (Pal et al.
2004). Lors du repas sanguin de la tigue, Bb chdly@ression de plusieurs genes, y
compris la régulation du gene qui code pour 'OsBAnultanément, I'expression de I'OspC
est augmentée, ce qui est nécessaire pour infestearammiféres (Steere et al. 2004; Hu et al.
1996).
Il a été démontré que I'OspC lie la protéine salev&alpl5 de la tique, Salpl5 ayant des
propriétés immunosuppressives (Hovius et al. 2008).
Plusieurs jours a semaines apres la transmissioivaau de la peau du mammifere, Bb peut
migrer par voie hématogéne vers plusieurs orgdpear faciliter cette dissémination, Bb
adhere aux intégrines, protéoglycanes, ou glycépres des cellules hétes ainsi qu'aux
matrices extracellulaires (Steere et al. 2004).
Bb peut se lier a des plasminogenes et des urasnastivatrices de plasminogénes, pour
mieux pénétrer a travers les couches cellulairdstbgliales. D’autres protéines importantes
de Borrelia interviennent, tel BBK32 (47 kDa), qui a été démméa comme se liant aux
fibronectines; p66 (66 kDa), une protéine de serfagterne qui se lie aux récepteurs du

fibrinogene et au récepteur du vitronectine; pZbKRa), qui se lie aux glycosaminoglycanes



des cellules endothéliales et neuronales. De fagprotéines dbp A et B lient un collagéne

associé aux décorines du protéoglycane (Steete280a).

2.2.3 Réponse immunitaire 8. burgdorferi
Une fois que Bb est dans la peau, les premiersdextde I'h6te que rencontrent les bactéries
sont des composants du systeme du complément etllakes du systeme immunitaire inné.
Selon l'espéce de Bb, la lyse médiée par le comgiérontre les spirochétes peut étre le
premier mécanisme de défense de I'hote (BreitneddBtk et al. 1997). Le premier
symptéome clinique, la lésion EM, est la réponse lyegphocytes, cellules dendritiques
(DCs), macrophages et un petit nombre de cellulepldsma (Mullegger et al. 2000).
Cependant, seulement trés peu de neutrophilespsésénts, ce qui est atypique lors d’'une
infection bactérienne (Steere et al. 1983a). Ldsles inflammatoires dans I'EM produisent
des cytokines pro-inflammatoires, les plus aboretagtant TNE& et INFy. Une réponse Thl
optimale dans la phase précoce de la maladie asétkiée avec de bons résultats (Sjowall et
al. 2005). L'infection peut étre limitée a la pestupeut se résorber méme sans traitement,
mais pour des raisons encore inconnues, dans esetiis la bactérie envahit la circulation
sanguine et se dissémine vers plusieurs organsssyieptdmes peuvent paraitre méme des
années apres l'infection primaire. Il sembleraié gans la phase précoce de la maladie, la
réponse Thl serait importante dans la défenseetagrbactéries, alors que la réponse Th2
serait importante dans la phase plus tardive deotaéliose de Lyme (Oksi et al. 1996;
Sjowall et al. 2005).

2.2.4 Manifestations cliniques

La borréliose de Lyme est caractérisée par un pmighisme clinique, auquel il faut de plus
distinguer la forme européenne de l'affection aosénie (Stanek, Strle 2003; Nadelman,
Wormser 1998).

Le développement de la maladie peut étre divisenfaction locale précoce, disséminée et
chronique tardive (Steere et al. 2004). Cependastjrois étapes se chevauchent et leurs
présence n'est pas claire dans tous les cas deeBpremier symptdéme dermatologique de
l'infection, I'érythéme migrant (EM), a lieu hatetiement 3-32 jours aprés l'infection. Cette
phase primaire peut s’accompagner de symptomeseagpa a la grippe, tel que malaise,
fatigue, maux de téte, arthralgies, myalgies etrégSteere et al. 1983b). Cet EM est parfois
suivi d’'une phase dite secondaire, le plus souwvenirologique, tel que des névropathies

craniennes et périphériqgues (un exemple typiquet étme paralysie du nerf facial),



accompagné de méningite Iymphocytaire, plus préwsé de meningoradiculite
lymphocytaire.

Les manifestations typiques au niveau de la peala @ disséminée sont des lésions EM
multiples, des lymphocytomes cutanés et des Acnaodiiies chroniques atrophiantes (ACA)
(Hansen, Asbrink 1989) qui sont des manifestattardives de la BL. L'arthrite de Lyme est
généralement une manifestation tardive de la BLsmelié peut se produire quelquefois plus
tot lors de la maladie. L'arthrite est caractérisg@quement par des attaques périodigues au
niveau des (grosses) articulations. Les manifestatineurologiques tardives de la BL
incluent méningites, et radiculites.

Il y a un grand nombre d’autres manifestationséirgaées et tardives engendrées par la BL :
au niveau du ceceur il peut y avoir des carditess jpitécisément des endomyocardites ou
péricardites (Steere 1989) ; au niveau des yeuttauve des conjonctivites, des kératites et
uvéites (Lesser 1995); au niveau de foie des hépatiKazakoff et al. 1993), des
splénomégalies au niveau de la rate (Cimmino e1@89) ; ou encore des orchites et des
hématuries microscopiques (Steere 1989). L'infac®d a une forte tendance a devenir
chronique (Berger et al. 1983; Steere et al. 1988kere et al. 1983a).

Il existe des différences cliniques et épidémiajogss entre I'expression de la BL entre
I'Europe et les USA. Aux USA le pathogéne n’'estrésgnté que paBorrelia burgdorferi
sensu stricto alors que les trois espéces pathsgsomet représentées en Europe. Les
différences cliniques s’expliquent par I'organoisspe existant entre les différentes especes
deBorrelia. Ainsi les complications rhumatologiques sont danglupart des cas causées par
Bb s.s., alors que Bg est responsable des symptdeeype neurologiques, et que les
manifestations dermatologiques tardives sont sduassociées avec les infections de Ba
(Assous et al. 1993; Péter et al. 1997; Wang €i9419).

2.2.5 Diagnostic et traitement
Dans la phase précoce de la BL, le diagnostic as¢ Imabituellement sur des conclusions
cliniques typiques, la plus évidente et spécifigtent la rougeur de I'EM, et dans ce cas le
diagnostic de laboratoire n'est pas recommandén&irougeur EM est suspecte, le malade
devrait étre traité aux antibiotiques. L'agent eétant de la famille des Spirochaetacea, les
Beta-lactamines et les tétracyclines sont les mntijnes de choix et les nouveaux macrolides
peuvent étre utilisés en deuxieme intention.
Au stade tardif de la maladie, le diagnostic s@igjoe est recommandé en aide au diagnostic

clinique. La production d'anticorps IgM a lieu durdes deux premieres semaines suite a
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I'infection et atteint un maximum apres deux mBimgressivement, la production d'anticorps
IgG commence en méme temps que le déclin des Ight. approche en deux étapes est
généralement utilisée dans la sérologie de la Blls@& 2003). La premiere étape est un test
ELISA sensible qui est suivi par un test immunoldo$ d'un positif ou cas positif limite. Bb
peut étre mis en culture dans un milieu liquide B8KBarbour 1984). Le temps de
génération de Bb étant long, les cultures nécesgifétre incubées quelques semaines. Une
méthode moléculaire consiste a détecter 'ADN dedBbs des échantillons de biopsie ou
fluides corporels (par exemple fluide synovial,idli cérébrospinal, sang) en utilisant la
technique de la « polymerase chain reaction » (P@G&R®nek, Strle 2003). En général, les
sensibilités des cultures de Bb et des PCR ne pastdes méthodes de choix dans le
diagnostic de laboratoire de la BL, et sont dorgligéables en dehors d’études cliniques.

2.3 Problématique et objectifs
BL est l'une des infections bactériennes persistaés plus communes en Europe qui
n'offrent pas encore de sérologie adéquate. Ceaitgre lié aux réponses immunes unigues
résultant des stratégies de fuite de la bacténegmport au systeme immunitaire de I'hote.
Cette these a pour but d’identifier de nouveauiganes pertinents pour le diagnostic.
Le diagnostic de I'infection dBorrelia burgdorferi sensu lato, agent étiologique de la BL, est
basé sur les manifestations cliniques et est gogfipar tests sérologiques. Ces tests ont
néanmoins pour défauts leurs manques de sensibilitépécificité. L'usage de nouveau
marqueurs spécifiques et fortement antigéniquesrgient ameéliorer ces limitations.
* La premiere partie de cette these a pour butedtiier de nouveaux antigénes 8e
burgdorferi en employant une approche protéomique.
* La deuxieme partie de cette these a pour butedtiier de nouveaux antigenes Be
burgdorferi en employant une approche génomique.
» La troisieme partie est un exemple d’identifioatiet de caractérisation d’'une protéine

antigénique.
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Résumé des deux démarches : L'étude protéomiqiassat a partir des protéines (approche
pratique : détection physique grace aux anticopesy aboutir aux génes, alors que I'étude
génomique (approche informatique : prédiction graades algorithmes) est a l'inverse : on
part du gene pour aboutir aux protéines. Ceci pedoac d’avoir une vision globale et

compléte des antigénes potentielBderelia.
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3.1.1 Introduction

The bacteriunB. burgdorferi sensu lato (s.l.), the causative agent of Lymeetiosis (LB),
belongs to Gram-negative, spirochetal bacteriatéPat al. 1991) characterised by a spiral
morphology and flagella that function as motilitgans.

B. burgdorferi s.l. is divided into different genospecies of whibree have been identified as
major human pathogenB: burgdorferi sensu stricto (s.s.B. garinii andB. afzelii (Baranton

et al. 1992; Marconi, Garon 1992; Canica et al.3)9@\ll three species can be found in
Europe and Asia whereas in the USA oBlyurgdorferi s.s. occurs.

The genome oB. burgdorferi s.l. consists of a linear chromosome and numkieisear and
circular plasmids (Barbour 1988; Casjens et al.0200he large number of plasmids may
enable an extensive antigen variation to adapheodifferent environments the bacterium
may encounter. Outer surface proteins exposed ewcdh surface interact with the host and
contribute to the pathogenesis of LB.

Lyme borreliosis, the most prevalent and widespreaator-borne infectious disease in the
northern hemisphere, is a multisystem disease vingglmany organs, mainly the skin,
nervous system, joints and heart (Steere 198%eP#f¢$ al. 1994; Stanek, Strle 2003).
Different clinical forms are found and are directigrrelated to phenotype and genotype
heterogeneity of the pathogen (Pachner et al. 2004hritis and carditis are preferentially
associated wittB. burgdorferi sensu stricto, the degenerative skin disorderdacmatitis
chronica atrophicans (ACA) withB. afzelii and neuroborreliosis withB. garinii
(Demaerschalck et al. 1995; Balmelli, PiffarettD5).

If there are no pathognomonic symptoms such asp&dly erythema migrans, clinical
diagnosis of Lyme borreliosis usually requires aométion by means of a laboratory-
diagnostic assay. Antibody detection methods maanly used for this purpose, whereas
detection of the causative agent by culture ismtasind nucleic acid techniques is confined to
special situations.

Antibody detection is made by serological testsrently using a two step approach: a
screening assay, mostly ELISA, confirmed by immuablanalysis (Wilske et al. 2007).
Recently, immunoblots have been improved by additb recombinant antigens (i.e. VISE
and DbpA) (Goettner et al. 2005; Schulte-Spechtal.€2003). Despite recent improvements,
the limitations regarding sensitivity and spectfiadf the tests still restrict their use as routine
diagnostic tools (Aguero-Rosenfeld et al. 2005). daie, the cross-reactivity of borrelia
antigens, the delayed appearance or even lack asurable immune responses in the early
stage of LB and the absence of a marker for pergisir active infections are the main
challenges for serodiagnosis (Brouqui et al. 200#gntifying and characterizing antigenic
components that are involved in the pathogenesB. dlrgdorferi s.l. will permit a better
understanding of the disease and lead to moretietiagnosis and treatment.

A way to detect and identify specific antigensasmork with complete immunoproteomes of
each pathogenic genospecies. The method consistsvaflimensional electrophoresis
(adequate resolution for microorganisms proteoroywwed by blotting on membranes and
overlaying the protein pattern with patient’s s@¢eah, Jungblut 2004).

Generally, prior to electrophoresis, proteins aneched in proteins of interest to increase the
resolution of the separation.

For Borrelia various techniques have been attem{Béxtisoe et al. 1994): surface labelling
using 1-125 or biotin (Luft et al. 1989), antibotibelling (Barbour et al. 1984), accessibility
to proteases (Norris et al. 1992) , and differénd@ubilisation with detergents (Sambiri,
Cevenini 1991; CUNNINGHAM et al. 1988).

However, the techniques are subject to artefactd,cansider only a fraction of protein of
interest for diagnosis purpose.



Here we isolated first the antigenic proteins tdaob directly immunoproteome by 2d-
electrophoresis. Antigenic fractions of the totatterial protein lysate d8. burgdorferi s.s.
VS215,B. garinii VS102 andB. afzelii VS461 were prepared using different immune-af§init
columns with specific serological reactivity. Thellbwing immunoblot step is used to
validate the results.

The study allowed identifying new species-specdittigens ofB. burgdorferi s.l., and
obtaining antigenic maps fd@. burgdorferi s.s.,B. garinii andB. afzdlii. Such studies were
already made by American groups, but focalised only\B.b.ss(Nowalk et al. 2006a). Maps
of all 3 genospecies were elaborated by Jungblutgldlut et al. 1999), but the antigenic
characteristics were focused Bngarinii exclusively.
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3.1.2 Material and methods

Bacteria cultures
Low passage Borrelia strainB, burgdorferi s.s. VS215B. garinii VS102 andB. afzdlii
VS461 were used for antigen preparation (Pétet. et987). All strains were isolated from
ticks (. ricinus) (Péter, Bretz 1992). Spirochetes were culturddSK I medium. During the
late logarithmic phase of growth, the culture wastafuged at 14,000g for 15 min and
washed twice in phosphate-buffered saline (pH #®2yhich MgCl2 (0.05 M) was added.
After sonication, the protein concentrations of sigspensions were determined by the Biuret
method and adjusted to 1 mg/ml in distilled water.

Sera
A minimum of three sera were mixed to constitutgoal. Selection consisted of sera from
patients with characterized late LB symptoms, wéh neuroborreliosis, acrodermatitis or
arthritis (stage Ill). Each serum was highly reaetin ELISA and presented strong species
specific 1gG reactivities in immunoblots (Ryffel @t 1999). They were pooled according to
their reactivities.

Affinity chromatography
Hitrap protein G columns (Amersham bioscience) weggilibrated with 10 volume of
binding buffer (B-buffer; 20mM Sodium Phosphate,7p8. Each pool of sera was diluted
1:1 with B-buffer, filtered (0.45um) and titratiai IgG was carried out by nephelometry. At
least 25mg IgG of each elaborated pool of sera weoebated for 30 min in the
corresponding column. The Ab-bead conjugates weashed with eight volumes of B-buffer
and with eight volumes of washing buffer (W2-buff@0mM Sodium Phosphate buffer
pH8.2). The antibodies were then covalently linkadone hour to the protein G beads using
dimethylpimeliminidate (DMP) solution (0.2M Triethelamine pH8.2 + DMP
(40mg/10ml)). After an eight volume wash with 0.ZMiethanolamine pH8.2, remaining
protein G sites were blocked with fifteen volumdssaturation buffer (0.1M Ethanolamine
buffer pH8.2). Columns are ready for use after eglution with four volumes of elution
buffer (E-buffer; 0.1M Glycine-HCI pH2.8) and edhitation with ten volumes of W2-buffer.
For long term storage, @ with 10% ethanol was used.

Immunoprecipitation
Columns were washed with lysis buffer (L-bufferOb®M NaCl, 1%NP-40 (v/v), 0.1% SDS
(w/v), 50mM Tris-HCI pHB8.0) containing protease iiitors. Two mg of eaclBorrelia
antigen were resuspended in a final volume of Lidmliffer, sonicated, incubated 15 min on
a rotating wheel, and centrifuged at 18000g. Swgiants were incubated in the
corresponding columns during 30 min with continuowsning. Columns were then washed
with eight volumes of L-buffer and followed by et with eight volumes of E-buffer.
Elutions were stabilized with 175ul 2.0M Tris-HCH®B.0 for a final volume of 1.5 ml.
Columns were regenerated with ten volumes W2-buaifer finally stored in 10% ethanol.

Two-dimensional Gel Electrophoresis
Volumes of 100ul (for gel staining) or 50ul (for nminoblots) of eluted material were
concentrated and precipitated with trichloroaceibid (20%). Individual 7cm ReadyStrips
IPG strips (Bio-Rad), pH 5-8 were rehydrated wib Jul of urea buffer (7 M urea, 2 M
thiourea, 4% (w/v) CHAPS, 1% (v/v) Np40, 0.2% (vBip-Lytes, 1% (w/v) dithiothreitol,
0.002% (v/v) bromophenol blue) containing the sanfdoelectric focusing was carried out
using a Protean IEF Cell according to the instangifrom the manufacturer (Bio-Rad): 14



hour 50V active rehydration; 20 min 250V linearpp 120 min 4000V linear slope; 4000V
12000VH rapid slope. Prior to the second dimenstbge, IPG gel strips were equilibrated
twice in 2.5 ml of equilibration solution (50 mM i$¥HCI buffer, pH 8.8, containing 6 M
urea, 30% (v/v) glycerol, 1% (w/v) SDS) for 20 miimst in the presence of dithiothreitol (65
mM) and then in the presence of iodoacetamide (Bfj.rf8econd dimension gels consisted in
a 12% tris-glycine SDS-PAGE. Gels were run using Bmotean Il xi Cell (Bio-Rad), at a
constant current of 15 mA/gels. The analytical tumensional gels were stained with zinc
(Hardy, Castellanos-Serra 2004), with silver (Slhewiko et al. 1996; Yan et al. 2000) or
were transferred for immunoblots and scanned wif0G from Bio-rad.

Immunoblots
After electrophoresis the proteins were transfeteea polyvinylidenedifluoride membrane
with constant voltage (120V) during one hour. Befdurther use, the membranes were
blocked for 1 h at 37°C with Tris-buffered salineBS; pH 7.2) with 5% gelatine and were
washed three times for 5 min each time with wastbnffer (W-buffer; TBS with 0.1%
gelatine and 0.05% Tween 20) at room temperature.fdllowing steps were also performed
at room temperature. Each membranes were inculfate® h with pools of human sera
diluted 1/200 in D-buffer (TBS with 1% gelatine afd5% Tween 20). For monoclonal
antibodies dilutions were 1:1500 for LA114 ZS7 {@3a protein), 1: 100 for LA 18 (66 kDa
protein), 1:1000 for H9724 (41 kDa protein; flagel] LA112 ZS7 (39 kDa protein),
LA222B8 (OspA) and LA31 (OspC) (kindly provided Wy. G. Barbour, University of
California, Irvine; R. Wallich, Ruprecht-Karls-Urawsitat, Heidelberg, Germany; and B.
Wilske, Max von Pettenkofer Institut, Munich, Gemga (Ryffel et al. 1999). The
membranes were washed three times for 5 min withuffer. After the washing, rabbit anti-
human IgG (Sigma, St-Louis, USA) conjugated to lateaphosphatase diluted 1/1000 in D-
buffer was added for human sera. The secondargaahés for monoclonal antibodies were
goat anti-mouse polyglobulin (Sigma, St-Louis, US#9njugated to alkaline phosphatase
diluted 1/1000. At an incubation of 2 hours, twoshvas were done with W-buffer and one
was done with TBS. The bound conjugate was visedlizy addition of the chromogenic
substrate 5-bromo-4-chloro-3-indolylphosphate-NBloe Tetrazolium (Kirkegaard & Perry
Laboratories). The reaction was stopped 30 mim atéwo rinses in distilled water.

Image analysis
Image analyses were performed with Flicker ver€dd88.6 (Lemkin, Thornwall 1999), a
program belonging to the Open2Dprot Software, viittageMaster 2D Platinum 6.0 (GE
Healthcare) and TopSpot (Pleissner et al. 2002).
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3.1.3 Results

On every gel (Figure 1), two horizontal diffuseestks (~50kD and ~25kD) are observed that
represent a small amount of eluted IgG from theurool (heavy and light chains). These
streaks were used to align gels together.

After two-dimensional electrophoresis, differenaiging techniques (zinc and silver) were
used to visualize proteins on gels. The generdepaiFigure 1) between species is very
similar. Staining differs in sensitivity, in thedreasing order from silver to zinc. Less spots
are present with silver staining. This gives a squantitative aspect of the visualized
proteins.

With all the landmarks and in comparison with thierature it was possible to identify the
main spots (listed on Table 1). FBr burgdorferi s.s., 90 spots were detected with zinc
staining, 22 were well identified and 2 were ddssdli as species specific: spot n°23 and n°51.
For B. afzdlii, on a total of 78 spots, 16 were identified andee species specific: spot n°13,
56, 65, 22, 26, 35, 52 & 75. No species specifatswere observed f@. garinii among the
71 spots (19 with identity).

More spots seem to be seen for zinc maps, butappgar more distinct with silver staining.
With identical parameters (area; separation), nsprgs are detected on silver maps: 98for
burgdorferi (36 identified); 102 forB. afzelii (23 identified) and 76 foB. garinii (17
identified). Species specific spots are similarsfmts observed on zinc maps, just one
supplementary isoform fdB. afzelii: spot n°84 is dectectable. Every data are visedlian
Figure 1 and data are referenced on Table 1.

The proteins p83/100, Oms66, ErpB, OppA, FlaB, Bm@ApC and LA7 are detected in all
species. Some spots are only present in one spicgesisp90, ErpA and OspB fdB.
burgdorferi or GADPH for B. garinii. Some proteins are represented by one spot like
p83/100, whereas others with spot string like Oms6&laB (Table 1). Differences could
also be observed between staining methods. HsPSB or RevA are only detected on zinc
maps ofB. burgdorferi s.s. On the contrary, OspA and OspB are well represkon silver
maps.

Most of identified spots are concentrated in acidinge of the gel. Some proteins like
p83/100, Oms66, ErpB and FlaB are similar in MW &idetween species. Other proteins
differ in PI like OspC or in MW and PI like OspAdhpresent foB. garinii).

Finally some proteins are only represented in @aeiss: spots 23, 51 f&: burgdorferi, (13,

56, 65), (22, 26, 35), 52, 75 fd@. afzelii. Corresponding respectively to 14, 46 #Br
burgdorferi s.s silver map and (67; 75; 83; 84); (15; 21; B8); 97 forB. afzelii. No species
specific spots were detected frgarinii. To confirm the antigenic properties of the progein
immunoblots were performed with monoclonal antilesdip100, p66, p41l, p39, OspA, OspC)
in order to localize the major proteins, to scadsgand to align them together (data not
shown). This standardisation was made vBthburgdorferi s.s only. Recognition of the
corresponding proteins for the other species wdsi@ since these known common proteins
have identical patterns and molecular mass, exdepspA. All proteins detected on the 2D
gels were also present on immunoblots (data natisho
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3.1.5 Discussion

By definition, the proteome is the totality of plioteins in a genome, or more precisely in two
gel analysis the total of all proteins at a pattcuplace under certain environmental
conditions (Wasinger et al. 1995). The method afiah for the study of the proteome is two-
dimensional polyacrylamide gel electrophoresis &-ORabilloud 2002), (Klose 1975;
O'Farrell 1975). Complex mixtures of proteins aepagated by isoelectric point (pl) and
molecular weight (MW). The result is a pattern ot (spots), representing single protein
(Jungblut et al. 1996).

The 2-DE is in their high-resolution version cagabl separating (identifying) approximately
5000 different proteins (spots) (Jungblut et aBA)9 This is largely sufficient for prokaryotes
(Jungblut 2001)B. burgdorferi s.s. having for example 1556 predicted proteirasj€hs et al.
2000).

To visualise only antigenic proteins, two-dimensibblots were revealed with antibodies
from patient sera. The resulting spots permit emtdy specific antigens (vaccine candidates),
their pathogenicity and association with diseassgfbstic markers).

Immunoblots have with regard to the antigen-redagmia limitation: through the separation
of proteins using 2-DE using high concentrationsi@a, the proteins partially unfold. This
destroys the native three-dimensional structusv@cably for many proteins.

Antibodies are directed not only against sequeltiglalso against conformational epitopes,
so not all epitopes can be detected with immunebldere we isolated antigens first under
semi-native conditions with an immunoprecipitati@i®) step. The IP is based on the
relationship of antibodies with sepharose beadpleduwith protein G, which have a high
affinity for the Fc fragment of immunoglobulins. Aadditional advantage of IP is that no
restriction occurs in terms of pl and MW preciplalproteins. A series of studies already
used IPs successfully in connection with 2-DE (Ghanal. 2001; Houry et al. 1999; Imam-
Sghiouar et al. 2002; Stancato, Petricoin 2001).

Another advantage of enrichment with IP is tBatrelia burgdorferi s.l.produces excessive
amounts of membrane lipoproteins such as OspA.when grownin vitro, many low or
moderately abundant proteins are underrepresented eell lysates are examined by 2-DE
(Schulte-Spechtel et al. 2003). Enrichment witladRantages soluble proteins and minimizes
strikes on gel due to high level of lipoproteins.

To validate the method, immunoblots were performusthg the same sera as used to
conjugate to the sepharose beads. All spots presegels (silver staining) were identified on
immunoblots, meaning that all proteins have antggmoperties. Separation of spots was
better on gel maps, where fewer strikes were ptedealoration of proteins is more
homogeneous than immunologic staining of immunahlasulting in more exact and proper
reference maps.

IP allowed us to have nice reference results, beithave to keep in mind that collected
proteins depend on solubilisation and elution buffdhe method has to be strong enough to
avoid to have proteins from secondary interactisolupilisation) and not to strong, but
enough to elute highly antigenic proteins (elution)

Many studies were done to investigate proteomeBaofelia using 2-DE (Nowalk et al.
2006a; Norris et al. 1992; Norris 2006), chromaapiyy (Jacobs et al. 2005; Angel et al.
2010), or proteome array (Barbour et al. 2008),dnhy with B. burgdorferi s. s.Maps of all

3 genospecies were elaborated by Jungblut (Jungilual. 1999), but the antigenic
characteristics were focused Bngarinii exclusively.

The general profile between the three species ssanilar. Most of the identified spots are
present on each map. A few spots are present ispawes only, explaining the low numbers
of unknown specific spots.
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Proteins between 60 and 41 kDa are normaly conddrg®veen species (Wilske et al. 1988),
but here 3 specific spots are found Bomfzelii. For lower weight it is known that profiles are
variables between species, that explain the twoispspecific spots found f&: burgdorferi
and the two smaller proteins Bf afzdlii.

If we consider the genome of the three specieas, khown thatB. afzelii appears to be the
more divergent compare . garinii and B. burgdorferi s.s. (Wang et al. 1999). It could
explain why we found more species specific spat8fafzelii.

This study serves as antigenic reference mapsafcin pathogenic species Borrelia. Next
step could be to present a universal map of antgenotein of Borrelia or maps of specific
antigens for each genospecies. In the first caB& Bas to be made with the elution of
antigens from columns built with a pool made widltle species specific human hyperimmune
serum. In the second case, the idea is to passlitiens of each species through the two
other columns to eliminate cross-antigenicitieot&ins of the last method could be directly
studied using chromatographic separations coupl#gdtandem mass spectrometry (Angel et
al. 2010).

These references maps were made for the three hymatiogenic genospecies &f
burgdorferi s.I. and not only wittB. burgdorferi s.s.. Another point of interest is to work
directly with antigens and to obtain antigenic mapa one step procedure.
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3.2.1 Introduction

Borrelia burgdorferi sensu lato (s.l.) belongs to the ord&irochaetales along with
Leptospira and Treponema. The compkxburgdorferi s.l. currently includes three major
pathogenic specie®. burgdorferi sensu strict (s.s.B. garinii andB. afzelii, which cause
Lyme borreliosis (LB), transmitted by ticks of thedes species (Anderson 1989; Steere et
al. 2004; Piesman, Gern 2004). A particular suhsgrof B. garinii OspA type 4 has been
described a$3. bavariensis and is associated with neurological cases of Lyoeeliosis.
Other species not belonging to the Bb complex cdéigke and louse-borne relapsing fever
(e.g.B. recurrentis, B. duttonii).

Bb is an helicoid bacterium with some periplasntégélla, which mediate the motility and
shape oBorrelia (Goldstein et al. 1996). Similar to Gram-negatdaeteria Bb has an outer
membrane surrounding the periplasmic space and raer i cytoplasmic membrane
surrounding the cytoplasm. However, no lipopolybacice (LPS) is present in the outer
membrane of Bb (Barbour, Hayes 1986; Takayama. éit98l7). This labile outer membrane
also spontaneously generates extracellular vesiclédebs duringn vitro growth (Barbour,
Hayes 1986; Radolf et al. 1994; Preac-Mursic e1286).

Bb is an obligate parasite, not able to survivesidet its arthropod or vertebrate host. This
natural life cycle oBorrelia is associated with a relatively small genome waitity limited
biosynthetic pathways. Based on the genome of éqeences of strain B31 (Casjens et al.
2000; Fraser et al. 1998, burgdorferi s.s. has an unusual genome structure, considtiag o
0.91 Mb linear chromosome and 21 plasmids (12 tireea 9 circular) that comprise an
additional 0.61 Mb.

Potential proteins released by the Gram-negativieodpete bacteriaBorrelia to the
extracellular environment could be responsible riduce protective immunity (in some
bacteria) and could be involved in pathogenesie(iy Kesty 2005; Shoberg, Thomas 1993).
Recognition ofBorrelia secreted proteins by the immune system may leaay detection

of the infection and to a better control of theedise.

While exported proteins are those proteins thassrmembranes and keep subsequent
covalent attachment to the bacterial cell wall (@odsibly released into the culture medium
over time), secreted proteins are proteins thatlmeetly released into the culture supernatant
and remain not associated with the bacteria.

Prokaryotes have a number of pathways dedicatetiegprocess of protein secretion. In
general, these organisms translocate the majdrityetr secreted proteins via the Sec protein-
translocation pathway (Pugsley 1993). A proteitagged for export by a signal peptide at its
N-terminus. Immediately following this signal pejs#i there is a characteristic cleavage site
recognized by a signal peptidase that cleavespiyide following the “threading” of the
secreted protein through the Sec complex in theptgsmic membrane (Song et al. 2009).
There are at least 6 different pathways for proseicretion known in Gram-negative bacteria
(Thanassi, Hultgren 2000). Four of these pathwa&ysase proteins with cleavable amino-
terminal signal sequences to the extracellularespaa two-step process that requires the Sec
pathway for translocation across the inner membrahe four pathways are autotransporters,
chaperone/usher, type Il and type IV secretion. dther pathways are Sec-independent and
capable of exporting substrates in one step textracellular space. These pathways are type
| and type Ill secretion. The type | pathway sexseproteins directly from the cytoplasm
across the outer membrane (Binet et al. 1997; &ep 2004). Type Il is activated by
bacterial contact with host cells and is capabldrafslocating anti-host factors into the
cytosol of target eukaryotic cells (Hueck 1998). #éternate secretion mechanism, the twin-
arginine translocation (Tat) pathway (Santini et1&l98) is based on the Tat signal peptides



that are similar to Sec signal peptides, but thegtain a highly conserved twin-arginine
motif.

Various approaches have been used to study setesttbsecreted proteins from bacteria.
Analysis of in vitro culture filtrates allow to detect putatively sderk proteins, but it
represents not exactly the vivo situation (Angel et al. 2010; Tokarz et al. 200kinke et
al. 2004).

A second approach for studying secreted proteiilzag comparative genomics and is
readily applicable to studBorrelia secreted proteins. For example, genes known todenc
secreted proteins ifireponema pallidum can be used to search the genomB. dfurgdorferi

s.l. for sequences with strong DNA sequence siitidar If these regions of similarity appear
to encode genes with potential for secretion, tktie: B. burgdorferi s.l. genes can be
analysed.

Bioinformatics can also be used to support comparaenomic studies by providing tools
for predicting properties of proteins, includinglakar location. Computer algorithms have
been developed that predict whether a protein eatéml within the cytoplasm, the cell
membrane or exported from the cell. Methods to iptesibcellular localization are based on
N-terminal sequence motifs directing proteins te fecretory pathway and other sequence
properties.

In this study, two different programs were useddintify proteins having secretory signal
peptides but lacking additional membrane attachndemains: PrediSi was used to predict
the presence and location of signal peptide cleaw&tes in amino acid sequences and
Transmembrane Hidden Markov Model (TMHMM) was ugedpredict the location and
orientation of transmembrane helices in proteinusages (Hiller et al. 2004; Krogh et al.
2001). Additional algorithms were used to elimingi®tein containing lipoprotein signal
peptides and to detect false cellular localizatiBmally comparative genomic was used
betweerBorrelia genospecies to identify species specific candsdate

The proteome oB. afzelii andB. garinii contains 1262 protein sequences and 1556 for B.

burgdorferi. At the end of the analysis 3 candidates were dotor B. afzdlii, 7 for B.
burgdorferi and 2 forB. garinii. The method described here is fast, easy andyfeagilable
from internet.
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3.2.2 Material and methods

Proteomes oB. afzelii (strain PKo) (Gléckner et al. 2006, burgdorferi s.s. (strain ATCC
35210 / B31 / CIP 102532 / DSM 4680) (Casjens e2@00); (Fraser et al. 1997) aid
garinii (strain PBi) (Gléckner et al. 2004) were obtaifresn Expasy Proteomics Server from
the Swiss Institute of Bioinformatics (SIB) (Gagi&i et al. 2003) (http://us.expasy.org/) that
contains entries from UniProtKB/Swiss-Prot and WatRB/TrEMBL.

Whole proteome datasets were first analyzed withGa&y standalone version (Hiller et al.
2003) that allows prediction and visualization @cietomes and membrane proteomes.
Jvirgel use the PrediSi (PREDIction of Signal pags) algorithm (Hiller et al. 2004) to
predict signal peptide sequences and their cleapagéions and TMHMM 2.0 algorithm
(Krogh et al. 2001) to predict transmembrane hsli€@nly predicted proteins with a signal
peptide sequence, a cleavage site (prob > 0.5)vahd1 transmembrane domains were kept.
ProtCompB version 3, a program for identificatidnsab-cellular localization, was used to
select secreted proteins. LipoP (Juncker et al.3P@as used to discriminate between
lipoprotein signal peptides and other signal pestidOnly “unknown” candidates were kept,
and cross homologues between species were dismissed

To characterize the putative secreted proteingmifit programs were used: BLAST (Basic
Local Alignment Search Tool) from UniProt; the Pfalatabase_(http://pfam.sanger.acjuk/
(Finn et al. 2008); Program using the method ofaskar and Tongaonkar (Kolaskar,
Tongaonkar 1990) to predict antigen determinantdineBlast (a literature presentation
service supporting protein annotation by data ngnoi BLAST results) (Dieterich et al.

2005).




3.2.3 Results

The analysis was started with a total of 1Z2burgdorferi sensu stricto, 1558. afzdlii
respectively 126B. garinii predicted proteins, for, and from each completégume.

Two different programs were used to identify prnosehaving secretory signal peptides, but
lacking additional membrane attachment domainsdiBraused to predict the presence and
location of signal peptide cleavage sites in anaio sequences permitted to isolate 87, 104
and 84 proteins with a mean S scer®.5 (Figure 1). JCaMelix, which excluded proteins
containing more than one f transmembrane heliceatton the protein sequences, resulted in
63, 79, and 59 sequences (Figure 1).

To discriminate between secreted and exported ipstBrotCompB allowed identifying 17,
32 and 20 sequences potentially encoding extrdaelproteins. To focus on extracellular
proteins, a selection was made on proteins tha frmeugh the outer membrane. To exclude
proteins anchored on the surface of the outer mamebrthe algorithm LipoP reduced the
candidates to 12, 21 and 10 proteins. The seleatamso far limited to 6, 11 and 4 unknown
proteins and finally only 3, 7 and respectively r@tpins were retained that did not show
cross-homologies (Table 1).

These secreted proteins represent 1,49 fafzelii, 2,1% forB. burgdorferi s.s and 1,6% for
B. garinii of the corresponding proteome and three are cbhyggiasmids.

Functional analysis made with Pfam database (Taplgives 2 predicted proteins with no
annotation; 3 contain only Pfam-B domains (struadtumits); 1 with a repeat (short unit
which is unstable in isolation but forms a stalifeicture when multiple copies are present)
additional to Pfam-B domain; 2 have defined domandg 4 have families (collection of
related protein regions). Domains are DUF329, Lami@_3 and fn3, and family names are
DUF2147 and Exonuc_VII_S.

Signal peptides were predicted for all candidagsgiPfam database, and no transmembrane
domain was found.

33



34

3.2.4 Figures and tables
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(100%)
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Figure 1. Bioinformatic strategy to select potential sealetgroteins fromB. afzdii
(BORAP), B. burgdorferi (BORBU) and B. garinii (BORGA) proteome. On the left are
schematic representations of protein localizationGram- bacteria (cyt: cytoplasm; m:
membrane; extraC: extracellular). Proteins loctbsa are represented in black.



Table 1. List of candidates. Description of the 3 candidater B .afzelii (BORAP); 7
candidates foB. burgdorferi (BORBU) and 2 foB. garinii (BORGA). Proteins are described
with name and molecular weight (kDa), and geneh witme, percentage of identity with the
two other genospecies and gene localisation igé&meme.

QosLI8 26.6 BAPKO_3034 93.94 BGP175 Plasmid Ip34
56.03 BB_0223

QOSM78 21.3 BAPKO_0825 84.95 BG0800 Chromosome
87.10 BB_0776

QOSNG6 24.0 BAPKO_0355 95.83 BG0347 Chromosome
94.44 BB_0346

051059 39.7 BB_0028 89.97 BG0028 Chromosome
90.26 BAPKO_0027

- 050778 31.2 BB_J23 42.80 BAPKO_6004 Plasmid 1p38
- 050789 39.7 BB_J34 63.51 BAPKO_3540 Plasmid Ip38

051183 66.3 BB_0161 95.50 BG0159 Chromosome
97.20 BAPKO_0162

051416 28.2 BB_0460 80.69 BG0471 Chromosome
82.55 BAPKO_0486

051734 168.8 BB_0794 90.18 BG0820 Chromosome
91.10 BAPKO_0847

051778 134.4 BB_0838 90.64 BG0863 Chromosome
91.25 BAPKO_0891

Q661G1 58.15 BG0467 96.63 BAPKO_0482 Chromosome
95.45 BB_0458

Q661K0 39.47 BG0421 90.86 BAPKO_0434 Chromosome
88.86 BB_0418
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3.2.5 Discussion

All tools described here are directly availableilmalon the web. The package JVirGel allows
working with whole proteomes rapidly (Hiller et &004). It facilitates selection of all
proteins containing the faculty to be exported,hwgrediction of Sec-dependent signal
peptides (PrediSi) and a-helical membrane helid&€aNelix). This first step allows us to
pursue the analysis with only 5% of each predigiedeome. This lets us use the algorithms
for cellular location, that are enabled for resétt for light-volume use and are limited in
numbers per day (ProtCompB, LipoP).

The choice to exclude proteins with a name, in ggmm of “putative uncharacterized
proteins”, is to work with a reduced number of adates and to optimize the chance to find
new good antigenic secreted proteins. Hypothepicateins (HPs) are predicted proteins from
nucleic acid sequences that have not been showmxist by experimental protein
characterization. New HPs may be serving as maksiispharmacological targets. This step
legitimates our procedures, because all proteitis &iname are known as exposed on outer
surface and having antigenic properties. The naofiethese proteins are: P26, P35, p66
(Ojaimi et al. 2005); (Goettner et al. 2005); (Wds2005); (Valentine-Thon et al. 2007);
(Glatz et al. 2008), p83/100 (Honegr et al. 200d4ekEa et al. 2000), BapA (Miller, Stevenson
2003), RIpA, revA (Brissette et al. 2010), Sensoot@n (Rogers et al. 2009), Basic
membrane protein (Nowalk et al. 2006). Proteing 26, p35, p66 and p83/100, are well
described and used in diagnosic.

The Basic Local Alignment Search Tool (BLAST) (Altal et al. 1990; Altschul et al. 1997)
is the most frequently used tool for calculatinguence similarity. It was used to eliminate
candidates with homologues in the other genospeEigsctional analysis of HPs was made
by domain analysis using Pfam databases. Domagns\aniutionary units and most proteins
consist of one or more domains.

A structural domain may be defined as one or ségeigments of a polypeptide that forms a
compact and stable structure with an associatedopiidbic core and that can fold and
function independently of other parts of the segeestructural domains are often associated
with identifiable cellular/biochemical functions (€hgo et al. 1999).

Motive analysis is an obligatory step in the idgcaition and characterisation of HPs. A
series of signature databases are publically dlailand are often combined with sequence
cluster and domain databases such as Pfam (Fain2&08).

Pfam is a large curated collection of protein nplédtisequence alignments and profile hidden
Markov models. Predictions of non-domain regiors a@so included and contain active site
residue mark up (Bateman et al. 2002). Pfam wakulue indication of domains in six out
of twelve HPs (Table 2). In addition, each familgshassociated annotation, literature
references, and links to other databases.

SIMPL family was found for QOSLI8, it function i;known in bacteria, but it is thought to
be located in the periplasm or outer membrane {feieat al. 2000). Fn3 (Fibronectin type
ll), found in Q661G1, is an evolutionary conseryaotein domain that is found in a wide
variety of extracellular proteins (Little et al. 39). These informations give us tracks to
confirm or to follow investigation with these caddtes

In order to confirm bioinformatic data and validgisotein secretionPhoA fusion of the
different Borrelia corresponding genes could be used to confirm ibéimg genes exported
and secreted proteins B coli (Giladi et al. 1993). Recombinant proteins couién be
purified to check antigenic properties.
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3.3.1 Abstract

We previously reported on the D6 monoclonal antjbrzhctive with a 12 kDa protein from
Borrelia garinii isolates but not from other Boraespecies. The objective of this study was to
identify the D6-reacting protein. Protein purificat was performed using preparative tube
gel electrophoresis followed by SDS-page oB.agarinii isolate protein extract. The D6-
reactive protein band was submitted to LC-MS/MSusege analysis. This analysis revelead
three polypeptide sequences analogous to BB0473 (Bibsomal protein S10), BBO061
(thioredoxine A), and BB0390 (50 S ribosomal pnotéi7/L12). Three PCR assays were
developed to amplify and sequence the correspomatitgplog genes from 28 isolates Bf
burgdorferi sensu lato in an attempt to identify potential gpés based on their presence only
in B. garinii isolates. Two polypeptides from thioredoxin A amde from 50S ribosomal
protein were thus identified as potential epitofegression irk.coli PQR9 followed by by
immunoblotting identified residues 7-12 of thior&doA as the D6 mab epitope. This was
confirmed by competition experiments with a synthpeptide.



3.3.2 Introduction

Borrelia burgdorferi is responsible for Lyme borreliosis (LB) throughdhe temperate
regions of Northern hemisphereodes ricinus is the principal vector oB. burgdorferi to
humans in Europe. Since the discoveryBofrelia burgdorferi, several species have been
identified. Currently]. ricinus is known to contaif8. burgdorferi sensu strictoB. afzdlii, B.
garinii, B. valaisiana, B. lusitaniae,.B. spielmanii andB. garinii OspA type 4 referred &8.
bavariensis [1, 2].

In 1992, we produced monoclonal antibodies andajriteem named D6 allowed to classify
different Borrelia isolates [3]. All isolates the¢acted with this antibody yielded specific
OspA profiles. The resulting classification wasetatonfirmed at the genetic level [4-7]. It
also led to the discovery of a new group of baatedlled VS116, later namé&l valaisiana
[8]. Interestingly, mab D6 has been shown to react aithestimated 12 kDa protein B
garinii isolates but not in other species. One exceptias observed with B. garinii isolate
(named 935T) from Korea unreactive with mab D6 [9].

LB is a multistage condition which starts with émgmna migrans, a typical skin lesion at the
site of tick bite. In absence of antibiotic treatijeBorrelia can disseminate from the bite site
and establish persistent or chronic infections .[IDgtailed examinations have shown that
different Borrelia species tend to be more freglyemissociated with specific chronic
manifestations of the disease. Thiss,burgdorferi ss is preferentially found with Lyme
arthritis, B. garinii and the newly describeB. bavariensis with neuroborreliosis, ané.
afzelii with Acrodermatitis chronica atrophicans. Althoyggithogenicity oB. valaisiana, B.
spielmanii andB. lusitaniae is established [11-14], human infections are éaslfrequent than
those linked witlB. burgdorferi ss,B. garinii, B. bavariensis andB. afzdlii.

B. burgdorferi has an unusual genome, unlike that of any otharaciterized bacterium. It is
constituted of a linear chromosome and of a largmber of plasmids essential for its
viability and virulence [15-17]. In 1997 the genoroé B. burgdorferi strain B31 was
published [16] and completed in 2000 [15]. Sincentlwhole genome sequences of many
Borrelia species and isolates [18-23] are availaleowledge of these complete genomic
sequences has led to a number of studies, suckerss expression profiles in response to
modifications in the environment [24-26], or diatial expression of particular genes in
cultures at different temperatures and pHs [27, @&he expression in Borrelia was found to
be influenced by C®Oconcentrations [29]. Sequence information has @alade it possible to
identify, characterize and compare proteins inedéht Borrelia species [30] and even related
bacteria, such asreponema species for thépr gene family [31]. The search for antigenic
proteins has been greatly stimulated either for semlogic markers or vaccine candidates
[32-34]. In this context, our objective was to itlnthe protein reactive with mab D6 and to
search for species specific domain with potenfugliaations in specific PCR or antigens for
serology.
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3.3.3 Material and methods

Borrelia isolates and antigen production
The following Borrelia isolates (N=28) were usedhrs study:
B. burgdorferi ss: B31 (ref. strain), Geho, IP1, VS215, VS123
B. afzelii : VS461 (ref. strain), ACA1, A26s, A38s, Bo23,
B. garinii: 20047 (ref. strain), 387, 935T, Al19s, A77c, FAR@25, HP3, M63, NT29,
VS102, VS BP, VS BM,
B. valaisiana : VS116 (ref. strain), UK, AG1, FRANK, F_10-08-94
The data concerning the biological and geographicajin of these isolates have been
described earlier [9].
For antigen production, they were grown in BSK Bdium at 34°C and harvested during the
late log phase by centrifugation at 10°000g forrhih at room temperature. The bacterial
pellet was washed twice in phosphate-buffered-eationtaining 5mM MgG| and finally
resuspended in distilled water and adjusted to 2ratgin / ml as determined by turbidimetry
in an Integra 500 apparatus. These preparations stered at -80°C until use.

Protein purification and analysis
A suspension of washeBl garinii isolate (VS 102), was dissolved (1:1) in 200protein
sample buffer containing sodium dodecyl sulfatdinial concentration of 0.6%, and 50 mM
dithiothreitol. The sample was boiled for 5 minueesd the proteins separated by 12% T
(37.5:1) SDS-polyacrylamide preparative tube gettbphoresis (mini Prep cell, BioRad,
Hercules, CA USA). Running conditions were as folovoltage, 200V constant, current, 20
mA, and approximate total run time, 6 hours. Theasated proteins migrating off the bottom
of the gel were collected in 254 fractions. Proteins from each fraction were anaty by
Western blotting after separation in a 12% (37.8DS-PAGE and transfer to a PVDF
membrane (Immobilon, Millipore, Betford, Mass. US|®). Immunoblotting was performed
with mab D6 diluted 1:200 for the first incubatiofgllowed by an anti-mouse IgM
conjugated to alkaline-phosphatase diluted 1:108@na, St-Louis, MO, USA)and
subsequently by the substrate BCIP/NBT (KPL, Gagherg, MD, USA). In order to get
sufficient amount of protein this preparative prhawe had to be repeated 5 times. All the D6-
reactive fractions were again pooled, concentrat@dg a concentrator evaporator (Jouan,
Saint-Herblain, France) and submitted to 16% TH3Jj.polyacrylamide preparative tube gel
electrophoresis. Because the concentrated samgl&&eavily charged with SDS and in order
to improve migration, SDS was omitted in the samaha running buffers. The eluted
proteins were collected as described above. Psofedm each fraction were then submitted
again to a 12% T (37.5:1) SDS-PAGE and analyzeWesgtern blotting as described above.
D6 reactive fractions were pooled, concentratedesxribed above and separated one final
time in a Tris-tricine 16% T (37.5:1) polyacrylaraidgel without SDS (voltage:150V
constant, current: 27 mA, run time: 45 min). Thé was stained with unfixing Coomassie
blue. The unique visible protein band, with an appa molecular mass of 12kDa, was
excised from the gel using a scalpel and prepaocedL€-MS/MS sequence analysis as
described previously [35].

PCR and DNA sequencing
The 3 polypeptide sequences determined by LC-MSik&$e reverse translated to yield
degenerate DNA sequences. These sequences wenedalgggainst the known complete
genome sequence Bf burgdorferi to identify its corresponding ortholog genes. R@kners
were then designed from the respective upstreamdamchstream genes &. burgdorferi,
and used to produce specific amplicons for nualieosiequence determination. For example,



primers for the ortholog gene of BB0390, were desiyat the 3'end of BB0389 (the

upstream gene) and at the 5' end of BB0391 (thendiveam gene) (Table 1). PCR was
performed with a Biometra Tgradient apparatus (Bitey Gottingen, Germany) as follows:
95°C for 15, followed by 45 cycles at 95°C for 1inm44-55°C (Table 1) for 1min and

extension for 1 min at 72°C. Hotstart mastermixa@@n, Hilden, Germany) was used for
DNA amplification. Amplicons were analyzed by 2%aagse gel electrophoresis with
ethidium bromide staining. DNA sequencing was penfed using BigDye 1.1 chemistry

(Applied Biosystems), ABI310 or 3130 instrumentsppiied Biosystems) and appropriate
PCR primers.

Bacterial strains and plasmids
Borrelia garinii VS102 was grown in MKP medium [36} 34°C. The M15 (pREP4)
Escherichia coli was grown in Luria-Bertani mediabB37°C. For selection of transformants,
Luria-Bertani medium was supplemented with 100 ggmpicillin and 25 pg/ml kanamycin
as required.

DNA extraction
Extraction of DNA from Borrelia strain was perfordhas described previously [9]. Plasmid
DNA was extracted from M15 (pREP4) with the QIAGHNNI-prep kit according to the
manufacturer's instructions (QIAGEN, Hilden,Germiany

Plasmid constructs.
For cloning/sequencing, genes were amplified by R@R Thermo-Start PCR Master Mix
(ABgene). The primers used for amplification of tgene BGO060 and BG0391 were
BG0060_5"_Sall (5-ACGCGTCGAGCTGTTTCTTTAACCAAAGAAGA) and
BG0060_3' Pstl (5-AACTGCAGTAAAAACCAAAAAAATCCTTAATTA) (underlined
sequences represent Sall and Pstl restriction, sispectively), and BG0391 5' Sall (5'-
ACGCGTCGAGGCACTAAGTAAAGAAGATATTTTAAC) and BGO0391 3 Pstl  (5-
AACTGCAGTTATTTAACTTCAACTTTTGCGCCAA).
Amplified products were digested with the approriaestriction enzymes, ligated to
linearized pQE-9 and transformed into E. coli MBEP4) as indicated in the
QIAexpressionist manual Qiagen. The plasmid seqenserts were confirmed by DNA
sequencing.

Protein expression and purification

BG0060 {TrxA) and BGO0391(rplL) were expressed as hexahistidyl fusion proteing an
purified with nickel affinity resin. Briefly, E. doM15(pREP4) cells were grown to mid-log
phase and expression of the recombinant proteincewl with a final concentration of
isopropyl-3-D-thiogalactopyranoside of 1 mM. Aftdr hours cells were harvested by
centrifugation (4,000 x g for 20 min) and then lyse 8 M urea buffer (8 M urea, 0.01 M
Tris, 0.1 M NaH2PO4, pH 8.0) with gentle rocking fb h. Cell debris was pelleted by
centrifugation at 15,000 x g for 30 min. 0.25 vokumf a 50% Ni-nitrilotriacetic acid bead
slurry (QIAGEN) was added to the supernatant, angedhgently for 1 h. Bead-bound
proteins were collected (15,000 x g for 10 se@) washed twice with 8 M urea buffer (pH
6.3). Loading buffer was directly added to beads the suspension was heated 5 min at 95°C
to release the proteins. Proteins were then amdlyge SDS-page and western blot, as
described above.

Peptide synthesis and absorption of reactivitjhefrhab D6
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Peptide (NH2-Asn-Asn-Lys-Tyr-Asp-Phe-Val-Lys-Ala-Mahe-Asp-Glu-LysThr-COOH))
including the 7-12 residues (underlined) of trxAotein was ordered at Polypeptides
(Strasbourg, France). It was dissolved in a smalime of distilled water and adjusted to 1
mg/ml with TBS (Tris buffer saline, 0.1M, pH8.3)rtaining 1% gelatin and 0.05% Tween-
20. The mab D6 was diluted 1/100 (condition A) 0D (condition B) in this mixture and
incubated overnight at 4 °C. D6 incubated in norifB6 1%gelatin and 0.05% Tween-20 at
the same dilutions was used as positive controkté/e blot strips of isolate8.(garinii) VS
102 were used for immunoblot analysis as describede (condition A).

Better conditions were obtained in diluting pepsidie TBS alone for overnight incubation at
4°C with the mab D6 diluted 1/200. Gelatine and &w20 (1% and 0.05% final
concentrations respectively) were added just befoneunoblot analysis (condition B).

Phylogenetic analysis
After alignment with CLUSTAL W [37], nucleotide seences were edited to match the
shortest sequence. MEGA 2.1 software [38] was tisenl to infer neighbor-joining (Kimura-
corrected p-distance), minimum evolution with closgghbor-interchange with a search level
of 1 (Kimura-corrected p-distance), as well as ipaogy trees (standard parsimony).

Accession Numbers
Sequences of each isolate specific gene correspphaiBBO061 were deposited in Genbank
under accession numbers DQ986202 to DQ986223, segsi®f each isolate specific gene
corresponding to BB0390 were deposited under aiczessimbers AY737686 to AY737712,
partial sequences of each isolate specific genesponding to BB0477 were deposited under
accession numbers EU363467 t0363479.



3.3.4 Results

Protein and DNA sequencing
Three different proteins were identified by LC-MS3Mequencing of thB. garinii purified
protein band (see Materials and Methods): thiored{xxA), 50 S ribosomal protein L7/L12
(rpIL) and 30 S ribosomal protein S10 (rpsJ). Thpseateins probably failed to separate
owing to their closely related molecular weightidgrthe sequential purification steps. PCR
amplification products of the corresponding 3 oltigogenes were obtained for each of the 13
isolates that were initially studied @ burgdorferi ss. B31, VS123, VS215, B. afzdii:
A26s, ACAL, VS461, B. garinii: 935T, 387, NT29, VS102, B. valaisiana: UK, VS116,
AG1l). Sequence were performed and compared (sew/)el

Putative D6 epitope
To identify the D6 epitope, two assumptions wereledirstly, we assumed that it would be
located within a conserved polypeptide sequencenef of the three identified proteins.
Secondly, it ought to be absent from the orthologtsrecognized by D6, including those from
B. garinii isolate 935T. Indeed, this particular isolate fr&mrea contains a D6-unreactive
protein with a similar electrophoretic mobility add/ergent peptide sequences as is the case
for the otheB. burgdorferi species not recognized by D6. The D6-reactive chatéiproteins
were thus tentatively identified after an alignmeftin-frame translations of the obtained
amplicon sequences and the identification of a exesl motif among aB. garinii isolates
with the exception oB. garinii isolate 935T.

30S ribosomal protein S10 (rpsJ)
Alignment of the 13 partial DNA sequences of th@eyeorresponding tops] revealed a
highly stable gene with only 1-2% divergence (Fig In-frame deduced amino acid
sequences were almost identical within all isola@sly one amino acid substitution out of
103 amino acids was observed in one isolatdB.ofalaisiana (VS 116). The estimated
molecular mass of this protein is 11.7 kDa.

Thioredoxin A (trxA)
The sequences of the gene identifiedra& obtained from the 13 initial isolates as described
above were much more variable thrgsl). The complete deduced protein is composed of 117
amino acids with an estimated molecular mass of kBa . Protein alignment revealed
several regions with species-specific amino aclosstutions, mainly between residues 7 to
28 and 74 to 81. In order to increase the disciimg power of the phylogenetic analysis of
these variable regions, 9 additional isolate®.0ofarinii were analyzed (20047 (ref. strain),
Al19s, A77c, FARO1, G25, HP3, M63, VS BP, VS BM, $ég 2). Because the sequences in
the two regions spanning amino acids 7-12 and 74@&® different in 935T and in isolates
belonging to Borrelia species other tHargarinii, they were considered as likely candidates
as the mab D6 epitope. It should also be notedthigaphylogenetic analysis of the complete
nucleotide sequences (data not shown) as wellastithe amino acid sequences generated
similar robust trees with significant bootstrapuesd (Fig 3). However, in the second region
(residues 74-81) a high variability was also obsdnamong the D6-reactivB. garinii
isolates. It was thus unlikely that this region vimgact the epitope recognized by D6. The
other candidate region (residues 7-12) displaydy ame to two amino acid substitutions in
the 13B. garinii isolates. The KEDFVA sequence was present inBlgarinii isolates,
KEDFIA in 1 isolate (FARO1) and KENFVA in isolat8ST (the non reactive control). The
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valine (V) to isoleucine (I) substitution in FAR@olate is conservative: these 2 amino acids
have similar, hydrophobic-aliphatic properties atiaictures. In contrast, the substitution of
aspartate (D) to asparagin (N) is clearly significdN is an uncharged amino acid with a
potential of conformation changes (N is presentsmlate 935T, the non reactive isolate)

whereas D is an acidic amino acid negatively chéhigeneutral pH with strong electrostatic

interactions (D is present in all othBr garinii isolates). These residues 7-12 were highly
suspected to correspond to the epitope recognigéuebD6 mab.

50 S ribosomal protein L7/L12 (rplL)
In frame deduced amino acid sequences were alignddcompared between 28 isolates
belonging to the four Borrelia species (Fig 4). Toeplete protein contains 124 amino acids
(123 aa for on®. valaisiana isolate, FRANK) with an estimated molecular mals$29 kDa.
Six amino acids (A, E, K, V, G and S) representt6064.5% of the total amino acid
composition of the protein with specific regionsatttare species-dependent. Phylogenetic
analysis of nucleotide sequences generated rotaest with significant bootstrap values (Fig
5). The topology was quite similar to that of theighbor-joining tree inferred from the
amino-acid sequences and from both minimum evaludad parsimony trees (data not
shown). Intriguingly, the fouB. garinii isolated from human cerebrospinal fluid (VS BP, VS
BM, 387, A77s) were restricted to a small sub-édusDne tick isolate from Germany, G25,
was also found in this cluster.
A high variability was observed within the regigmasning residues 34 to 50. The amino acid
sequence of this particular region displayed B@rspecies-specific characteristics (Fig 5).
This segment of the protein comprises only 5 anaaids: alanine (A), glycine (G), valine
(V), serine (S), threonine (T), with a sixth onsgleucine (I), encountered in all B. garinii
isolates and in on®. afzelii isolate. The central part of this segment (residd@<l3) is
strikingly composed of stretches of two to fourayhe residues. The presence of alanine,
valine and isoleucine confers to this region a lyiglydrophobic nature. This region also
differed in the 935T isolate in comparison with #ie otherB. garinii isolates, making
residues 34-39 a potential candidate as the magpidépe.

Recombinant proteins, reactivity with mab D6 andag®e mapping
TrxA and rplL proteins expressed iB. coli PQE9 were assessed by SDS-page and
Coomassie blue staining. Due to difficulties inifyiing these recombinant proteins, we used
crude lysates of cells expressing them for immuoitibly. D6 was was weakly reactive with
expressed trxA (dilutions ¥z and 1/20) while no teecwas observed with recombinant rplL
or with an extract of cells transformed with thegfQvector alone (Fig 6). Competition of D6
was performed with a synthetic peptide whose coitipascorresponded to sequences of the
region spanning from amino acid 6 to 20 of trxAtpmo of VS102 isolateB. garinii). A clear
reduction (50-63%) of the mab D6 reactivity waseslied as compared with positive control
strip (condition A). Finally total extinction wasbtained with trxA peptide with adjusted
incubation (conditions B) (Fig 7).



3.3.5 Figures and tables

a0 40 50 £0 70 81

B3t AVQKAKAQIKGPIPLPTKIKKYTVLRSPHVNKKSREQFEMRTHKRLIDILEPT

B | v AVQKAKAQIKGPIPLPTKIKKYTVLRSPHUVNKKSREQFEMRTHKRLIDILEPT
vs215 JRAVQKAKAQIKGPIPLPTKI TVLRSPHVNKKSREQFEMRTHKRLIDILEPT

A26s JRAVQKAKAQIKGPIPLPTKIKKYTVLRSPHVNKKSREQFEMRTHKRLIDILEPT

A | Aem AVQKAKAQIKGPIPLPTKI TVLRSPHVNKKSREQFEMRTHKRLIDILEPT
vs4e1 AVQKAKAQIKGPIPLPTKIKKYTVLRSPHUNKKSREQFEMRTHKRLIDILEPT

935T /RAVOKAKAQIKGPIPLPTKI VLRSPHVNKKSREQFEMRTHKRLIDILEPT

G 387 AVQKAKAQIKGPIPLPTKIKKYTVLRSPHVNKKSREQFEMRTHKRLIDILEPT
NT29 AVQKAKAQIKGPIPLPTKIKKYTVLRSPHVNKKSRE IRTHKRLIDILEPT

Vs102 VKAVQKAKAQIKGPIPLPTKIKKYTVLRSPHVNKKSREQFEMRTHKRLIDILEPT

R KIL:Q" AVQKAKAQIKGPIPLPTKIKKYTIVLRSPHUNKKSREQFEMRTHKRLIDILEPT

V | " |grzoos "u VQKAKAQIKGPIPLPTKIKKYTVLRSPHVNKKSREQFEMRTHKRLIDILEPT
AT IRILDQS VRAVQKAKAQIKGPIPLPTKIKKYTVLRSPHVNKKSREQFEMRTHKRLIDILEPT

Fig 1:Amino acid sequence alignments of the rpsJ partial segt
B: B. burgdorferi sensu stricto, AB. afzdlii, G: B. garinii, V: B valaisiana followed by the
name of each isolate (N=13).

Fig 2:Amino acid sequence alignments of the trxA wholgusac
B: B. burgdorferi sensu stricto, AB. afzdlii, G: B. garinii, V: B valaisiana followed by the
name of each isolate (N=22). Frame indicates dredeayest
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Fig 3:Phylogenetic analysis of the whole amino acid segee of the trxA infer fron22
Borrelia isolates using neight-joining (Kimura-corrected mlistance). Bootstraps values .
shown at each nodes.

B: B. burgdorferi sensu stricto, AB. afzdlii, G: B. garinii, V: B valaisana
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Fig 4:Amino acid sequence alignments () of the rplL whole seqe
B: B. burgdorferi sensu stricto, AB. afzdlii, G: B. garinii, V: B valaisiana followed by the
name of each isolate (N=28). Frame indicates dredeayest
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Fig 5:Phylogenetic analysis of the whole amino acid sege of the 50S ribosomal prot
L7/L12 ortholog ofB. burgdorferi (Bb0390) infer from 28 Borrelia isolates using rdigi-
joining (Kimura-corrected mlistance). Bootstrap values are shown at each r

B: B. burgdorferi sensu stricto, AB. afzelii, G: B. garinii, V: B valaisana. Frame indicates
area of interest.
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Fig 6:Immunoblots of recombinaitrxA andrplL strips incubated with mab D6 1/1
1-4 corresponds ttrxA diluted (1/2000, 1/200, 1/20, ¥2 ) an-8 to rplL, diluted (1/2000,
1/200, 1/20, %2 ). 9 VS 102 as positive controlVEgtorE.coli PQES9.

A B

Fig 7:Immunoblot with strips of VS 102 incubated with riéb1/100 (positive control) ¢
with mab D6 1/100 incultewith peptide. A : first experiment. B : similaxperiment with
optimized conditions and mab D6 1/2
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Table 1: Primers and annealing temperatures used for acwgiidin of the corresponding
genes from isolates &orrelia burgdorferi sensu lato

Genes Primers Annealing temperature
trxA F5 GTATGATTAATTGCTATAGC 3 52°C

R 5 GCTATTTCTTTAACCGAAGAAG 3

R 5 GTATCATTGAGTGAAATTCCTG 3 44°C

rplL F5 AAT CTC ATC AGC TCTTCC TTG 3’ 55°C
R5 GTT CAAGCT TAC AGC AAGCT &

rpsJ F 5 GATTGCTAAAGATAAGATACGC 3" 53°C
R5 CTGTTTAATATCTACCTCAACAC 3



3.3.6 Discussion

We have identified three polypeptides that are m@kEtargets of the species-specific mab
D6. The 30 S ribosomal protein (rpsJ) was quickimi@ated from candidate list of proteins
potentially reactive with the mab D6 based on dartisig hypothesis for the putative epitope.
A Genbank search showed that whole amino acid seguef this protein is fully conserved
in B. burgdorferi ss (B31),B. afzelii (PBi) andB. garinii (PKo) isolates confirming our
observation reported here among Borrelia isolatelsspecies.

The other two polypeptides shared characteristiompatible with observed species-
specificity of the antibody. They comprised resglidel2 and 74-81 from thioredoxin protein
ortholog ofB. burgdorferi (BB0O061) or ofB. garinii (BG0O060) and residues 34-50 from 50s
ribosomal protein L7/L12 ortholog &. burgdorferi (BB0390) or ofB. garinii (BG0391).

The 50s ribosomal protein has been and still igresively investigated in many bacteria.
Studies conducted oB.coli [39] and Haloarcula marismortui [40] indicate that the 50S
ribosomal protein plays an essential role in stabid RNA during assembly and translation
[41]. The C-terminal part of the protein identifi@a our work is composed of numerous
lysine (K) residues which confer to this regionteisg electrostatic potential. This type of
domain is believed to be involved in protein-RNAeiractions that prevent RNA from falling
into kinetic folding trapg39, 40, 42]. Just adjacent to the potential egt(nesidues 34-39),
the multiple glycine alignment (residues 40-43)rfdun the central part of the variable region
suggests the presence of a loop. Indeed, this fepeesidue is known to influence the
conformation of polypeptides by conferring a higigeee of local flexibility. The presence of
this highly hydrophobic site may indicate a glolmudamain that extends over the surface of
the 50S subunit. The region constituted of residd®$0 confer to this protein a degree of
variability sufficient for species determinatiomtriguingly the sub-cluster observed among
B. garinii isolates and constituted mainly of CSF isolatéS)(4ould be associated, this is an
hypothesis, to the newly described spe8idsavariensis[2]. Indeed isolates belonging to this
new species were all derived from spedegarinii and are associated to neuroborreliosis in
human. We know that mab D6 do not differentiBtearinii from B. bavariensis, since PBi
assigned td. bavariensis is reactive to mab D6 [11]. Of course additiortadges are needed
to confirm that isolates (VS BM, VS BP, 387, A7T&la525) belong t®. bavariensis.
Thioredoxin A (trxA) is a member of a protein faynfound in all living organisms. It plays
an essential role in redox reactions by faciligtihiol-disulfide exchanges with disulfide
bridges of target proteins. Classification of tke@oxins is based on the presence of one (trxB)
or two (trxA) cysteines in active site [43]. Twogrens, spanning residues 7-12 and 74-81,
displayed a high degree of variability among thed&d isolates and thus may explain the
differential reactivity with mab D6. In these shméquences, at least 1-3 amino acid
substitutions were found.

Identification of trxA as the D6 reactive proteinasv achieved by recognition of the
recombinant protein. The weak reactivity of thisambinant protein with D6 is not fully
understood. We know that codon usagetircoli and Borrelia is different [44] . Is it the
explanation? Or is it a posttranscriptional modifion? Synthetic peptides (region 6-20 of
trxA) provided final clue. As predicted trxA protesynthetic peptide was able to reduce (63-
100%) reactivity of D6 in our competition assay.isThast experience defines the epitope
recognized by mab D6 as the region spanning fromm@ecid 7 to 12 of trxA protein d3.
garinii isolates.

Proteins that contain species-specific domainsh suscrplL or trxA, should be particularly
useful for precise identification of Borrelia speiusing PCR and DNA chip technology.
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4 Discussion

Borrelia burgdorferi sensu lato (Bb) est une bactérie particuliere, plere et tres
intéressante a investiguer. Cette bactérie vit dangue vectrice appartenant au complexe
Ixodes ricinus et dans les hétes réservoirs. Son épidémiolodiemaplexe avec plusieurs
especes de Borrélies transmises par le méme vedtets de son passage dans un héte
vertébré (essentiellement mammiferes et oiseaex)borrélies doivent s’adapter rapidement
a leur nouvel environnement. Certains hbétes sonhu® pour étre des réservoirs, ainsi
certains oiseaux sont décrits comme des réserdei® garinii et B. valaisana, (Humair
2002) les petits rongeurs sauvages sont assodesfadii (Hu et al. 1997), le lérot B.
spielmanii (Richter et al. 2004) Bb est capable de surviae ahnées dans ses hotes, malgré
une forte réaction immune. Bb est transmis accallement a 'homme chez qui elle peut
provoquer différents symptdémes. Le premier de gagpgomes est I'érythéme migrant, une
Iésion cutanée caractéristique d'une infection ardia (Steere et al. 1983a). Toutes les
Iésions cutanées suite a une piglre de tique neps@naussi typiques et toutes les autres
manifestations cliniques (dermatologiques, neuiglogs, articulaires, oculaires ou
cardiaques...) sont aspécifiques et ne peuvent éagnastiguées d’emblée comme une
borréliose de Lyme. Elles nécessitent des exameitebdratoire. La mise en évidence directe
et la culture sont laborieuses et d’un rendemautilisable pour le diagnostic de routine. Le
diagnostic par biologie moléculaire (PCR en paligcpest d’'un usage moderé, en raison de
la tres faible présence de bactéries dans lesstissudiquides biologiques (LCR, liquides
articulaires...). C’est d'ailleurs ce qui rend sifidife le diagnostic de cette infection. Seule la
sérologie, par la recherche d’anticorps est vdatabnt utilisable, mais la montée des
anticorps est lente. Au fil du temps les tests Iegiques se sont améliorés aussi bien en
termes de spécificité que de sensibilité, maisidgribstic reste difficile. La circulation de
plusieurs espéces de borrélies rend difficile @ndardisation des tests sérologiques en
Europe. D’autre part la population des zones d’end§zones tempérées de I'hémisphere
nord) est soumise a de fréquentes piqlres de tigfupar conséquent est en contact &ec
burgdorferi. La grande majorité de ces personnes ne tombentn@dades, et certaines
développent des anticorps. La séroprévalence \ma@icoup d'une région a l'autre. Une
séroprévalence élevée dans la population relativiskité d’'un résultat positif confirmé pour

la prise en charge du patient. Actuellement nousquens cruellement d’'un ou de plusieurs
marqueurs d’activité de la maladie. Ce travailnit dans cette perspective par la recherche

de nouveaux marqueurs antigéniques.

63



64

Deux approches ont été entreprises, une approastéique et une approche génomique.
L’article final integre ces 2 approches protéomigugénomique avec l'identification et la

caractérisation d’'une protéine.

Par définition, le protéome est la totalité de égutes protéines d'un génome, ou plus
précisément, lors d’électrophorése, de toutes tetéipes exprimées a un temps donné et
selon des conditions données (Stanek, Strle 2QG8)néthode de choix pour I'étude du
protéome est I'électrophorése a deux dimension®E) (Anderson, Magnarelli 1984),
(Wittenbrink et al. 1994; Magnarelli, Anderson 1988es mélanges complexes de protéines
sont séparés par leurs points isoélectriques (B gelon leurs poids moléculaires (MW).
Des cartographies sont alors obtenues, chaquesp@ptésentant une protéine (Nadelman,
Wormser 1998).

Une facon de détecter et d'identifier des antigéspécifigues est de travailler avec
'immunoprotéome complet de chacune des trois esppathogenes, et de les comparer. La
méthode consiste en électrophoreses a deux dinmsn@é&solution adéquate pour le protéome
des micro-organismes), suivi de Western blot réalesvec des sera de patients (Coyle et al.
1993).

Avant I'étape de migration, les protéines sont ga&leénent enrichies en protéines d'intérét
pour augmenter la résolution de la séparation.

Chez Borrelia, plusieurs technigues ont été tentiéersgl-Janssen et al. 1994): marquage de
surface avec de I'l-125 ou de la biotine (Schutteal. 1997), marquage a l'aide d’anticorps
(Batsford et al. 1998), traitement aux protéasas €Xal. 2007), ou alors solubilisation avec
divers détergents (Piesman et al. 1987; PiesmaB)1@@pendant, toutes ces techniques sont
victimes d’artefact, et ne considerent qu'une foactdes protéines d'intéréts pour le
diagnostic.

Dans I'approche protéomique de ce travail, la foactantigénique a été isolée dans un
premier temps afin de séparer dans un deuxiemestpanpélectrophorése I'immunoprotéome
uniquement. Les fractions antigéniques des lysedgeigues totaux d@®. burgdorferi s.s.
VS215,B. garinii VS102 etB. afzelii VS461 ont été préparés grace a des colonnesnd@ffi
elaborées avec des sera sélectionnés pour ledes f@activités spécifiques dirigées contre
les espéces respectives. Les antigenes ont é&s isolis conditions semi-natives avec une
étape d'immunoprécipitation (IP). L'IP est basée ksu caractéristique des protéines G,

associées a des billes de sépharose, de pouvoie fi;agment Fc des immunoglobulines G



(IgG). De tel travaux ont déja été réalisés aveceasicomme préliminaire a la 2 DE (Assous
et al. 1993; Wang et al. 1999; Wilske 2003; Geral e1998).

Beaucoup d'études ont été faites au niveau du gnatéde Borrelia en utilisant la 2 DE
(Steere et al. 1983b; Xu et al. 2007; Canica €1993), la chromatographie (Péter et al. 1997;
O'Connell et al. 1998), ou les protéomes arrays(@an et al. 1992), mais seulement aBec
burgdorferi s. s. Des cartographies des 3 especes ont étéédaljar Jungblut (Mullegger et
al. 2000), mais lI'aspect antigénique n’a été abgrdepouB. garinii.

Le profil général des cartographies présenté dantravail entre les trois especes parait
semblable. La plupart des points identifiés soasents sur chaque carte. A l'aide d’anticorps
monoclonaux les protéines p83/100, ErpB, FlaB, BnigshA et OspC ont pu étre identifiées
chezB. burgdorferi. On retrouve ces protéines chez les autres espetesception d’OspB
pour B. garinii. En se basant sur la littérature [Nowalk ; JungpblMowalk], certaines
protéines identifiées sont trouvées chez chaquecespelles Oms66, OppA et LA7. D’autres
chez 'une ou l'autre des especes tel GAPDH fwarinii, OspD pouB. burgdorferi etB.
afzelii, OspB et ErpA pouB. burgdorferi uniguement et RevA pouB. burgdorferi et B.
garinii.

Ces cartographies d’antigenes sont précises et gohinformations. 102 points sont définis
pourB. afzdlii, 98 pourB. burgdorferi et 76 pouB. garinii. Parmi ces antigénes, 9 points sont
spécifiques 8. afzelii et 2 pourB. burgdorferi. Ce qui correspond a 4 protéines spécifiques
pourB. afzelii et 2 pouB. burgdorferi.

Si I'on considére le génome des trois espécestitennu queB. afzelii est plus divergent
comparé 8. garinii etB. burgdorferi. (Humair 2002). Ceci pourrait expliquer pourquous
avons trouveé plus de points spécifiques fafzelii.

Cette étude sert de cartographie de référencerdigeiaes pour chaque espece pathogéne de
Borrelia. Par la suite, une carte universelle aegines antigéniques de Borrelia ou des cartes
d'antigénes spécifiques pour chaque espéce pauréiie élaborée. Dans le premier cas, la 2
DE devrait étre réalisée avec I'élution d'antigedeesolonnes construites avec un groupement
de sera humain présentant une réactivité spécittgnére chaque type de borréli€ans le
deuxieme cas, l'idée est de passer I'élution dguehaspece dans les deux autres colonnes
afin d’éliminer les protéines antigéniques commuriess protéines contenues dans cette
derniere élution pourraient étre directement éegligar séparation chromatographique lié au

spectrometre de masse (O'Connell et al. 1998).
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L’approche génomique initiee dans ce travail estimie I'hypothése, qud. burgdorferi
excréte des protéines antigéniques en vue d’échappsystéeme immunitaire de I'héte. Cette
hypothése vient de I'observation clinique ou I'oécdt des symptémes tres importants chez
’lhomme, alors que le nombre de bactéries préselates les tissus et les liquides biologiques
(sang, LCR, liquides articulaire...) est tres faibldéme les techniques de biologie
moléculaire comme la PCR treés sensible, n'arrive giens toutes les situations, et le loin, a
découvrir une infection a Borrelia. Nous imagina@mc que les symptébmes observés chez
les patients ne sont pas provoqués uniquement gmrqaelques bactéries, mais par des
protéines qui seraient excrétées en grande quaatitées bactéries. Les protéines potentielles
sécrétées par les spirochétes vers I'environneexgracellulaire pourraient étre responsables
d'induire une réaction immunitaire et pourrait éingpliguées dans les mécanismes de
pathogénie (Stanek, Strle 2003; Anderson, Magnai€lB4). La reconnaissance par le
systeme immunitaire de protéines sécrétées poumaiter a la découverte marqueurs
d’activité de la maladie.

L'analysein vitro des filtrats de culture permettrait de détectsmpmtéines sécrétées, mais il
ne représente pas exactement la situatiomivo (Angel et al. 2010; Tokarz et al. 2004;
Meinke et al. 2004). De plus, le milieu de cultdesB. burgdorferi est trés riche et contient
déja un grand nombre de protéines qui rendraiamialyse difficile. C’est probablement la
raison pour laquelle ces recherches n'ont pas pssges.

B. burgdorferi est un parasite obligatoire, incapable de survavriextérieur de son hote
arthropode ou héte vertébré, mais avec une capacié&dapter tres rapidement a des
changements d’environnement. Ce cycle de vie esicasa un relativement petit génome
avec des voies de biosyntheses tres limitées. gees¢age du génome de la souche B31
(Schwan et al. 1995; Schwan, Piesman 2000) a dééanke structure exceptionnelle du
génome, constituée d’'un chromosome linéaire de RI@Et de 21 plasmides (12 linéaires et
9 circulaires) représentant 0.61 Mo d’ADN supplétage.

Dans cette approche génomique, l'outil principal lesbioinformatique. Des algorithmes
informatiques ont été utilisés afin de prédirerse yprotéine est localisée dans le cytoplasme,
la membrane cellulaire ou exporté vers le milietraeellulaire. Ces méthodes de prédiction
de localisation subcellulaire sont basées sur latifsrN-Terminal de la séquence protéique et
sur d’autres propriétés de la séquence.

Dans cette étude, deux programmes différents éntitdisés pour identifier les protéines qui
contiennent des signaux peptidiques de sécrétiais gqui ne sont pas doté de domaines

d’attachement a la membrane. PrediSi a été uplsg prédire la présence et I'emplacement



du signal peptidique ainsi que la présence ou nom site de scission. La comparaison des
séquences en acide aminé avec le modéle Markov IM2atehé (TMHMM) a été utilisée
pour prédire I'emplacement et I'orientation d'hésidransmembranaires (Coyle et al. 1993;
Schutzer et al. 1997). Des algorithmes supplémestant été utilisés pour éliminer les
protéines qui contiennent des signaux lipidiguesdétecter les fausses localisations
cellulaires. Finalement la génomique comparativééautilisée entre especes pour identifier
les candidats spécifiques.

Les protéomes dB. afzelii etB. garinii contient 1262 protéines Bt burgdorferi 1556. A la

fin de I'analyse 3 candidats ont été trouvés fwafzelii, 7 pourB. burgdorferi et 2 pourB.
garinii.

L’étude des domaines pfam a mis en évidence uniélda®iMPL pour QOSLI8. La fonction
de cette famille est inconnue chez les bactériess ihest trouvé dans les protéines localisée
dans le périplasme ou la membrane externe (Hu. €i98l7). Le domaine Fn3 (Fibronectin
type 1ll) est présent chez Q661G1, ce domaine assarvé au cours de I'évolution et est
retrouvé dans une large variété de protéines etlndamres (Little et al. 1994). Ces
informations nous donnent des indices confirmafddé&imité de la procédure.

Pour confirmer les résultats bioinformatiques, flssons PhoA pourraient étre utilisés sur les
différents genes de Borrelia pour confirmer si tesdidats sont secrétés chiéz coli.
(Piesman 1993). Les protéines recombinantes peutralors étre purifiees afin de vérifier le
caractére antigénique des candidats.

La méthode décrite ici est rapide, facile et libestndisponible d'internet.

La troisiéme partie de ce travail représente lacagtisation des 2 approches protéomique et
génomique pour la caractérisation d’'une protéineonnue mais dont une région est
spécifiqgue a I'espéc8. garinii. En effet cette protéine de petie taille (12kD i) est
reconnue spécifiguement par un anticorps monocl{@) réactif uniguement avec I'espece
B. garinii. Le but était d’identifier cette protéine et si pitde I'épitope reconnu par
I'anticorps monoclonal D6. Aprés avoir purifié paotéine d’'une souche d& garinii par
plusieurs étapes d'électrophoréses, il a été pessid réaliser une analyse par maldi-tof.
L’identification de 3 protéines potentielles esttgode cette analyse. Grace a la connaissance
du génome complet dB. burgdorferi (Fraser et al. 1997; Casjens et al. 2000), puiB.de
afzelii et B. garinii (Glockner et al. 2004) le design d’amorces a dssible, suivi de
'amplification de ces 3 protéines par PCR. L'abgment des séquences obtenues de 28

souches de borrélies appartenant a 4 esp&ebufgdorferi, B. afzelii, B. garinii et B.
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valaisiana) a permis d’éliminer une des protéines candidatess 2 autres protéines
potentielles présentaient des régions spécifigeeshdque espéce. Elles ont été clonées dans
E.coli pQE-9. La réactivité de I'une de ces protéineg;ridA a identifié cette protéine avec 2
régions hypervariables, dont l'une était compatilbleec la spécificité de I'anticorps
monoclonal. Afin de vérifier cette analyse prédietinous avons réalisé une expérience de
compétition en incubant I'anticorps monoclonal D@é@un peptide synthétique qui couvrait
la région hypervariable spécifique. L'extinctioriaie@ de réaction de I'anticorps monoclonal
D6 confirmait que I'épitope sur la protéine Trxaietdentifié.

Ce dernier travail démontre la complémentarité ajgsroches protéomiques et génomiques
pour I'identification de protéines particulieresed 2 premieres parties de ce travail ont permis
d’identifier un certain nombre de protéines spgaifis deB. burgdorferi, B. afzelii et B.
garinii. Le champ est ouvert pour poursuivre ce travaild&ntification et la caractérisation

de ces protéines.
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7 Annexes

Annexe_|:
Supplement data to the article: “Comparison ofgamts ofBorrelia afzelii, B. burgdorferi
and B. garinii isolated with immuno-affinity columns on two-dingonal electrophoresis
maps”.
Protein sequencing of a spot (older experimentjesponded to spot n°4 on zinc mapBof
afzelii. Mass spectrometry results were not significart, is cannot be consider as
identification. It serves here as an example of lhowtart to characterise a spot of interest:
protein sequence, gene sequence, gene compagdtifegeny.

Annexe_lI:
Supplement data to the article: “Comparison ofgams ofBorrelia afzelii, B. burgdorferi
and B. garinii isolated with immuno-affinity columns on two-dingonal electrophoresis
maps”.
All immunoblots are represented in a summary table.

Annexe_lI:
Supplement data to the article: “Analysis of pwtextracellular proteins @orrelia afzdlii
(strain PKo)B. burgdorferi (strain B31) andB. garinii (strain PBi)”.
Here the analysis to detect putative extracellptateins was made before all three genomes
were sequenced. At the date of these experimefB6)B. burgdorferi s. s. genome was
complet,B. garinii genome was partial ariél afzelii genome was inexistent. The parameter
of transmembrane domairx (1) was different relative to the article (<1) dgithe
bioinformatic analysis.
Candidates were cloned to obtain recombinant pretén order to test their antigenic
properties.
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Borrelia isolates

The Borrelia isolates used in this study were grawBSK Il medium at 34°C and harvested
during the late log phase by centrifugation at 00® for 10 min at room temperature. The
bacterial pellet was washed twice in phosphateebeéf-saline containing 5mM MgCI2, and
finally resuspended in distilled water. The followiBorrelia isolates (N=11) were used in
this study:

B. burgdorferi ss: B31 (ref. strain), VS215

B. afzelii : VS461 (ref. strain), ACAL, A26s

B. garinii: 20047 (ref. strain), 935T

B. valaisiana : VS116 (ref. strain), UK, AG1, F_10-08-94

The data concerning the biological and geographicadin of these isolates have been
described earlier {Bretz 2001 #1}.

PCR and DNA sequencing

The polypeptide sequence determined by LC-MS/MS weaserse translated to vyield
degenerate DNA sequences. These sequences wenedaligjainst the known complete
genome sequence Bf burgdorferi to identify its corresponding ortholog genes. RZiRers
were then designed from the respective upstreamdamchstream genes &. burgdorferi,
and used to produce specific amplicons for nudlectequence determination ( F BB0112 5’
— gtc aca tca taa gtt cca aaa g — 3’; R BB0112&ae-ttg gtt ttg ata tag aga ga — 3’). Primers
for the ortholog gene of BB0112 was designed at3tead of BB0112 (the upstream gene)
and at the 5' end of BB0112 (the downstream gen®0(12/BB0111 5’ — gct ttt tct gca cca
tca— 3’; R BB0112/BB0113 5’ — gca aga tat atgtggttg — 3’). PCR was performed with a
Biometra Tgradient apparatus (Biometra, Gottingéermany) as follows: 95°C for 15,
followed by 45 cycles at 95°C for 1 min, 5? °C fonin and extension for 1 min at 72°C.
Hotstart mastermix (Qiagen, Hilden, Germany) wasdu®r DNA amplification. Amplicons
were analyzed by 2% agarose gel electrophoresis &thidium bromide staining. DNA
sequencing was performed using BigDye 1.1 chemi@pplied Biosystems), ABI310 or
3130 instruments (Applied Biosystems) and appro@iflCR primers.

Phylogenetic analysis

Nucleotide sequences were translated to proteines®mgs using BioEdit software. All
sequences were aligned with CLUSTAL W {Thompson 7192}. Distance matrix from
protein sequences were computed with Prodist d@lgor{Retief 2000 #5} and data were
convert to graphic representation using TreeVievag® 2002 #4} software to obtain
phylogenetic tree.
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7.2 Annexe_ll: 2D immunoblots

B. afzelii B. burgdorferi B. garinii B. 3species
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Maps of Borrelia burgdorferi sensu lato. Two dimensional maps of antigenic proteins were
obtained after silver staining (A). Proteins wesgparated from pH 5-8 in the first dimension, and
with a 12% SDS-polyacrylamide gel for the seconmatision. Immunoblots (B) were reacted
with pool of sera.
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7.3 Annexe_lll: Recombinant proteins

Bioinformatic
Proteomes oB. burgdorferi (strain B31) (Fraser et al. 1997) (1556 sequenard)B. garinii
(strain PBI) (Glockner et al. 2004) (928 sequenaesde obtained from Expasy that contains
entries from UniProtKB/Swiss-Prot and UniProtKB/MBL.
Whole proteome datasets were first analysed witlG@V standalone version (Hiller et al. 2003),
that allow prediction and visualisation of secre¢snand membrane proteomes. Jvirgel use the
PrediSi (PREDIction of Signal peptides) algorithHiller et al. 2004) to predict signal peptide
sequences and their cleavage positions and TMHMM@orithm (Krogh et al. 2001) to predict
transmembrane helices. Only predicted proteins wilignal peptide sequence, a cleavage site
(prob> 0.5) and without transmembrane domains were kept.
ProtCompB version 3, a program for identificatioh smb-cellular localization, was used to
select-secreted proteins. LipoP (Rahman et al. 200& used to discriminate between
lipoprotein signal peptides and other signal pegstidrinally only unknown candidates were kept.
To characterize the putative secreted proteinserifit programs were used: BLAST (Basic
Local Alignment Search Tool) from UniProt; ClustaliMultiple sequence alignment programs);
Program using the method of Kolaskar and Tongao(tkallaskar, Tongaonkar 1990) to predict
antigen determinants; MineBlast (a literature pnéstion service supporting protein annotation
by data mining ofBLAST results).
Cloning primers for pQE-9 vector (Qiagen) were dgesd using GENtle program from Magnus
Manske. Original gene sequences were obtain frorBINNational Center for Biotechnology
Information), and were manuely deleted from thegnal peptide coding sequences. Sall
restriction sites were added to foward primers Rsid to reverse primers (Table 3).

Molecular biology
Cell Culture
B. burgdorferi strain B31 andB. garinii strain PBi
were cultured in BSK Il medium at 34°C, and spirtels were harvested during the late log
phase by centrifugation at 10,000gXor 10 min. The pellet was washed twice in phospha
buffered saline with 5 mM Mggland finally resuspended in distilled water andt Heamin at
95°C to be ready for DNA amplification.
Expression of 6xhis-tagged proteins
Protein expressions were performed with the QlAeggpionist system (Qiagen, Hilden,
Germany). DNA encoding each protein was amplifigdP€R usingB. burgdorferi strain B31 or
B. garinii strain PBi as a template. Primers were designewyuRerIPrimer software (Marshall
2004). The DNA fragments were cloned into the esgin vector pQE9. The accuracy of the
constructs was verified by sequence analysis. dingitagged proteins were expresseét.iooli
MI5 [pREP4] cells according to the manufacturemstiuctions. Purified proteins were obtained
by 6xHistagged protein minipreps under denaturimgddions using Ni-nitrilotriacetate (NTA) -
agarose. Integrity of proteins was tested by SDSHBE (zinc staining, Figure 1; Coomassie
staining not shown) and by Western (figure 1).
SDS-PAGE and immunoblotting
Sodium dodecyl sulfate-polyacrylamide gel electamelis and Western blotting were performed
as described previously (Péter et al. 1995). Briefhmples were heated for 5 min at 95°C before
undergoing electrophoresis on a polyacrylamideagdl2.5% (constant voltage, 170 V, 58min).
After electrophoresis the proteins were transfen@da polyvinylidene-difluoride membrane
(constant voltage, 120V, 54min). Before use, thenlmane was blocked for 1 h at 37°C with
Tris-buffered saline (TBS; pH 7.2) with 5% gelatiawed was washed three times for 5 min each
time with washing buffer (W-buffer; TBS with 0.1%elgtin and 0.05% Tween 20) at room
temperature. The following steps were also perfarmeroom temperature. Each antigen strip
was incubated for 2 h with patient serum dilutes00/in D-buffer (TBS with 1 % gelatin and



0.05% Tween 20). The strips were washed three tifme$ min with W -buffer. After the
washing, rabbit anti-human IgG conjugated to atl@lphosphatase diluted 1/1000 in D-buffer
was added. At the end of the second 2-h incubatwm,washes were done with W -buffer and
one was done with TBS. The bound conjugate wasaliied by addition of the chromogenic
substrate 5-bromo-4-chloro-3indolylphosphate NiBlue Tetrazolium (Kirkegaard Perry
Laboratories). The reaction was stopped 30 mim tatdwo rinses in distilled water.
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Tables
Table 1. Bioinformatic strategy to select potential sealgbeoteins fromB. burgdorferi andB.

garinii proteome. On the left are schematic representatbrsrotein localizations in gram-
bacteria (Grey represent protein localization aftdection after each steps).

Prediction de localisation

Borrelia burgdorferi Borrelia garinii
Total proteins (expasy) (expasy)
1556sequences 928sequences
protéiques prédites protéiques préditeg
JVirGel
PrediSi
Proterins with SP and
cleavage site 104 75
JVirGel
TMHMM
37 34
Proteins w/o
transmembrane domain pCompB
25 9
LipoP
Pcompb, lipoP
13 Protéines sécrétées 7




Table 2. Summary of candidates

Acc-No name pl MW  Cleavage problM
B. burgdorferi| PRO0038192BB0028 9.03 39700 064 O
PR00038324BB0161 5.96 66248 065 O
PR00038399BB0236 8.96 75'341 059 0
PR00038623BB0460 9.17 28'188 053 O
PR00039375 BBA32 11.07 7'790 064 O
PR00039400 BBA57 5.03 47'418 066 0
PR00039028 BBB14 9.78 19'520 054 O
PR00039317 BBJ23 9.55 31217 055 O
PR00039328 BBJ34 5.14 39'645 051 O
B.garinii PR00508527BG0239 8.73 75'246 058 0
PR00508634BG0347 9.46 24'123 068 0
PR00508640BG0353 9.89 44'032 053 O
PR00508705BG0421 9.48 39'468 067 O
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Table 3. List of primers used to clone respective gengsQi-9

>BB0028-SP-3' pstl
>BB0028-SP-5' Sall
>BB0161-SP-3' pstl
>BB0161-SP-5' Sall
>BB0236-SP-3' pstl
>BB0236-SP-5' Sall
>BB0460-SP-3' pstl
>BB0460-SP-5' Sall
>BBA32-SP-3' pstl
>BBA32-SP-5' Sall
>BBA57-SP-3' pstl
>BBA57-SP-5' Sall
>BBB14-SP-3' pstl
>BBB14-SP-5' Sall
>BBJ23-SP-3'pstl
>BBJ23-SP-5' Sall
>BBJ34-SP-3' pstl
>BBJ34-SP-5' Sall
>BG0239-SP-3' pstl
>BG0239-SP-5' Sall
>BG0347-SP-3' pstl
>BG0347-SP-5' Sall
>BG0353-SP-3' pstl
>BG0353-SP-5' Sall
>BG0421-SP-3' pstl
>BG0421-SP-5' Sall
>pQE-9-3'
>pQE-9-5'

AACTGCAGTAATTTTCTGTTTTCCAATTTCCAC
ACGCGTCGACCAATTAGGAAATCTGCAAAAAARA
AACTGCAGTTAGATTAAATTACCCAAAGAATCAA
ACGCGTCGACAAAGAAGTTTACTATAGGTTTGAGA
AACTGCAGCTAATTAATAAAATATGCAAACTCC
ACGCGTCGACCAAGGAATAGTTACTAATAAAGARGC
AACTGCAGTTAAGACTGAGAGTGAAGGTTTIG
ACGCGTCGACAAAGTTAATTCCGAATTTGAAATA
AACTGCAGTTAAAGCTTTCTGTTTCTACGATA
ACGCGTCGACAAGTCGAGCAATAAAAGTTTATG
AACTGCAGTTATTGATAATTTTTTTCTACCAAA
ACGCGTCGACGATACAAACGATAAAAACAAAEC
AACTGCAGTTAACTTTTATAATCTTTATTTTCATC
ACGCGTCGACGTTGAGCACGATCAATTTGGAAAXC
AACTGCAGCTAATTTTTTATAGGAAAATCCATA
GCGTCGACTTTGATGTTTCAAGTAGAAAATTIA
AACTGCAGTTATTTATCTTTATTTTTAGGCTAA
ACGCGTCGACAGTGATGATACAAATAAAAAAATAC
AACTGCAGCTAATTAATAAAATATGCAAACTTC
ACGCGTCGACATAGTTACCAATAAAGATGCTAAGA
AACTGCAGCAGTTAATTTTTTTTAATATCAATAAA
ACGCGTCGACCAAATATCTGCAAATCAATACIITGA
AACTGCAGTTAATTTTTATTTTTTTTTTGATCT
ACGCGTCGACAAAAATAAAAATATAATTGTATAAC
AACTGCAGTTAGTATTTATAAGTTACAGAGATC
ACGCGTCGACCAAAATCAACACGACTTAAAATTRA
TTCTGAGGTCATTACTGGATC
GATAACAATTTCACACAGAAT
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Figure 1. Summary of recombinant proteins produced
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