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M. a. paratuberculosis

La paratuberculose est une inflammation chronique intestinale qui se transmet aux jeunes 

bovins principalement par voie oro-fécale. M. a. paratuberculosis présente un large spectre 

d’hôte qui comprend les ruminants domestiques mais également la faune sauvage ce qui 

rend difficile les études épidémiologiques et le contrôle de cette pathologie. Certains 

facteurs de susceptibilité ont été mis en évidence tels que l’âge, la race ou l’état 

physiologique des animaux. Le problème majeur aujourd’hui est le manque d’une méthode 

de diagnostic fiable pour la détection de la phase précoce de l’infection. 
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La paratuberculose est classée dans l’importance des maladies des ruminants en 1
ère 

place 

en Amérique du Nord et au 8
ème

 rang en Europe. La paratuberculose est une pathologie 

dont la prévalence ne cesse de progresser malgré les programmes de maîtrise et de contrôle 

mis en place par de nombreux pays. Cette pathologie reste aujourd’hui une préoccupation 

majeure en santé animale.  



Les pays industriels n’hésitent pas à investir dans des programmes de recherche et de 

contrôle pour lutter contre la paratuberculose mais l’incapacité à maîtriser cette pathologie 

engendre des pertes économiques considérables pour l’industrie bovine.
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M. a. paratuberculosis

Les outils actuellement disponibles ne permettent pas de lutter efficacement contre la 

paratuberculose. C’est pourquoi la plupart des programmes de recherche sont focalisés sur 

la prévention de l’infection à M. a. paratuberculosis par le développement de nouveaux 

vaccins et de tests diagnostiques efficaces. C’est le cas du projet européen « 

mycobactdiagnosis », auquel nous participons, qui vise à identifier de nouveaux antigènes 

spécifiques de M. a. paratuberculosis pour la détection de la phase précoce de l’infection.
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Selon le rapport de l’Académie Américaine de Microbiologie, il est clairement démontré 

que M. a. paratuberculosis peut être présent dans certaines formes de la maladie de Crohn 

(
171

Nacy, 2008). La question aujourd’hui est de déterminer le rôle exact que joue M. a. 

paratuberculosis dans cette pathologie, s’il est présent de façon silencieuse ou en tant 

qu’opportuniste.
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Les nombreuses études menées pour comprendre l’évolution de l’espèce avium montrent 

que M. a. paratuberculosis de type C est la dernière sous-espèce à avoir divergé. L’ancêtre 

commun semble être le groupe hétérogène de M. a. hominissuis. Cependant, nous ne 



connaissons pas le schéma d’évolution précis. La sous-espèce paratuberculosis de type C 

émerge-t-elle de M. a. paratuberculosis de type S ou a-t-elle évolué de façon indépendante ? 
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M. a. avium

En plus des éléments génotypiques, des différences phénotypiques entre les souches de M. 

a. paratuberculosis de type C ou de type S sont observées au niveau de la croissance, du 

métabolisme du fer ou lors de l’induction de cytokines.  
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Les microorganimes (bactéries, virus ou parasites) utilisent toutes les molécules décrites 

précedemment comme récepteurs pour envahir et coloniser leur hôte.  
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La MMP est une protéine exprimée à la surface de nombreuses mycobactéries mais absente 

des espèces du complexe tuberculosis. L’implication de la MMP dans l’invasion des 

cellules épithéliales, dans des conditions mimant l’intestin, montre que cette protéine est 

importante dans la pathogénèse de M. a. paratuberculosis. 
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Les molécules du complexe antigénique 85 se lient à la FN pour interagir avec la cellule 

hôte de façon indirecte. Le motif de liaison FEWYYQ, indispensable à la liaison avec la 

FN, est unique aux mycobactéries et est très conservé
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Le mécanisme d’interaction entre les protéines du complexe antigénique 85 et la FN est 

relativement bien connu et met en évidence l’implication de plusieurs domaines présents 

sur la FN.  
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Ces résultats montrent que les protéines du complexe antigénique 85 ont un rôle clef dans 

la composition, l’intégrité et la perméabilité de la paroi mycobactérienne.  

Fibronectin Attachment Protein

M. vaccae

M. vaccae

M. vaccae

M. vaccae

M. leprae

M. tuberculosis  

M. avium M. kansasii M. smegmatis M. xenopi

M. tuberculosis

M. a. paratuberculosis



Alanine and Proline rich Antigen 

M. leprae M. a. 

paratuberculosis

M. avium

M. a. paratuberculosis

M. 

leprae M. tuberculosis M. smegmatis

M. avium



in vitro

M. leprae

M. leprae

M. leprae

M. avium M. tuberculosis

M. avium M. tuberculosis

M. smegmatis fap

M. a. paratuberculosis

fap

gut loop M. a. 

paratuberculosis 

M. avium

Peptide signal Fibronectin Binding Domain  



M. a. paratuberculosis fap

La FAP joue un rôle important dans l’adhésion et l’invasion des cellules épithéliales.

Plusieurs sites de liaison à la FN ont été mis en évidence sur la FAP exprimée par des 

mycobactéries.  

in vitro

M. a. paratuberculosis

Les mycobactéries interagissent avec la cellule hôte via la FAP exprimée à la surface qui 

est capable de se lier à la FN. L’un des récepteurs cellulaires majeurs de la FN impliqué 

dans l’adhésion des mycobactéries est l’intégrine α5β1.
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La FAP sous sa forme native subit des modifications post-traductionnelles identifiées 

comme des glycosylations indispensables pour son immunogénicité.  
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M. leprae

Le tropisme de M. leprae pour les cellules de Schwann est, entre autres, dû à la présence de 

la Lm 2 et plus précisement à la chaîne α2 qui facilite l’adhésion de la bactérie par la 

formation d’un pont entre une molécule de surface de M. leprae et les cellules de Schwann.  
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E. coli

M. 

leprae

M. leprae



M. smegmatis lbp

M. smegmatis M. leprae

Une des molécules impliquées dans l’adhésion de M. leprae est la LBP exprimée à la 

surface des mycobactéries, elle se lie à la lamine 2 pour pouvoir adhérer aux cellules de 
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Ces études montrent que l’intégrine α6β4 et le domaine extracellulaire α-dystroglycane 

sont les deux récepteurs capables de médier l’adhésion de M. leprae aux cellules de 

Schwann par l’intermédiaire de la Lm 2.  
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Toutes ces études montrent qu’en dehors de son rôle d’adhésine, la LBP a d’autres 

fonctions indispensables à la viabilité de la bactérie. 
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L’adhésine HBHA subit des modifications post-traductionnelles représentées par des 

méthylations sur les résidus lysines sur son domaine C-terminal. Ces modifications 

protègent la protéine de la protéolyse et sont responsables de sa capacité immunogène.  
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Ces études montrent que la HBHA est un facteur de dissémination extra-pulmonaire de la 

maladie mais également un antigène majeur qui a un potentiel diagnostique et vaccinal 

important.  
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Abstract

Mycobacterium avium subsp. paratuberculosis (Map) causes a chronic enteric disease in ruminants, called paratuberculosis or Johne’s

disease. The current model proposes that after ingestion by the host, Map crosses the intestinal barrier via internalization by the M cells.

Experimental observations suggest, however, that Map may also transcytose the intestinal wall via the enterocytes, but the mechanisms involved

in this process remain poorly understood. Cytoadherence assays performed on epithelial cells with Map revealed that the addition of laminin to

the cell culture increases adhesion. A Map protein was isolated by heparineSepharose chromatography and identified as a laminin-binding

protein like. The gene encoding this protein named Lbp/Hlp was identified in the Map genome sequence at locus MAP3024 (annotated Hup B).

The deduced Map Lbp/Hlp amino acid sequence reveals 80% identity with that reported for other mycobacteria. The C-terminal domain

involved in adhesion is mainly composed of arginine and lysine residues modified by methylation. In vitro tests demonstrated that recombinant

Lbp/Hlp binds laminin, heparin, collagen and epithelial cells. Interestingly, we found that this adhesin corresponds to the antigen described as the

target of pANCA and serum antibodies of patients with Crohn’s disease.

� 2011 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Mycobacterium avium subspecies paratuberculosis (Map)

is an intracellular pathogen that has adapted to the gastroin-

testinal tract of ruminants and other animals. This pathogen

causes a slowly developing, but eventually fatal, inflammatory

disorder called Johne’s disease or paratuberculosis. The main

lesions of paratuberculosis in ruminants are located in the

small intestine. One route for Map entry into the small intes-

tine is through M cells found in the follicle-associated

epithelium lining the domes of the Peyer’s patches [1].

Another route may include translocation into the intestinal

mucosa through epithelial cells [2,3]. This dual translocation

has recently been shown to occur in a B cell-deficient mouse

model of Map infection [4]. Upon translocation, Map readily

infects and multiplies within inactivated intestinal macro-

phages [5e8].

The molecular determinants involved in the adherence of

Map to epithelial cells have not all been identified yet.

Previous studies have identified and characterized mycobac-

terial surface-exposed adhesins, such as the laminin-binding

protein (Lbp) [9,10], also called histone-like protein (Hlp)

[11,12] or mycobacterial DNA-binding protein (Mdp1) [13]

and annotated HupB in the genomic database. This protein

was initially described to play a role in the interaction between

Mycobacterium leprae and Schwann cells [14e17]. More

recently Lbp/Hlp was also shown to mediate the adhesion of

mycobacteria to epithelial respiratory cells by interacting with

proteoglycan-containing receptors such as heparan sulphate

and hyaluronic acid [10,13]. In this study, cytoadherence

assays have revealed that interaction of Map with epithelial

cells is increased in the presence of laminin. These observa-

tions suggest that Map expresses a surface-exposed laminin-

binding protein with properties similar to Lbp/Hlp. In the

present study, we describe the purification and characterization

of the Map Lbp/Hlp homologue.

2. Materials and methods

2.1. Bacterial strains, growth conditions and DNA

manipulations

M. avium subsp. paratuberculosis, strains K-10 (ATCC

BAA-968), (ATCC 19698) and Linda, M. avium subsp. hom-

inisuis strain 104 (Mah),M. avium subsp. avium ATCC 25291

(Maa) and Mycobacterium smegmatis strain mc2155 were

grown at 37  C in Sauton medium [18] or Middlebrook 7H9

broth (Difco Laboratories, Detroit, MI), with glycerol 0.2%

and ADC (albumin-dextrose-catalase enrichment medium,

Becton Dickinson, Le Pont de claix, France). Map cultures

were also supplemented with 2 mg L!1mycobactin J (IDVET,

Montpellier, France). Bacteria were harvested at mid-log

phase and kept frozen (!80  C) in aliquots until use.

Escherichia coli BL21(DE3) (Novagen, Darmstadt, DE),

E. coli TOP10 (Invitrogen Carsbad, CA) and E. coliXL1-Blue

(Stratagene, Le Jolla, CA) were grown in LB medium [19]

supplemented with 30 mg ml!1 kanamycin as appropriate.

Restriction enzymes, T4 DNA ligase and other molecular

biology reagents were purchased from New England Biolabs,

Roche or Promega. PCRs were performed using a Bio-Rad

thermal cycler model iCycler, and the PCR products were

sequenced by GenomExpress (Grenoble, France).

2.2. Construction of bioluminescent and fluorescentMap

strains

Green fluorescent protein (GFP)- and luciferase-expressing

strains were obtained by electroporation of the pSMT3LxEGFP

[20] carrying both the GFP- and the bacterial luciferase-coding

genes (Lux) intoMap strains K-10 and Linda. Bacterial cultures

(150 ml) were grown to mid-log phase in Sauton medium and

were centrifuged at 4500 " g for 15 min. The pellets were

resuspended in 150 ml 10% glycerol. Cells were centrifuged

again, washed three times with 75 ml 10% glycerol, and

resuspended in 5 ml 10% glycerol. Electroporation-ready

mycobacterial cells were aliquoted and frozen at !80  C until

further use. For transformation, 1 mg of pSMT3LxEGFP DNA

was mixed with 50 ml of electroporation-ready cell suspension

and pulsed with a Cellject electroporator (Eurogentec, Liège,

Belgium) at 2.5 kV, 800 U and 25 mF. The cells were then har-

vested in 1 ml Sauton medium and plated onto the Middlebrook

7H10 medium supplemented with ADC, 0.2 mg ml!1 myco-

bactin and 50 mg ml!1 of hygromycin. The plates were

incubated at 37  C, and colonies were isolated after 30e40 days.

2.3. Cytoadherence of Map to A549 epithelial cells

A549 cells were routinely grown at 37  C in an atmosphere

of 5% CO2, in DMEM (Lonza) containing 10% fetal bovine

serum (Invitrogen), and supplemented with L-glutamine 2 mM.

Twenty four hours before the adhesion assay, 1.5 " 105 cells/

well were seeded in a 24 well plate. To prepare the inocula, the

mycobacteria were grown in static conditions in enriched 7H9

Middlebrook broth supplemented with 0.05% Tween 80. Mid-

log phase bacteria were washed once with phosphate buffered

saline (10 mM phosphate buffer pH 7.2, 0.15 M NaCl; PBS)

and resuspended in DMEM. The suspension was vigorously

shaken and passed through a 27-G needle three times to

disrupt bacterial aggregates. The presence of isolated myco-

bacterial cells was confirmed by microscopic observation.

Confluent monolayers were washed twice by PBS before the

addition of the appropriate fluorescent-bioluminescent Map

strain e.g., Linda/GFPlux and K-10/GFPlux (green). The

bacterial concentration was adjusted in DMEM and mono-

layers were infected at a multiplicity of infection of 10. After

3 h of contact, the infected cells were washed three times with

PBS and then lysed for 10 min in 0.1% Triton X-100 followed

by another 10 min after addition of an equal volume of 0.025%

SDS. The percentage of adhesion was estimated by fluores-

cence and calculated by luciferase assays, as described below.

Cytoadherence of Map to A549 cells was analyzed by fluo-

rescence microscopy. The samples were fixed with PFA, and

stained with Evans Blue to stain the eukaryotic cells. Images
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were taken with a 40 objective. The number of cell-associ-

ated bacteria is expressed as relative light units (RLU).

Luminescence was measured by using a Berthold Lumat

LB 9507 tube luminometer. As needed, the crude cell lysates

were diluted in PBS containing 0.05% Tween 80. Aliquots

(100 ml) of each sample were transferred into a polystyrene

test tube (Falcon, PLAM0908) containing 900 ml dilution

buffer and the luciferase activity was measured. Prior to

substrate addition, automatic background subtraction was

performed for 1 s. 100 ml of 1% decanal (Sigma) in ethanol

was then automatically injected into each tube and the biolu-

minescence was measured over 20 s. Raw data were collected

in triplicate and the mean RLU readings were automatically

calculated by the luminometer in-core software. Adhesion

assays were performed in triplicate. The percentage of adhe-

sion was calculated by the following formula: (cell-associated

RLU/RLU of the inoculum)  100. The average and the

standard deviation were calculated with the GraphPad Prism

software.

2.4. Cloning, sequencing and recombinant expression of

the Map Lbp/Hlp-encoding gene

The Lbp/Hlp-encoding gene (MAP3024c) was amplified by

PCR from chromosomal DNA using the Pfu DNA polymerase

(Promega) and two synthetic oligonucleotides (Sigma) with

the following sequences: 50-TATACATATGCACCACCACCA

CCACCACATGAACAAGGCAGAGCTCATTGATG-30 (Map

Lbp/Hlp S) and 50-ATATAAGCTTCTACTTGCGGCCGCGA

CGCGCGG-30 (Map Lbp/Hlp AS), containing an NdeI and

HindIII sites, respectively (underlined). The oligonucleotide

Map Lbp/Hlp S sequence was designed to produce a hybrid

protein carrying a His-tag at the N-terminal position used for

affinity purification of the recombinant protein. The PCR

product containing the Lbp/Hlp-coding sequence was digested

by NdeI and HindIII and then inserted into pET-24d(þ)

(Novagen), generating pET::Lbp/Hlp. This plasmid was used

to transform E. coli XL1-Blue for sequencing and E. coli

BL21(DE3) for protein purification. The recombinant Map

Lbp/Hlp was purified as previously described [21]. The Gen-

Bank accession numbers for the Map Lbp/Hlp (strains K-10,

19698 and 316F), Maa-Lbp/Hlp and Mah-Lbp/Hlp sequence

are mapK10_Lbp/Hlp GU324235, map19698_Lbp/Hlp

GU324236, map316F_Lbp/Hlp GU324237, maa25291_Lbp/

Hlp GU324238, mav104_Lbp/Hlp GU324239, respectively.

2.5. Purification of native Lbp/Hlp from Map by

heparineSepharose chromatography

Mycobacteria were grown at 37 #C in static conditions using

250 cm2-Roux flasks containing 150 ml Sauton medium. Once

the stationary phase was reached, the cultures were centrifuged

at 10,000  g for 20 min and the bacilli were resuspended in

PBS and sonicated at 4 #C. The soluble material obtained after

centrifugation at 25,000 g for 25 min at 4 #Cwas applied onto

a heparineSepharose CL-4B (Amersham Pharmacia Biotech)

column (1 5 cm) equilibrated with PBS 0.5 . Native Lbp/Hlp

were eluted using a linear 0e800 mM NaCl prepared in 80 ml

PBS. The fractions eluted at ca. 600mMNaCl were analysed by

SDS-PAGE, transferred onto a polyvinylidene difluoride

(PVDF) membrane (Immobilon P; Millipore) and probed with

monoclonal antibody 3921E4 as described elsewhere [22].

2.6. Mass spectrometry analysis

As previously described [22] purified proteins were sepa-

rated by SDS-PAGE under reducing conditions and stained with

0.1% Coomassie brilliant blue R250 in 20% methanol/0.5%

acetic acid. The selected protein band was excised and sub-

jected to in-gel digestion with modified trypsin (Roche Diag-

nostics, Indianapolis, IN). The resulting peptides were extracted

with 60% acetonitrile in 0.1% trifluoroacetic acid, applied onto

a 0.2  50 mm C18 capillary reverse phase column (Michrom

BioResources, Auburn, CA) and eluted with an increasing

acetonitrile gradient using a MicroPro capillary HPLC system

(Eldex Laboratories, Napa, CA). The reverse phase effluent was

introduced directly into a Finnigan LCQ (Thermoquest, San

Jose, CA) electrospray mass spectrometer, and the peptides

were analyzed byMS andMS/MS. The electrospray needle was

operated at 4 kV with a sheath gas flow of N2 at 40 p.s.i. and

a capillary temperature of 200 #C. MS/MS was automatically

performed on the most dominant ion of the previous MS scan

and the collision energy was set at 40%. MS/MS spectra were

searched against theMap database by using Xcalibur, Bioworks

3.1 turbo SEQUEST software (ThermoFinnigan, San Jose, CA).

The softwarewas set to consider proteinMr ranging from 500 to

3.500, trypsin digest (two missed cleavage sites) peptide mass

tolerance $1.5 Da, fragment ions mass tolerance $0.5 Da,

monoisotopic mass, the oxidation of methionine (þ16.0), the

acrylamide modification of cysteine (þ71.0) and mono-, di-and

tri-methylation of lysine (þ14, þ28 and þ42, respectively).

The ion scores of the non-methylated peptide and the methyl-

ated peptidewere 6.2 and 2.0, respectively. Sequest results were

confirmed by manually comparing observed and predicted

fragmentation patterns for the identified peptides.

2.7. DNA and protein analysis

Multiple DNA and amino acid alignments were performed

with CLUSTAL W [23] (http://www2.ebi.ac.uk/clustalw/).

2.8. Binding of recombinant Map Lbp/Hlp to laminin,

collagen and heparin

To monitor the capacity of recombinant Map Lbp/Hlp to

bind to laminin-2 (human merosin purchased from Invitrogen,

Carlsbad, CA), heparin or collagen I (Sigma, St. Louis, MO),

1.0 mg ml%1 of each of these components in 50 ml 0.1 M

carbonate buffer (pH 9.6) were used to coat the wells of

polystyrene microplates (Corning, New York, NY). The

microtiter plates were incubated overnight at 4 #C. The wells

were then washed with PBS and blocked for 2 h with 200 ml

PBS-3% bovine serum albumin (BSA) at room temperature.

After washing with PBS/0.05% Tween 20 (PBS/T), 50 ml of
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different concentrations of recombinant Map Lbp/Hlp or

M. leprae rGCP/ML0379 were added to the wells and incu-

bated at 37  C for 2 h. The wells were then rinsed with PBS/T

and incubated with the anti-Lbp/Hlp monoclonal antibody

5G9 [14] (1:500) for 1 h at 37  C. After washing with PBS/T,

rabbit anti-mouse IgG peroxidase conjugate (Sigma; 1:1000)

or anti-His mouse monoclonal antibody (1:3000; Amersham

Pharmacia Biotech) was added and incubated for an additional

50 min at 37  C. Peroxidase activity was revealed with

hydrogen peroxide and O-phenylenediamine (OPD). The

reaction was stopped with HCl and read at 490 nm with

a TitertekPlus microplate reader (ICN Biomedicals Inc., Costa

Mesa, CA). Control wells coated with BSA were included in

all binding assays.

2.9. In vitro adherence assays with recombinant Map

Lbp/Hlp

16 HBE cells (7 ! 104 cells/well) were cultured in 24 well

plates containing glass slips. Polystyrene beads (3-mmdiameter,

Sigma) were coated with recombinant Map Lbp/Hlp or BSA

(50 mg ml"1) for 3 h at room temperature in 0.2 M carbo-

nateebicarbonate buffer (pH 9.6). All beads were washed twice

with PBS and blocked with 2% of BSA in PBS for 2 h. After

washing, beads were added to the cells (10:1 ratio) for 1 h at

37  C. Cells were then washed six times with PBS, fixed with

methanol and stained by crystal violet. The numbers of

microspheres attached to 100 cells were counted by light

microscopy (Optiphot-2, Nikon, Tokyo, Japan).

2.10. Immunoblots analyses and ELISA

Immunoblots and ELISA were carried out to analyze the

presence of antibodies against Lbp/Hlp in human serum of

Crohn’s disease (CD) patients and serum from cattle naturally

infected with Map. The sera were collected from the

St. Antoine and R. Debré hospitals, Paris, France, and recently

described [24]. The clinical status of all patients was deter-

mined from their medical records. The human sera included

eight serum samples from patients with an active form of CD

(6 males, 2 females) and eight control sera from healthy

donors (4 males, 4 females). Cattle sera were obtained from

Map-infected and non-infected animals [25].

Diagnoses were established by ELISA (Bovigam Prionics

Zurich Switzerland and ELISA Paratuberculosis, Institut

Pourquier Montpellier France) and bacteriological culture of

Map. For ELISA, Maxisorp microtiter plates (Nunc, Roskilde,

Denmark) were coated with 50 ml of recombinant Map Lbp/

Hlp at 0.1 mg ml"1 in PBS at 37  C overnight. Plates were

then washed three times with PBS/T and blocked for 1 h at

37  C with PBS/T containing 0.5% (w/v) Gelatine (PBS/T/G).

Each serum sample was diluted at 1:100 in 50 ml PBS/T/G,

and plates were incubated for 2.5 h at 37  C. Plates were then

washed five times with PBS/T and incubated for 90 min at

37  C with 50 ml Horseradish peroxidase-conjugated goat anti-

human-IgG, GAHu/Ig/PO (Nordic Immunological Laborato-

ries, The Netherlands) diluted at 1:500 dilution in PBS/T/G, or

peroxidase-conjugated anti-ruminant-IgG (CHEKIT, Bern,

Schweiz) diluted at 1:600 in PBS/T/G. Plates were washed five

times with PBS/T, and 50 ml peroxidase substrate was added.

After 30 min incubation at 37  C, the reaction was stopped

with 50 ml 2 N HCl, and the plates were read photometrically

at 414 nm.

Cell extracts and recombinant Map Lbp/Hlp were subjected

to SDS-PAGE on a 15% gel, as described [26]. Proteins were

then transferred onto Protean nitrocellulose membrane

(Whatman, Germany). The membranes were blocked with 1%

BSA in PBS/T for 90 min. The membranes were then incu-

bated with monoclonal antibodies 3921E4 or 4057D2, as

described previously [27e29], or with serum from patients

with CD or from healthy donors, at a 1:100 dilution in 1%

BSA in PBS/T, or with sera from cattle infected or not by Map

at 1:100 dilution in 1% BSA in PBS/T. The membranes were

then washed three times with PBS/T and incubated with goat

anti-human alkaline phosphatase-conjugated antibody (Jack-

son immuno research, Baltimore PA) at 1:10,000 dilution, goat

anti-mouse alkaline phosphatase-conjugated antibody (Caltag,

Burlingame CA) at 1:2000 dilution, or mouse anti-bovine/

ovine antibody (Serotec, Oxford UK) at 1:200 dilution. Nitro

blue tetrazolium and 5-Bromo-4-chloro-3-indolyl phosphate

substrates were used to develop the immunoblots.

3. Results

3.1. Increase of Map adherence to epithelial cells by

exogenous laminin

Previous reports have shown that adherence of mycobac-

teria to epithelial cells can be modulated by the addition of

extracellular matrix [30]. Using the recombinant Map strain

Linda/GFPlux and K10/GFPlux we tested whether soluble

exogenous laminin increases the cytoadherence of Map to

A549 epithelial cells. As shown in Fig. 1A, Map Linda/

GFPlux (Green) is able to adhere to the A549 epithelial cells,

stained with Blue Evans (red) and assessed qualitatively by

fluorescence microscopy. This process is more efficient in the

presence of laminin (Fig. 1A, right panel). Quantification of

Map adherence by the luciferase assay indicated that this

adhesion to epithelial cells is significantly increased from 10

to 18% in the presence of exogenous laminin (Fig. 1B).

3.2. Purification and identification of recombinant Map

Lbp/Hlp onto heparineSepharose

The increased adherence of Map to epithelial cells induced

by laminin suggests that Map expresses an adhesin on its

surface, which could be a homologue of Lbp/Hlp. This same

protein is referred to by several names, such as laminin-

binding protein Lbp [17], histone-like protein/laminin-binding

protein Hlp/Lbp [11] or mycobacterial DNA-binding protein

Mdp1 [13]. Thus, to isolate and identify the Map protein

expressing this activity, we performed a heparineSepharose

chromatography assay on a soluble extract from theMap strain

K-10 culture. This assay has previously been developed to
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purify orthologous Lbp/Hlp proteins from other mycobacteria

[22]. As shown in Fig. 2A, SDS-PAGE analysis of the eluted

fractions revealed that a 31-kDa protein was predominantly

detected in the 600 mM NaCl fractions (fractions 11e13). The

protein band was excised from the gel and subjected to trypsin

digestion. Mass spectrometry analysis of the resulting peptides

and BLASTP analysis revealed that it corresponds to the

mycobacterial laminin-binding/histone-like protein (Lbp/Hlp),

previously described in M. leprae, M. smegmatis and

M. tuberculosis. As described for orthologous Lbp/Hlp

proteins, the Map counterpart (MAP3024c, hupB) is recog-

nized by monoclonal antibody 3921E4 [10], as depicted in

Fig. 2B. This cross-reaction confirmed that Map Lbp/Hlp

shares the epitope APAKKAA.

Amino acid sequence analysis shows that MAP3024c, hupB

codes for a 212-amino acid protein Map Lbp/Hlp. The align-

ment of the amino acid sequences of the Lbp/Hlp from different

mycobacterial species indicates that these molecules are highly

conserved (Fig. 3). Within the M. avium complex (MAC) the

amino acid sequences of Lbp/Hlp show 100% identity.

Sequences were analysed after sequencing of the Lbp/Hlp gene

from the following representativeMAC strains:Mah strain 104,

Maa reference strain ATCC 25291, Map strains K-10 ATCC

BAA-968, the reference strain ATCC 19698 and the vaccine

strain 316F Mérial.Map Lbp/Hlp shares 80% identity and 84%

similarity with the M. tuberculosis complex orthologues,

including M. tuberculosis, M. bovis and M. bovis BCG. Map

Lbp/Hlp is also related to the M. leprae Lbp/Hlp with 77%

identity and 80% similarity. In addition, a high score of simi-

larity was found with the Lbp/Hlp produced by the non-path-

ogenic strain M. smegmatis with 86% identity and 91%

similarity. Sequence similarities among the Lbp/Hlp are

particularly high in the N-terminal part, up to residue 119 with

more than 93% identity and 97% similarity. The apparent

divergence in the C-terminal regions, containing 75% L-alanine

and L-lysine residues, is due to variations of the number of

lysine-rich repeats.

3.3. Evidence for post-translational methylation of Map

Lbp/Hlp

Previous studies indicated that native Lbp/Hlp exhibits an

apparent molecular weight slightly higher than that predicted

from the amino acid sequence [22,31]. This suggests that the

Lbp/Hlp-(like) protein may be post-translationally modified.

Biochemical analyses of theM. smegmatis andM. tuberculosis

Lbp/Hlp proteins revealed that the lysine-rich repeats in the

C-terminal domain are methylated by post-translational

modifications [9], resulting in a protein with increased

molecular weight. We therefore compared by immunoblot

Fig. 1. Cytoadherence of Map to A549 epithelial cells increases in the pres-

ence of exogenous laminin. A549 cells were infected by the Map strain Linda/

GFPlux in the presence or absence of laminin. (A) Fluorescence microscopy

analysis of the A549 cells infected by Linda/GFPlux (green). The samples

were fixed with PFA and stained with Evans Blue (red). Images taken with

a 40 objectives represent the overlay of Evans Blue and GFP signals. (B)

Quantification of Linda/GFPlux adhesion by luciferase assays. The percentage

of adhesion is calculated as the number of 100  cell-associated RLU/RLU of

the inoculum. The graph shows the averages of triplicate samples from one

representative of four independent experiments. *P value was calculated using

an unpaired two-tailed t-test using GraphPad Prism version 5.00 for Windows

where P < 0.05 was considered statistically significant. The error bars

represent the standard deviation.

Fig. 2. Purification of native Lbp/Hlp by heparineSepharose chromatography.

Map was grown at 37 !C in static conditions. At the stationary phase, the

cultures were disrupted by sonication, and the soluble material was applied

onto a heparineSepharose CL-4B column. Lbp/Hlp was eluted using a linear

NaCl gradient (panel A). The fractions eluted at ca. 600 mM NaCl (fractions

11e13) contained Lbp/Hlp, as determined mass spectrometry and immunoblot

analyses using monoclonal antibody 3921E4 (panel B). MW, Molecular

Weight; WCL, Whole Cell Lysate; FT, Flow-Through.
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analysis the apparent molecular weights of purified native and

recombinant Map Lbp/Hlp. Monoclonal antibody 4057D2

used to probe the immunoblot reacted more intensively with

the native Map Lbp/Hlp, exhibiting an apparent molecular

weight slightly higher than the recombinant Lbp/Hlp

(Fig. 4B). This result strongly suggests that native Lbp/Hlp

also undergoes post-translational modifications in Map. To

confirm the post-translational modifications of Map Lbp/Hlp

and to identify its nature, mass spectrometry analysis of Map

Lbp/Hlp was carried out. The mass spectrometry analysis

revealed two peptides within the C-terminal lysine-rich repeats

domain of the Map Lbp/Hlp which are methylated.

3.4.Map Lbp/Hlp binds mammalian extracellular matrix

and promotes adhesion to epithelial cells

The presence of a large lysine-rich C-terminal domain in

Map Lbp/Hlp and its NaCl elution profile from immobilized

heparin suggest that ionic interactions are likely involved in

the interaction of this protein with heparin and laminin. This

hypothesis is in agreement with a recent study that mapped the

binding domain of the M. leprae Lbp/Hlp [32]. We evaluated

whether purified recombinant Map Lbp/Hlp was able to bind

heparin and different matrix proteins including laminin-2 and

collagen I by using a solid phase interaction assay. As shown

in Fig. 5A, recombinant Map Lbp/Hlp did not bind to BSA. In

contrast, it was able to interact with laminin-2, heparin and

collagen I in a dose-dependent and saturable manner. The

irrelevant his-tagged recombinant protein (rGCP/ML0379)

showed levels of binding similar to the background. These

results confirm the direct and specific interaction between the

Lbp/Hlp and the mammalian extracellular matrix containing

heparan sulphate chains. To determine the capacity of this

protein to promote the adhesion to epithelial cells, latex beads

coated with recombinant Map Lbp/Hlp were prepared. Fig. 5B

shows that Lbp/Hlp was able to significantly increase the

adherence of latex beads to epithelial cells when compared

with the control beads coated with BSA.

3.5. Sera from Crohn’s disease patients react with Map

Lbp/Hlp

Intestinal bacteria have been increasingly implicated as an

environmental factor in inflammatory bowel disease (IBD), due to

their mucosal localization and antigenic and immunomodulatory

Fig. 3. Sequence alignment of the mycobacterial Lbp/Hlp. The amino acid sequences of the M. tuberculosis Lbp were aligned with those of its homologues from

other mycobacterial species by using the Clustal W program with the BLOSUM64 matrix allowing gaps ( ). *, identical residues; :, conserved substitutions;. semi-

conserved substitutions. The boxed heptapeptide APAKKAA constitutes part of the epitope recognized by the monoclonal antibody mAb 3921E4. Mtb, Myco-

bacterium tuberculosis; Mb, Mycobacterium bovis; BCG, Mycobacterium bovis BCG; Ml, Mycobacterium leprae; Map; Mycobacterium avium subsp.

paratuberculosis; Maa, Mycobacterium avium subsp. avium; Mah, Mycobacterium avium subsp. hominissuis; Ms, Mycobacterium smegmatis; C, concensus.

Fig. 4. Evidence for a post-translational methylations of Map Lbp/Hlp. SDS-

PAGE (A) and immunoblot (B) analysis of purified recombinant Map Lbp/Hlp

produced in E. coli BL21(DE3) (lanes 1) and native Map Lbp/Hlp purified by

heparineeSepharose chromatography (lanes 2). The immunoblots were pro-

bed with monoclonal antibody 4057 D2. Sizes of molecular weight markers

(kDa) are indicated to the left.
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components. The human disease-specific immune response

might be useful for the identification of microorganisms involved

in the disease. High sera levels of anti-neutrophil cytoplasmic

antibodies (ANCA) are a marker of the immune response in IBD

associated with ulcerative colitis (UC) and a subset of CD

patients. In this context, Cohavy et al. [33] described that specific

IgA associated with CD were directed against HupB (Lbp/Hlp,

MAP3024c). Moreover, Map expresses a higher amount of this

protein than other mycobacterial species. This observation led to

the speculation that HupB-like proteins produced by Map and

other colonic bacteriamay play an important role in triggering the

onset of CD. To confirm that the Lbp/Hlp (MAP3024c, annotated

as HupB) described here exhibits similar antigenic properties as

HupB described by Cohavy et al. we performed immunoblot

analyses and ELISA using sera from well characterized

CD patients on Map Lbp/Hlp. The sera from CD patients

(Fig. 6A, lane 4) and from cattle with active paratuberculosis

(Fig. 6A, lane 6) reactedwith purified recombinantMapLbp/Hlp.

Eight sera each from CD and healthy controls were then tested

individually by ELISA (Fig. 6B). The absorbance for the CD

group was significantly higher compared to that of the healthy

controls group. Control experiments using an antiserum from

healthy or clinical paratuberculosis cattle gave similar results

(Fig. 6C). Thus, these results confirm the findings of Cohavy et al.

who revealed that the presence ofHupB antigen is associatedwith

CD and expand these studies to confirm a similar reactivity in

cattle with Johne’s disease.

4. Discussion

To mediate adherence during the early steps of infection

microbes often hijack eukaryotic cell surface molecules that

normally mediate physiological cell processes, including

signal transduction, cell to cell signalling, as well as cell and

extracellular matrix adhesion. The major part of the cell

extracellular matrix consists of glycosaminoglycan (GAGs)

molecules, glycolipids and glycoproteins [30]. Many patho-

genic and commensal microorganisms have evolved to use
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Fig. 5. Recombinant Map Lbp/Hlp promotes adhesion to laminin, collagen,

heparin to epithelial cells. (A) Laminin-2, heparin and collagen I were used to

coat the wells of polystyrene microplates. The wells were then washed with

PBS and blocked with PBS-3% BSA. 50 ml of increasing concentrations of

rLbp/Hlp or rGCP/ML0379 were then added to the wells and incubated for

2 h. The wells were rinsed with PBS/T and incubated with anti-Hlp mono-

clonal antibody 5G9 (1:500) or anti-His monoclonal antibody (1:3000). After

washing with PBS/T, rabbit anti-mouse IgG peroxidase conjugate was added

to the wells. Binding is expressed in absorbency units at 490 nm. Data

represent the means  standard deviations of typical experiments carried out

in duplicate. Three experiments were carried with similar results. (B) 16 HBE

cells were treated with beads pre-coated with Lbp/Hlp or BSA for 1 h, washed

extensively with PBS, fixed and stained with crystal violet. The number of

beads attached to 100 cells was counted by light microscopy. The data

represent the mean values  SD from three experiments with duplicate

samples. *P < 0.05.

Fig. 6. Reactivity of a CD patient serum with Map Lbp/Hlp. (A) Purified Map

Lbp/Hlp was transferred from 12% polyacrylamide gels (lane 1, stained with

Coomassie blue) onto nitrocellulose membranes. Membranes were incubated

for 1 h with monoclonal antibody mAb 3921E4 (lane 2), human antiserum

from a healthy donor (lane 3), from a CD patient (lane 4), antiserum form

uninfected cattle (lane 5) or from cattle infected with Map (lane 6). Sizes of

molecular weight markers (kDa) are indicated in the left margin. (B) Anti-Map

Lbp/Hlp antibody responses were determined individually from a panel of CD

patient sera and human healthy donors by ELISA. (C) Anti-Map Lbp/Hlp

antibody responses were determined in sera from infected (negative) Map-

infected cattle. The results are reported as scatter plots and medians or as

means  SD. Group-to-group comparison was performed with the nonpara-

metric Wilcoxon test using GraphPad Prism version 5.00 for Windows where

P < 0.05 was considered statistically significant.
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these molecules as receptors for adherence and invasion of

eukaryotic cells. In mycobacteria, adhesins HBHA and Lbp

have been reported to be involved in these specific interactions

with GAGs molecules, such as heparan sulphate present on the

surface of various eukaryotic cells types [10,12,31,34]. This

study focuses on the Map Lbp/Hlp, an adhesin also referred to

as Lbp [17], Lbp/Hlp [11] and Mdp1 [13]. It has been reported

that Lbp/Hlp is a pivotal adhesion molecule in the mycobac-

terial pathogenesis. By interacting with laminin present on the

surface of the Schwann cells, the Lbp/Hlp produced by

M. leprae functions as a critical surface adhesin that facilitates

bacterial entry into these cells [17]. Lbp/Hlp was shown to

play a role in the binding of mycobacteria to alveolar

epithelial cells and macrophages [10].

In this study we isolated Lbp/Hlp produced by Map. An

initial observation showed that the interaction of epithelial cells

withMap can bemediated by laminin. This observation led us to

isolate and characterize the molecule of Map involved in this

function. These preliminary assays also showed that Map is

capable of adhering to lung epithelial cells despite Map having

a tropism for intestinal tissues [1,4]. Purification and mass

analysis of native Map Lbp/Hlp revealed the characteristic

features of this basic highly conserved mycobacterial protein. It

consists of a large highly conserved N-terminal domain,

covering half of the protein, and a C-terminal domain consisting

essentially of lysine/arginine-rich repeats involved in the

interaction with GAGs. Native Map Lbp/Hlp was found to be

methylated. Interestingly this finding has been reported for both

mycobacterial HBHA and Lbp [10,11,21]. To date the role of

methylation of proteins in prokaryotes is poorly documented.

Themethylation of the functionally important domain ofHBHA

has been shown to be crucial for protection against proteolytic

degradation. In addition for stabilizing the protein, the methyl-

ation of HBHAwas shown to play a major role in both B and T

cell antigenicity [9,35]. The enzyme(s) involved in these post-

translational modifications have not yet been identified. Like-

wise, it remains unknown whether methylation patterns are

identical from one species to another.

Several observations have indicated that the adhesive

properties of the Lbp/Hlp are carried by its C-terminal lysine-

rich region involved in the electrostatic interactions with

laminin and GAGs [11]. Moreover, it was shown that these

interactions do not depend on the presence of the methyl

groups, which are absent in the recombinant protein produced

by E. coli [21]. The capacity of Lbp/Hlp to bind epithelial

cells and multiple extracellular matrix components highlights

its important potential role as adhesin. Interestingly, the

binding of Lbp/Hlp to laminin and collagen I observed in this

study suggests that this protein may also interact with the host

basal membrane. This has been recently described for the

Borrelia burgdorferi protein CRASP-1 that favours adhesion

and tissue invasion via interaction with laminin and collagen I

[36]. Lbp/Hlp may act in conjunction with other adhesins in

the process of mycobacterial invasion of the host cells.

Previous reports have characterized adhesins such as Fibro-

nectin Attachment Protein [36,37], that interacts with integrin

type cell receptors, and the surface-exposed 35 KDa protein

(MAP2121c) described to be involved in invasion of epithelial

cells but having no sequence similarity with the Lbp/Hlp [2].

Both proteins are involved in interactions with the apical pole

of epithelial cells.

Genetic polymorphisms in several genes involved in inter-

action with microbes predispose to complex diseases such as

CD, a major type of inflammatory bowel disease [38]. It is not

clear why some individuals with a given polymorphism develop

disease, whereas others remain unaffected. The concept that

environmental factors, including intestinal bacteria, trigger

disease in individuals with a certain genetic background is

broadly recognized. The role of certain microorganisms,

particularly mycobacteria, is under intense investigation, as

specific pattern-recognition receptors involved in the host

response are important targets for mycobacterial compounds

[39,40]. In this context the human disease-specific immune

response might be useful in the identification of microbes

involved in the disease. In order to characterize the autoantigen

of pANCA, an antibody highly represented in IBD,Cohavy et al.

[33] have shown that recombinant HupB from M. tuberculosis

can be recognized by recombinant Fab of pANCA and specifi-

cally reacts with sera from CD patients. Interestingly, the anti-

HupB IgA responsewas shown to be specifically associatedwith

CD but not with other IBD or with healthy donors. Our study

characterized the adhesive properties of Lbp/Hlp (HupB)

involved in the interaction with the host epithelium that may

explain the detection of IgA directed against this antigen. In

agreement with observations of Cohavy et al. [33], our results

suggest that Lbp/Hlp plays an important role in the association

ofMapwith CD. Interestingly, people with CD have 7:1 odds of

having a documented presence ofMap in the blood or gut tissues

than those who do not have CD [41]. However, the presence of

Map could be a secondary phenomenon due to increased gut

permeability in CD, or the inability of macrophages from CD

patients to kill Map.

We have also shown that Lbp/Hlp is detected by the serum

of animals with clinical paratuberculosis, which strengthens

the notion that Lbp/Hlp may be important in the pathogenesis

of Johne’s disease. In conclusion, we showed that Map Lbp/

Hlp is an adhesin that binds laminin, cell receptors containing

GAGs and epithelial cells. The immune response observed in

the tested CD patients and animals with active para-

tuberculosis to this protein suggests that Lbp/Hlp may be

a relevant adhesin for host infection. Studies are needed to

better understand how the bacterium uses Lbp/Hlp in combi-

nation with other adhesins to attach to the host gastrointestinal

tract epithelium.
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FIG. 5. Difference of heparin interaction of rHBHA from Mycobacterium avium subsp. 558 
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FIG. 6. Quantification of binding activity to heparin of rHBHA of Mycobacterium avium568 
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Heterogeneity1of1subspecies1Mycobacterium,avium,paratuberculosis

From1genotype1to1phenotype

Figure 1. C and SMap strains are distinguished by their RFLP profile. Dendrogram based

on IS900ORFLP analysis show distinctly the groups of Map strains: type C and S. Similarities were
calculated as Dice coefficients. Colour code: dark blue=bovin; green=pig (Map LN20); light
blue=caprin; red=ovin & yellow=deer. Results were analyzed by BioNumerics® software v. 6.5
(Applied Maths, Belgium).

� The aminoOacid sequence and distribution of
positive charges in the C>terminal domain of HBHA
inMap subspecies shows variability

� Two forms of HBHA are highlighted in the Map
subspecies: Map type S expresses HBHA with a long
COterminal domain similar to that of M. a. hominissuis
unlike to HBHA expressed inMap of type C which has
a short COterminal domain

� Correlation between the length of their CO
terminal domain and their affinities to heparin was
characterized

� HBHA produced by Map type C and S are
recognized by sera from infected cattle and sheep
without specificity

TO_PHENOTYPE
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 HBHA provides a new phenotypic
evidence of a subdivision of the Map
strain in a type C and S

 HBHA expressed by Map is an
adhesin but also a biomarker of each
type of this subspecies

Mycobacterium avium subsp. paratuberculosis (Map) is the etiologic agent of
Johne’s disease (or paratuberculosis), a highly prevalent chronic enteric disease
causing significant economic loss worldwide (1). Map strains are isolated essentially
from ruminants but it can also affect a wide range of other species (2). Genotyping
methods have clearly discriminate two groups of Map called type C and type S for
Cattle and Sheep, respectively (3). Both types are adapted to the gastrointestinal tract
but the mechanism of entry through the M cells and epithelial cells is not fully
elucidated.

In this study, we investigated the phenotype ofMap>host interaction for each
type of Map through the characterization of the major Heparin Binding
Hemagglutinin Adhesin (HBHA), described in M. tuberculosis for playing a crucial role
for extrapulmonary dissemination of the bacillus (4, 5).

References:_(1) Clark_et_al,_J._Comp._Path,_1997;_ (2)1Stevenson_et_al,_BMC_Mic,_2009;_(3) Turenne_
et_al,_J._Bact,_2008; (4) Menozzi_et_al,_PNAS,_1998;_(5) Pethe_et_al,_Nature,_2001._
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Figure 2. Variability inter> and intra> species on the hbha gene.
Schematic representation of the PCR performed on the NO terminal
domain (A) and COterminal domain (B) of hbha gene. 1. M. tuberculosis
2. M. bovis BCG 3. M. a. hominissuis 4. M. a. avium 5. M. a. sylvaticum 6.
Map type S 7. Map LN20 8. Map type C. The molecular weight markers
(100bpOladder, Promega®) are indicated in the left margin.

Figure 3. Distinct hbha gene ascertain on a large collection of Map isolates.
The PCR product corresponding to the COterminal domain of the hbha gene was
amplified using sequences of hbha primers labelled in 5’ with a 6Ocarboxyfluorescein
as fluorophore. Results were visualized using the ABI GeneMapper software v. 4.0
with a 600 LIZ® size standards (Applied bioOscience, USA). The theoretical values are
expected to size is 150bp for Map type C (A) 165bp for Map LN20 (B) and 195bp for
Map type S (C). Analysis was performed on 65 strains ofMap type C and 18 strains of
Map type S including all main genotypes of this subspecies. n: number strains
analyzed.

Figure 5. Difference in binding activity to heparin of rHBHA of
Map subtype C, LN20 and S by chromatography. Lysates of E. coli
recombinants for HBHA of Map were sonicated, the soluble material
was subjected onto heparin sepharose chromatography and eluted
using a 0O1M NaCl gradient. SDSOPAGE analysis were performed on
Whole Cell Lysat (WCL), FlowOThrough (FT) and elution fractions of
rHBHA. Recombinant HBHA from Map type C (A), Map LN20 (B) and
Map type S (C). The molecular mass markers (MM) expressed in kDa are
indicated in the left margin.

Figure 6. Quantification of binding activity to heparin of rHBHA of Map
subtype C, LN20 and S by Biacore® technology. SPR analysis of recombinant
HBHA binding to heparin was performed on BIAcore® T100 (GE Healthcare).
Biotinylated heparin were immobilized on a streptavidine coated CM4 sensorO
chip. Recombinant HBHA, previously purified by heparin sepharose
chromatography, were injected over a range of concentrations at a flow rate of
30µl minO1 . Running buffer as Tris 50mM, NaCl 50mM, 0,05% Tween 20, ph 7,2.
Recombinant HBHA d C was used as negative control. KD were determined by
the equilibrium method.

FROM_GENOTYPE

Figure 4. Natives HBHA expressed by Map type C and S.
Whole cell lysat of Map type C and Map type S were analyzed by
western blot using a monoclonal antibody 3921E4 and revealed
with goat antiOmouse Ig G & M coupled with phosphatase alcaline.
The molecular mass markers expressed in kDa are indicated in the
left margin.

Figure 7. HBHA from Map type C and S are recognized by sera from infected
cattle and sheep showing no specificity. Plates were coated with 50 µl of PPD,
recombinant BCG HBHA,Map type S HBHA orMap type C at 0.1 mg mlO1 in PBS at 37 C
overnight. Plates were then washed and blocked for 1 h at 37 C with PBS/T
containing 0.5% Gelatine (PBS/T/G). Serum used include a Map positive commercial
serum (1) a Map negative commercial serum (2) and serums obtained from ruminants
infected by Map of type C (3) or type S (4). Each serum sample was diluted at 1:100 in
50 µl PBS/T/G, and incubated for 2.5 h at 37 C. Plates were then washed and
incubated for 90 min at 37 C with 50 µl peroxidaseOconjugated antiOruminantOIgG
diluted at 1:600 in PBS/T/G. After washing, plates were washed and 50 µl peroxidase
substrate was added during 30 min at 37 C. The reaction was stopped with 50 µl
NHCl and the plates were read photometrically at 490 nm.
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PostPost translational modifications of the HBHA oftranslational modifications of the HBHA ofMycobacteriumMycobacterium

aviumavium subsp.subsp. paratuberculosisparatuberculosis revealed by mass spectrometryrevealed by mass spectrometry

Louise H. Lefrancois1, Ana Paula Teixeira Gomes1 2, Grégoire Harichaux2 3, Christelle C. Bodier1, Florence B. Gilbert1,

Thierry Cochard1, Sophie Lecher4 5 6 7, Dominique Raze4 5 6 7, Camille Locht4 5 6 7, Valérie Labas2 3, Franck Biet1

(1) INRA, UMR 1282, Infectiologie et Santé Publique, F 37380 Nouzilly, France – Université François Rabelais, UMR 1282, Infectiologie et Santé Publique, F 37000 Tours, France.

Mycobacterium avium subsp. paratuberculosis (Map) is the etiological agent of paratuberculosis or Johne's disease, a chronic enteric disease causing significant economic losses in the

bovine sector. The diagnosis of this pathogen still lacks of sensitivity through lack available specific antigen. Also virulence mechanisms implemented by the bacteria remain largely

unknown at the present time. In Mycobacterium tuberculosis (MTB), the heparin binding hemagglutinin adhesin (HBHA) has been described as major virulence factor involved in the

mechanism of extra pulmonary spread which is a key step to the pathogenesis of MTB. When this protein is produced in native form its carboxyl terminal domain contains methylations
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which are essential for inducing a protective response and also crucial to induce an immune response used for early diagnosis of tuberculosis. The objectives of this study were to purify,

identify and establish the biochemical characteristics of the adhesin HBHA homologue expressed by Map (map HBHA).

EXPERIMENTAL APPROACH AND RESULTS

Map biomass production

Map strain K 10 grown in

Sauton medium in a

2 liter bioreactor

Map HBHA purification

Heparin Sepharose affinity

chromatography (HiTrap column)

12% SDS PAGE

Western blot

NanoLC MS/MS

Ultimate RSLC

(linear gradient 5 45%B, 1h)

LTQ Orbitrap Velos

(high high strategy, Top 10

Mascot

identifications

(NCBI database)

Protein validation

Scaffold 3 software

PTM site localization

validation

Scaffold PTM

First tests to purify map HBHA by heparin Sepharose with conditions used to purify

M. tuberculosis HBHA have been unsuccessful (data not shown).

Comparative amino acid sequence analysis of the HBHA from different mycobacterial species shows

that these molecules are highly conserved but the C terminal lysine rich domain is more divergent

(Fig. 1A). These differences might modify the affinity of the adhesin for heparin matrix due to the

distribution of the positively charged lysine involved in the cation and anion exchange

chromatography (Fig. 1B).

Due to the specific biochemical characteristics of HBHA expressed by Map, in particular the charges

present in the C terminal of the protein part, Map lysate must be prepared in 20 mM Tris HCl (pH 7.2)

buffer, to allow an optimal binding of the map HBHA onto the heparin Sepharose. HBHA was purified

in its native form in the fraction number 10 at ca. 200 mM NaCl (Fig. 2A). Immunobloting analysis of

this fraction with the monoclonal antibody 3921E4 allowed identify map HBHA (Fig. 2B). The map

Lbp/Hlp has been identified by mass spectrometry between fraction number 20 to 28 eluted at ca.

450 mM NaCl.

HCD)

1 Analysis of the HBHA sequences 2 Native map HBHA purification

Fig. 2 : (A) Coomassie blue stained SDS–PAGE gel of WCL and elution fractions obtained after

heparin Sepharose affinity chromatography. MW: molecular weight; WCL : Whole Cell Lysat; F5 to

Mtb    MAEN--SNIDDIKAPLLAALGAADLALATVNELITNLRERAEETRTDTRSRVEESRARLTKLQEDLPEQLTELREKFT---------AEELRKAAEGYLEAATSRYNELVERGEAA 105 

BCG    MAEN--SNIDDIKAPLLAALGAADLALATVNELITNLRERAEETRTDTRSRVEESRARLTKLQEDLPEQLTELREKFT---------AEELRKAAEGYLEAATSRYNELVERGEAA 105 

Mah    MAEN--PNIDDLRAPLLAALGAADLALATVNDLIANLRERAEETRAETRTRVGERRARLTKFQEDLPEQFTELRDKFT---------TEELRKAAEGYLEAATNRYNELVERGEAA 105 

Map    MAEN--PNIDDLRAPLLAALGAADLALATVNDLIANLRERAEETRAETRTRVEERRARLTKFQEDLPEQFTELRDKFT---------TEELRKAAEGYLEAATNRYNELVERGEAA 105

Msmeg  MADKTQPTVEELKAPLLAAVGAADLALATVNEIIATLLERAGEARSDAEARVEESRARLTKLQEELPSQFGELREKLNSDELRKKLNSEELRKAAESYADQATATYNKLVERGEAA 107 

       **::  ..:::::******:***********::*:.* *** *:*:::.:** * ******:**:**.*: ***:*:.         :********.* : **  **:******** 

Mtb    LERLRSQQSFEEVSARAEGYVDQAVELTQEALGTVASQTRAVGERAAKLVGIELPKKAAPA-KKAAPA----------------KKAAPAKKAAAKKAP-----AKKAAAKKVTQK 199 

BCG    LERLRSQQSFEEVSARAEGYVDQAVELTQEALGTVASQTRAVGERAAKLVGIELPKKAAPA-KKAAPA----------------KKAAPAKKAAAKKAP-----AKKAAAKKVTQK 199 

Mah    LQRLRSQTAFEDASARAEGYVDQAVELTQEALGTVASQTRAVGERAAKLVGIELPGKAEAAGKKAQKA----------------IAKAPAKKAPAKKAPAKKAPAKKAAAKKVTQK 205 

Map    LQRLRSQTAFEDASARAEGYVDQAVELTQEALGTVASQTRAVGERAAKLVGIELPGKAEAAGKKAQKA----------------IAKAPAKKAP---------------AKKVTQK 190 

Msmeg  LERLRNQPALEEAATRVETYTDQAVELTQEALGTVASQTRAVGERAAKLVGVELPKRAEAAAETASEAAAETAEPVKKAAAPAAKKAAPAKKAAPAKKATPAKSAAKAPAKKVTQK 232 

       *:***.* ::*:.::*.* *.******************************:*** :* .* :.*  *                   ******.               ******* 

A

Mtb  ELP++----++----++----++---++---++---++VTQK                        (9.6)

BCG  ELP++----++----++----++---++---++---++VTQK                        (9.6)

Mah  ELP-+-E---++--+---+---++---++---++---++---++VTQK                  (10.2)

Map ELP-+-E---++--+---+---++---++VTQK                                 (7)

Msmeg  ELP++-E---E---E---E--E--++------++----++----++----+---+---++VTQK (8.8)

B

Fig. 1 : (A) Multiple sequence alignment was performed using the Clustal W program with the BLOSUM64 matrice

allowing gaps ( ). "*" : identical residues in all sequences. ":" : conserved substitutions. "." : semi conserved substitutions.

Mtb, M. tuberculosis; BCG, M. bovis BCG; Mah, M. avium subsp. Hominissuis; Map, M. avium subsp. Paratuberculosis and
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A B

F35 correspond to elution fraction number. (B) Immunobloting analysis of the fraction 10 contained

the map HBHA, revealed by the monoclonal antibody 3921E4.
Msmeg, M. smegmatis. (B) Distribution of positives charges within the C terminal domain of HBHA. The isoelectric point

of each protein is indicated in bracket.

A

Identification of native map HBHA from fraction 10 was confirmed by mass spectrometry analysis. It was identified as the first hit

with 13 unique peptides in 158 total spectra and 49% sequence coverage. Characterization of map HBHA allowed to identify

three post translational modification types: N terminal alanine acetylation (+42) with the removal of N terminal methionine and

two lysine methylation sites in the C terminal domain of the protein (Fig. 3 and Table 1).

3 Identification and structural characterization of native map HBHA by mass spectrometry

Fig. 3 : (A) Amino acid sequence of Heparin binding hemagglutinin adhesin with identified peptides highlighted in yellow and sites of post translational

modifications localized by Scaffold PTM drawn in blue or green. (B) MS/MS spectrum of acetylated peptide with removal of initiator methionine
2AacENPNIDDLR

11. (C) MS/MS spectrum of methylated peptide 151AAKmeLVGIELPGK
162. (D) MS/MS spectrum of methylated peptide 154LVGIELPGKAEAAGKme

168.

B. Peptide 2AacENPNIDDLR
11

C. Peptide 151AAKmeLVGIELPGK
162

D. Peptide 154LVGIELPGKAEAAGKme
168

CONCLUSION

Peptide sequence Mass deviation

(ppm)

Type of

modification

Site Peptide

score

Ascore

A*ENPNIDDLR 0.8 Acetylation A2 205.33 1000.00

AAK*LVGIELPGK 1.3 Methylation K153 240.40 271.01

LVGIELPGKAEAAGK* 1.5 Methylation K168 268.88 105.70

Table 1 : Modified peptides identified from native map HBHA. Post translational sites

localization are determined by the Ascore algorithm used in Scaffold PTM and are marked by

pound (*). The Ascore is specific for site localization and uses the Peptide Score to determine

the most likely candidates. Sites with Ascore values 20 are considered confidently localized

(p 0.05). The Peptide Score is a probability based score for the entire peptide match (not just

the modification sites).

In this study, we described a new purification procedure which led to the isolation of the native map HBHA. The mass spectrometry analysis has revealed the presence of several post

translational modifications including acetylation on the N terminal end of the protein, initiator methionine removal and two sites of lysine methylation in the carboxyl terminal domain

of the protein. The prospects of this work will seek to complete characterization of post translational modification sites in this protein and to discover if they play a role, on the one

hand, in pathogenicity and on the other hand, on the induction of a cellular immune response in order to improve the diagnostic test.
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ANNEXES 



Souches – Plasmides Génotype – Description Réfèrence – Source

Bactéries

E. coli 
mcr mrr hsd mcr lac lac rec ara ara leu

gal gal rps end nup

E. coli omp hsd gal dcm 

M. smegmatis 

M. a. paratuberculosis 

M. intracellulare 

Vecteurs

E. coli Amp Kan lacZ

E. coli Amp Kan lacI

E. coli Amp Kan et al.

EGFP Lux

Hyg
et al.

Constructions

hbhA M. a. paratuberculosis

hbhA M. a. hominissuis 104

hbhA M. a. paratuberculosis

hbhA M. a. paratuberculosis 

hbhA M. a. paratuberculosis

hbhA M. a. paratuberculosis

hbhA M. a. paratuberculosis

hbhA

hbhA M. smegmatis et al

hbhA M. a. avium

hbhA M. a. paratuberculosis

hbhA M. intracellulare 13950 

lbp M. a. paratuberculosis et al.

lbp M. a. paratuberculosis

lbp M. a. paratuberculosis

et al.



M. a. paratuberculosis

M. a. paratuberculosis 

(FAP)
(Ag85 A, B & C)

(MMP) (LBP) (HBHA)

ModD FbpA, Fbp, FbpC2 HupB
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