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and Nikolaus Ackermann‡1

From the ‡Max von Pettenkofer Institute for Hygiene and Medical Microbiology, Ludwig Maximilians University Munich,
80336 Munich, Germany, the §Institute of Hygiene and Microbiology, University of Würzburg, 97080 Würzburg, Germany, and the
¶Septomics Research Centre, Friedrich-Schiller-Universität Jena, 07745 Jena, Germany

Meningococci are facultative-pathogenic bacteria endowed
with a set of adhesins allowing colonization of the human upper
respiratory tract, leading to fulminant meningitis and septice-
mia. TheNeisseria adhesin NadAwas identified in about 50% of
N. meningitidis isolates and is closely related to the Yersinia
adhesin YadA, the prototype of the oligomeric coiled-coil adhe-
sin (Oca) family. NadA is known to be involved in cell adhesion,
invasion, and induction of proinflammatory cytokines. Because
of the enormous diversity of neisserial cell adhesins the analysis
of the specific contribution of NadA in meningococcal host
interactions is limited. Therefore, we used a non-invasive
Y. enterocolitica mutant as carrier to study the role of NadA in
host cell interaction.NadAwas shown to be efficiently produced
and localized in its oligomeric form on the bacterial surface of
Y. enterocolitica. Additionally, NadA mediated a �1 integrin-
dependent adherence with subsequent internalization of yers-
iniae by a �1 integrin-positive cell line. Using recombinant
NadA24–210 protein and human and murine �1 integrin-ex-
pressing cell lineswe could demonstrate the role of the�1 integ-
rin subunit as putative receptor for NadA. Subsequent inhibi-
tion assays revealed specific interaction of NadA24–210 with the
human�1 integrin subunit. Cumulatively, these results indicate
that Y. enterocolitica is a suitable toolbox system for analysis of
the adhesive properties of NadA, revealing strong evidence that
�1 integrins are important receptors for NadA. Thus, this study
demonstrated for the first time a direct interaction between the
Oca-family member NadA and human �1 integrins.

Neisseria meningitidis is a well-knownGram-negative diplo-
coccus, which is able to colonize the nasopharynx of humans
with relatively high frequency. Under certain conditions this
pathogen translocates across the mucosal layer of the respira-
tory tract and causes invasive meningococcal disease (IMD)2

comprising septicemic and/or fulminant meningitis.N. menin-
gitidis is endowed with a broad repertoire of adhesions, which
are believed to support colonization and eventually invasion of
mucosal epithelial cells. The most extensively investigated
adhesins are the type IV pili (Tfp) and the non-pilus adhesins:
(i) opacity proteins Opa and Opc and (ii) the autotransporter
proteins App (adhesion penetration protein), NhhA (Neisseria
hia homolog) and NadA (Neisseria adhesin A) (1). The two
last-mentioned adhesins are typical members of the oligomeric
coiled-coil adhesin (Oca) family, also known as trimeric auto-
transporters or as type Vc secretion system, of which the pro-
totype is the trimeric coiled-coil adhesin YadA of enteropatho-
genic yersiniae (2–5). NadA is produced only by 50% of
meningococcal isolates, in particular the nadA gene is obvi-
ously present in about 84% of isolates in hypervirulent lineages
such as electrophoretic types ET-5, ET-15, and ET-37 (6, 7).
Interestingly, the nadA gene of ET-15 meningococci is fre-
quently (68%) disrupted by an IS1301 insertion (8). The C-ter-
minalNadA amino acid sequence is closely related to that of the
Yersinia adhesin YadA, which has been shown to present a tri-
partite structured organization: the N-terminal globular head
domain, the intermediate �-helical region capable of forming a
homotrimeric coiled-coil stalk also called passenger domain
and a highly conserved C-terminal anchor domain (four
�-strands inserted into the outer membrane), which is respon-
sible for translocation of the head/stalk region and trimeriza-
tion of the adhesin (4).
Whereas YadA of enteropathogenic Yersinia species medi-

ates binding to diverse ECM proteins (9–12), epithelial cells,
andneutrophils,NadAofN. meningitidisdoes not bind to ECM
proteins but binds to a restricted number of cell types such as
Chang cells, HEp-2 or human monocytes/macrophages but
fails to bind to HUVEC endothelial cells or human endome-
trium cell line Hec-1B (13–15).
The large diversity of cell adhesins and the capability of the

polysaccharide capsule of N. meningitidis to mask the function
of non-pilus adhesins hampers the analysis of the role of indi-
vidual adhesins for host cell interaction including identification
of receptors and prevention of complement lysis. Unraveling
the host cell receptor for NadA would be pivotal for a better
understanding of the role ofNadA inmeningococcal pathogen-
esis, particularly also with respect to the lack of a conventional
mouse infection model. This prompted us to develop a novel
approach for studying the interaction of neisserial adhesins
with host cells and their role in colonization and/or pathogen-
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esis in a mouse infectionmodel by using Yersinia enterocolitica
serotype O:8 as heterologous gene carrier strain for menin-
gococcal putative virulence genes. Y. enterocolitica O:8
(strain WA-314 or 8081) might be particularly suitable for
this approach because these strains are pathogenic for mice,
and their pathogenicity factors are well-known: (i) the viru-
lence plasmid pYV encodes YadA, the type 3 secretion sys-
tem Ysc-T3SS and a set of Yersinia outer proteins (Yops)
with anti-host effector functions, and (ii) the chromosomally
encoded invasin (Inv) which is recognized by �5�1 integrins,
and (iii) the yersiniabactin system for ferric iron uptake,
which is encoded by theHigh Pathogenicity Island (HPI) and
is required for mouse virulence (16, 17). By specific deletion
of known virulence determinants Y. enterocolitica can be
used as toolbox for studying pathogenicity factors in human
serum, cell culture models, and experimentally infected
mice. In this study we introduced the nadA gene into
Y. enterocolitica to dissect putative virulence functions of
NadA in regard of NadA host cell receptor interaction. For
the first time we provide strong evidence that the Oca mem-
ber NadA is directly recognized by �1 integrins and triggers
an internalization signal.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Culture Conditions—The bacterial
strains used in this study are listed in Table 1. Y. enterocolitica
strainswere grown in Luria-Bertani (LB) or brain heart infusion
(BHI)mediumat 27 °C. For induction of yadA expression, over-
night cultures grown at 27 °C were diluted 1:40 in RPMI 1640
cell culture medium (Invitrogen, Karlsruhe, Germany) and
grown at 37 °C for 5 h (4). Escherichia coli strains were culti-
vated at 37 °C in LB medium. Neisseria species were plated on
GC-agar supplemented with Vitox (Oxoid, Hampshire, UK)
and grown at 37 °C in 5% CO2.
Strain Construction—To express full-length nadA in Y.

enterocolitica strain WA-314 �yadA, the nadA gene (allele 1)
encoding the mature NadA protein (lacking the leader peptide

sequence amino acids 1–23)was amplified by polymerase chain
reaction (PCR) from N. meningitidis strain MC58 (gene ID:
904134) using the oligonucleotide primers MC58–1f (TAC
TAG AGC TCG CCA CAA GCG ACG ACG ATG, SacI site)
andN-1089r (TACTAGAGCTCTTACCACTCGTAATTG
ACGC, SacI site) (bp position 1 refers to bpposition 7� second
ATG in the nadA gene ID: 904134) (Table 2). The resulting
DNA fragment was digested with SacI and cloned into pGPS-
SS, resulting in pGPS-nadA.This plasmidwas transformed into
E. coli SM10 and subsequently transferred by conjugation into
WA-314 �yadA. The transconjugants were selected for inte-
gration of pGPS-nadA into pYV-A-0 resulting in WA-314
�yadA:nadA construct. The pYVO8-nadA plasmid from
WA-314 �yadA:nadA and the pYVO8-SS plasmid from
WA-314 �yadA:SS were additionally transformed into WA-c
�inv resulting in WA-c �inv(pYVO8-nadA) and WA-c
�inv(pYVO8-SS). For generation of nadA- or yadA-expressing
Y. enterocolitica strains lacking the pYV plasmid and chromo-
somally encoded invasin, the pYV plasmid-cured and invasin-
negative WA-c �inv strain was used. To clone nadA and yadA
genes carrying the yadA promoter and terminator region and
the sequence encoding the YadA LP, nadA, and yadA were
amplified by PCR from WA-314 �yadA:nadA or WA-314
�yadA:yadA, respectively, using the oligonucleotide primers
A-144f (TTA ATC TAG ATA GTG CTG TTT TTT GCA TG,
XbaI) andA-119r (AATTGGATCCAACTGAAACCATGA
TAA AAA GC, BamHI). After digestion DNA fragments were
cloned into the plasmid pACYC184:virF (p) and transferred
into WA-c �inv resulting in WA-c �inv(pnadA) and WA-c
�inv(pyadA). pACYC184:virFwas generated by amplifying the
Yersinia transcriptional activator gene virF from strain
WA-314 with the oligonucleotide primers virF-151f (AAT
AGC ATG CTT GCC AGT CAC CTA ATAC C, SphI) and
virF-86r (AATAGTCGACTTGCTCATCCCATTGAATC,
SalI) digested with SphI and SalI and cloned into pACYC184
plasmid.

TABLE 1
Bacterial strains used in this study

Strain Description Source or Ref.

Y. enterocolitica
WA-314 clinical isolate of serotype O:8, carrying virulence plasmid pYVO8 (42)
WA-314 �yadA WA-314 harboring pYVO8-A-0 with yadA replaced by a kanamycin (kmR) resistance cassette (23)
WA-314 �yadA:SS WA-314 harboring pYVO8-SS This study
WA-314 �yadA:yadA WA-314 harboring pYVO8-A-1 with integrated pGPS-A-1, complemented by wild-type yadA (23)
WA-314 �yadA:nadA WA-314 harboring pYVO8-nadA This study
WA-c plasmidless derivate of WA-314 (42)
WA-c �inv inv-negative mutant of WA-c (43)
WA-c �inv(p) WA-c �inv harboring plasmid p (pACYC184 with SalI/SphI fragment of virF) This study
WA-c �inv(pyadA) WA-c �inv harboring plasmid pyadA (plasmid p with XbaI/BamHI fragment of yadA) This study
WA-c �inv(pnadA) WA-c �inv harboring plasmid pnadA (plasmid p with XbaI/BamHI fragment of nadA) This study
WA-c �inv(pYVO8-SS) WA-c �inv harboring pYVO8-SS This study
WA-c �inv(pYVO8-nadA) WA-c �inv harboring pYVO8-nadA This study
N. meningitides
MC58 serogroup B, serotype 74, clinical isolate of the ST-32 complex kindly provided by M. Frosch
MC58 �siaD MC58 with deletion of siaD (44)
MC58 �siaD �nadA MC58 with deletion of siaD and nadA This study
N. gonorrhoeae
N. gonorrhoeae Ngo OpaCEA OpaCEA-expressing (Opa52), non-piliated N. gonorrhoeae MS11-B2.1, strain N309 (45)
N. gonorrhoeae Ngo Opa- Non-opaque, non-piliated N. gonorrhoeae MS11-B2.1, strain N302 (45)
E. coli
DH5� endA1 supE44 hsdR17 (r�

k m�
k) thi-1 recA1gyrA96 relA1 �(lacZYA-argF) U169 (�80lacZ�M15) (46)

SM10�pir thi-1 thr leu tonA lacy supE recA:: RP4–2-TC:: Mu-Kan (� pir), Km
r (47)

BL21 (DE3) protein expression strain; F– dcm ompT hsdS (rB– mB
–) gal �(DE3) (48)
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Generation of Recombinant NadA24–210 Protein for Produc-
tion of Rabbit Anti-NadA Serum—For production of recombi-
nant NadA protein, the nadA gene (bp 69–630) from N. men-
ingitidis serogroup B strain MC58 was amplified by PCR using
the oligonucleotide primers MC58–69f (TAA TTA TCA TAT
GGC CAC AAG CGA CGA CGA TG, NdeI) and MC58–630r
(ATT ATC TCG AGG GCC GTC TGT TTG GCT TC, XhoI).
The DNA fragment was cloned into pET21 vector b� (Merck,
Darmstadt, Germany). After transferring the plasmid into
E. coli BL21 (DE3), protein expression was induced at 37 °C by
addition of 1mM IPTG atA600 �0.6 and subsequent incubation
for additional 4–5 h. The recombinantNadA24–210 proteinwas
purified by affinity chromatography on Ni2�-conjugated
chelating fast flow Sepharose 4B resin (GEHealthcare,Munich,
Germany). 200–500 �g of purified recombinant NadA24–210
protein were additionally used to immunize rabbits for 91 days
according to standard immunization protocol (PinedaAntikör-
per-Service, Berlin, Germany).
Fluorescent Labeling of Recombinant Proteins—Recombi-

nant NadA24–210 protein and human �5�1 integrin (Millipore,
Schwalbach, Germany) were labeled for flow cytometric analy-
sis using Alexa Fluor� Succinimidyl Esters (Invitrogen). 50 �g
of NadA24–210 protein or �5�1 integrin were incubated with
0.125mg Alexa Fluor� Succinimidyl Esters in DMSO and 0.1 M

bicarbonate in PBS (NadA24–210)or PBS-0.2% Triton X-100
(�5�1 integrin) for 1.5 h at 20 °C. The proteins were subse-
quently dialyzed with D-TubeTMDialyzerMidi (Merck, Darm-
stadt, Germany) in 4 liters of PBS or PBS-0.2% Triton X-100
overnight, followed by additional dialysis for 3 h. After
exchange of dialysis buffer, protein concentration was deter-
mined using the Bio-Rad Protein assay (Bio-Rad).
SDS-PAGE and Western Blot Analysis—Outer membrane

preparations of Y. enterocolitica were performed as described
elsewhere (18) and resuspended in SDS-loading buffer (10% 1M

MgCl2, 4% SDS, 10% glycerin, 5% �-mercaptoethanol, 13% 750
mMTris pH 6.8, 22%H2O, bromphenol blue). 10 �g of Yersinia
outer membrane proteins (OMPs) were boiled at 100 °C for 10
min prior to separation by SDS-PAGE (11% polyacrylamide)
and stained with Coomassie solution for visualization of pro-
teins. For immunoblotting separated proteins were transferred
onto PVDF-Star Transfer membrane (AppliChem, Darmstadt,

Germany). After blocking with 5% milk powder in PBS-T
(phosphate-buffered saline, 0.05% Tween) detection of NadA
was performed with rabbit anti-NadA serum (1:500) and goat
anti-rabbit IgG peroxidase conjugate (1:2000) (Sigma) followed
by development with ECL Western Blotting Analysis System
(GE Healthcare). Far Western blotting to study the interaction
of human integrin with NadA24–210 or Inv397 (O:8) (19) was
performed as described by Wu et al. (20). 1 �g of human �5�1
integrin (Millipore, Schwalbach, Germany) was resuspended in
SDS-loading buffer without �-mercaptoethanol was separated
by SDS-PAGE (11% polyacrylamide) and transferred to PVDF
membranes. Immobilized integrins were subsequently rena-
tured by varying concentrations of guanidine-HCl buffer
according to the standard protocol (20). The PVDF membrane
was blocked with 5%milk powder in PBS-T and incubated with
5 �g of NadA24–210 or Inv397 (O:8) protein overnight. Bound
NadA24–210 was detected with anti-NadA serum (1:500) and
secondary goat anti-rabbit IgG peroxidase conjugate (1:2000)
(Sigma), whereas bound Inv397 (O:8) was detected with anti-
Invasin serum (1:5000) (Ingo Autenrieth, Institute of Medical
Microbiology and Hygiene, Eberhard Karls University Tübin-
gen, Germany) and secondary goat anti-rabbit IgG peroxidase
conjugate (1:2000) (Sigma). Immobilized �1 integrin was
detected with anti-human �1 integrin specific antibody
MAB1981 (LM534) (Millipore) and secondary anti-rabbit
mouse IgG peroxidase conjugate (1:2000) (Sigma).
Cell Cultures—Chang cells (Wong-Kilbourne derivate, clone

1–5c-4, human conjunctiva) were maintained in Medium 199
(Invitrogen) supplemented with 10% heat-inactivated FCS.
Mouse embryonic cell linesGE-11-�1 (human�1 integrin-pos-
itive, epithelial-like), GE-11 (�1 integrin-knock-out, epithelial-
like) (21), 2-4-8 (murine �1 integrin-positive, fibroblast-like),
2-4 (�1 integrin-knock-out, fibroblast-like) generously pro-
vided by R. Fässler (MPI, Martinsried, Germany), were culti-
vated in DMEM supplemented with 10% heat-inactivated FCS
and 15 mM L-glutamine. �1 integrin-positive GE-11-�1 cells
were cultivated under selection pressure of 220 �g/ml zeocin
(Invitrogen).
Immunofluorescence Assays—For detection of NadA on

the surface of Y. enterocolitica strain WA-314 �yad:nadA,
WA-314 �yadA, WA-c �inv(pnadA), and WA-c �inv(p) were

TABLE 2
Plasmids used in this study

Plasmid Description Source or Ref.

pGP704 Mobilizable suicide vector, R6K2 replicon, requires � proteins in trans from �pir positive strain (47)
pUC-A-1 pUC13 with 5 kb EcoRI/HindIII fragment of pYVO8 fromWA-314, carrying yadA gene (23)
pUC-SS pUC-A-1 derivative, carrying the yadA signal sequence (bp 1–87) This study
pGP-SS pGP704 with EcoRI/SphI fragment of pUC-SS This study
pGPS-SS 1,8 kb spectinomycin (spcR) resistance cassette in EcoRI site of pGP-SS This study
pGPS-nadA pGPS-SS with nadAMC58 bp 75–1095 This study
pYVO8-A-0 pYVO8, yadA negative, kmR resistance cassette inserted in PstI site of yadA by allelic exchange (23)
pYVO8-SS pYVO8-A-0 with integrated pGPS-SS This study
pYVO8-A-1 pYVO8-A-0 with integrated pGPS-A-1, wild type yadA (23)
pYVO8-nadA pYVO8-A-0 with integrated pGPS-nadA This study
pACYC184 cloning vector pACYC184 (49)
p pACYC184 with virF (plus 151 bp upstream and 86 bp downstream of virF) This study
pnadA p with nadAMC58 (bp 75–1095), yadA promoter (144 bp upstream of yadA), yadA encoding

LP (bp 1–90) and yadA terminator (119 bp downstream of yadA)
This study

pyadA p with yadA (bp 1–1266), yadA promoter (144 bp upstream of yadA) and yadA terminator
(119 bp downstream of yadA)

This study

pET21b� Expression with C-terminal His-tag and T7-promotor Novagen (Darmstadt, Germany)
pET21b:nadA pET21b� with nadA bp 75–636 This study
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grown for 6 h at 37 °C in RPMI 1640 medium, harvested by
centrifugation, washed with PBS, and diluted to A600 �0.1.
Unfixed bacteria were coated onto glass slides and incubated
with primary polyclonal anti-NadA serum (1:50) and secondary
goat anti-rabbit IgG FITC conjugate (Sigma) (1:128) prior to
fluorescencemicroscopic analysis. Epifluorescencemicroscopy
was performed using a Leica Leitz DMRD (Leica, Wetzlar,
Germany).
Flow Cytometric Analysis—Surface exposition of �1 (CD29)

integrins or �4, �5, �6, and �v integrins on GE-11 and
GE-11-�1 cells was demonstrated by FACS analysis. Briefly,
3 � 105 cells were incubated with FITC hamster anti-rat CD29
(BD Pharmingen, Heidelberg, Germany) (1:200) for 1 h at 4 °C
and washed twice with PBS. For detection of �4, �5, and �v
integrins cells were incubated with 1 �g of mouse anti-human
integrin �4 antibody (MAB16983Z), 1 �g of mouse anti-hu-
man integrin �5 antibody (MAB1956Z), or mouse anti-human
integrin �v antibody (MAB1953Z) (Millipore) for 1 h at 4 °C
washed twice with PBS prior to incubation with NL637-conju-
gated donkey anti-mouse IgG antibody (1:100) (R&D Systems,
Wiesbaden-Nordenstadt, Germany) for 1 h at 4 °C. Detection
of surface exposed �6 integrins was performed by using 1 �g of
rabbit anti-human integrin �6 antibody (MAB1378) and goat
anti-rat PE conjugate (1:200) (Sigma-Aldrich).
For binding studies with recombinant Alexa488-labeled

NadA24–210 protein, GE-11-�1, GE-11, 2-4-8, or 2-4 cells (3 �
105 cells) were incubated with 1 �g/3 � 105 cells (5 �g/ml)
Alexa488-labeled NadA24–210 protein for 1 h at 4 °C, followed
by threewashing stepswith PBS and analysis by flow cytometry.
Blocking experiments of GE-11-�1 and GE-11 cells were per-
formed using the blocking rat anti-human �1 integrin antibody
AIIB2 (1:40) and mouse anti-human integrin �1 monoclonal
antibody LM534 (1:1000) (Millipore). Blocking of � integrin
subunits was performed by incubation of cells with 1 �g of
mouse anti-human integrin�4 antibody (MAB16983Z), 1�g of
mouse anti-human integrin �5 antibody (MAB1956Z), mouse
anti-human integrin �v antibody (MAB1953Z), and 1 �g of
rabbit anti-human integrin�6 antibody (MAB1378). Cells were
preincubated with indicated antibodies for 1 h at 4 °C, washed
twice with PBS and incubated with 1�g/3� 105 cells (5�g/ml)
Alexa488-labeled NadA24–210 protein for 1 h at 4 °C. Competi-
tion assays were performed by incubation of GE-11-�1 and
GE-11 cells with 5 �g/3 � 105 cells (20 �g/ml) of non-labeled
NadA24–210 protein for 1 h at 4 °C and subsequent incubation
with 5 �g/ml Alexa488-labeled NadA24–210 protein for 1 h at
4 °C and analyzed by flow cytometry. To analyze binding of
Alexa488-labeled human �5�1 integrin to nadA-expressing
yersiniae, 5 � 105 bacteria grown in RPMI at 37 °C for 4 h were
incubated with 1 �g (5 �g/ml) of Alexa488-labeled �5�1 integ-
rin in PBS-0.2% Triton X-100 and 2 mM MnCl2 for 1 h at 4 °C,
followed by three washing steps with PBS and flow cytometric
analysis. Statistical significance of at least three independent
experiments was determined by Student’s t test. Flow cytomet-
ric analysis was performed using a BD FACS Canto II flow
cytometer (BD Pharmingen).
Infection of Cell Monolayers with Y. enterocolitica—For

adhesion and invasion assays, 1� 105 Chang cells per well were
seeded in 24-well tissue culture plates overnight and subse-

quently infected withWA-c�inv(pnadA),WA-c�inv(pyadA),
orWA-c�inv(p) with amultiplicity of infection (moi) of 100 in
DMEM, and incubated for 3 h at 37 °C in 5% CO2. Non-adher-
ent bacteria were removed by washing cells three times with
PBS, and cells were lysed with 1% Triton X-100 in PBS. Serial
dilutions of lysed cell supernatants were plated onto LB agar
containing chloramphenicol (20 �g/ml) for selection of yers-
iniae. Quantification of intracellular bacteria was performed by
the gentamicin protection assay. For this Chang cells were
infected as described above, incubated for 3 h at 37 °C, non-
adherent bacteria were removed, and cells were additionally
incubated for 90 min in presence of 50 �g/ml gentamicin at
37 °C in 5%CO2.Afterwashing the cellmonolayer, intracellular
bacteria were released by cell lysis with 1%TritonX-100 in PBS,
and the lysates were plated on agar plates. Adherence assays
with GE-11-�1 and GE-11 cells were also performed as
described for Chang cells, with the exception that cells were
infected with a moi of 50 for 1 h at 37 °C in 5% CO2. Statistical
significance of at least three independent experiments per-
formed in triplicates was determined by Student’s t test.
Infection of Cell Monolayers with N. meningitidis—1 � 105

GE-11-�1 and GE-11 cells per well were seeded in 24-well tis-
sue culture plates and grown to confluency overnight. N. men-
ingitidis strainswere grownonGCplates overnight at 37 °C and
5% CO2. Neisseriae were scraped from plates, washed twice
with PBS and resuspended in DMEM supplemented with 1%
FCS. Afterward, a moi of 100 was adjusted in DMEM supple-
mented with 1% FCS and adherence was performed for 3 h at
37 °C in 5% CO2. The number of cell-associated bacteria was
determined after washing the cell monolayer three times fol-
lowed by cell lysis of cells with 1% saponin. Serial dilutions of
supernatants were plated on GC agar. The number of intracel-
lular bacteria was quantified by gentamicin protection assay
(100 �g/ml gentamicin for 1 h at 37 °C in 5% CO2). Statistical
significance of at least three independent experiments per-
formed in triplicate was determined by Student’s t test.

RESULTS

Expression of nadA in Y. enterocolitica—To study the func-
tional role of NadA in Y. enterocolitica under YadA promoter
conditions we fused the upstream and proximal portion of
yadA comprising its promoter region and leader peptide (LP)
encoding region with the nadA gene sequence encoding the
mature NadA protein (Fig. 1). The nadA gene was cloned into
the suicide plasmid pGPS-SS and integrated into the pYV-A-0
plasmid of Y. enterocolitica strain WA-314 �yadA, via homo-
logous recombination. Additionally, full-length nadA encoding

FIGURE 1. Schematic representation of full-length NadA protein (allele 1)
produced by Y. enterocolitica. The YadA leader peptide (LP), the predicted
NadA passenger domain and the membrane anchor domain are shown
(alignment according to (4)). Numbers refer to amino acid residues of the
protein.
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the processed NadA together with the yadA promoter, LP and
terminator regions was ligated into the plasmid pACY184:virF
(p). The resulting plasmid pnadAwas transferred into the pYV-
cured invasin-negative Y. enterocolitica strain WA-c �inv
resulting in WA-c �inv(pnadA). Expression of nadA in both
strains was confirmed by Western blot analysis. Outer mem-
brane fractions of WA-c �inv(pnadA) incubated at 100 °C
showed a high molecular mass protein at �120 kDa corre-
sponding to the oligomeric form ofNadA (Fig. 2A, lane 1) and a
low molecular mass band at �35 kDa corresponding to the
monomeric form of NadA (Fig. 2A, lane 1), which were absent
in WA-c �inv(p) (Fig. 2A, lane 2). Localization of NadA in the
outer membrane could also be demonstrated with strain
WA-314 �yadA:nadA (Fig. 2B, lane 1), lacking in the WA-314
�yadA control strain (Fig. 2B, lane 2). Oligomeric NadA pro-
duced by Y. enterocolitica had the same electrophoretic mobil-
ity in SDS-PAGE as NadA produced by unencapsulated
N. meningitidis MC58 �siaD strain (data not shown), indicat-
ing thatNadA is likely not further post-translationallymodified
by N. meningitidis and Y. enterocolitica. Localization of NadA
in the outer membrane could additionally be confirmed by
immunofluorescencemicroscopy of unfixed yersiniae revealing
NadA exposition on the surface of strainWA-314�yadA:nadA
and WA-c �inv(pnadA) (Fig. 3). These results demonstrate
that full-lengthNadAproduced byY. enterocolitica forms heat-
stable oligomers and is efficiently transported across the outer
membrane and exposed probably in its trimeric form on the
surface of Y. enterocolitica similar to YadA.
nadA-expressing YersiniaeDoNot Interact with Extracellular

Matrix (ECM) Proteins—Previously it has been demonstrated
that NadA produced byN. meningitidis or E. coli does not bind
to ECM proteins (13). Therefore we investigated the ability of
full-lengthNadAproduced on the surface ofY. enterocolitica to
mediate interactionwith immobilized collagen type I, fibronec-
tin, and matrigel, respectively, using an ELISA technique (22).
As expected NadA-positive yersiniae failed to bind any of the
tested ECM proteins in contrast to YadA-positive yersiniae
which are known to bind to different ECM proteins (11, 23)
(supplemental Fig. S1).
nadA-expressing YersiniaeMediate Adhesion to and Invasion

into Chang Cells—Cell-association and internalization was
analyzed for nadA-expressing inv-negative yersiniae and
humanChang cells. Thus, Chang cell monolayers were infected

with different derivatives ofWA-c �inv yersiniae to investigate
the role of NadA in Y. enterocolitica cell monolayer interaction.
Quantification of cell-associated bacteria revealed a �300-fold
higher adhesion capacity for YadA-positive yersiniae as well as
an �11-fold higher adhesion capacity for NadA-positive yers-
iniae to Chang cells, compared with the control strain WA-c
�inv(p) (yersiniae background control) (Fig. 4A). Using the
gentamicin protection assay we also determined the number of
internalized yersiniae. As shown in Fig. 4B YadA-positive
(�1000-fold) and NadA-positive yersiniae (�15-fold) showed
also significantly increased uptake into Chang cells compared
withWA-c �inv(p). These results demonstrate that both YadA
and NadA mediate adherence and induce internalization of
yersiniae into Chang cells with NadA being probably a weaker
adhesin than YadA.
nadA-expressing Yersiniae Do Not Bind Soluble CEACAM-

GFP Constructs—N. meningitidis and N. gonorrhoeae express
members of the Opa protein family which facilitate interaction
with several host cell types (24, 25). OpaHS proteins mediate
attachment and invasion into several epithelial cell lines via
heparin sulfate proteoglycans, whereas OpaCEA proteins inter-
act with host cell receptors of the CEACAM family (26). There-
fore, we tested the ability of nadA-expressing yersiniae to bind
to CEACAM 1, 3, 5, 6, and 8. Hence, yersiniae strains WA-c
�inv(pnadA), WA-c �inv(pyadA), WA-c �inv(p) (negative
control), a non-opaque N. gonorrhoeae strain (Ngo Opa-) and
an isogenic, OpaCEA-expressing N. gonorrhoeae strain (Ngo
OpaCEA; CEACAM-binding positive control) were incubated
with recombinant GFP-tagged CEACAM1, CEACAM3, CEA,
CEACAM6, or CEACAM8 extracellular, N-terminal domains.
Binding of the fluorescent receptor domains to themicroorgan-
isms was analyzed by flow cytometry according to the protocol
of Kuespert et al. (27). We detected no interaction of recom-

FIGURE 2. Expression of nadA in Y. enterocolitica. Western blot analysis of
outer membrane fractions (10 �g) incubated at 100 °C. A, WA-c �inv(pnadA)
(lane 1); WA-c �inv(p) (lane 2). B, WA-314 �yad:nadA (lane 1); WA-314 �yadA
(lane 2). The assays were performed using rabbit anti-NadA serum and sec-
ondary peroxidase-conjugated antibody. The arrows indicate the oligomeric
and monomeric form of NadA.

FIGURE 3. Surface localization of NadA in Y. enterocolitica. Immunofluo-
rescence microscopy showing localization of NadA on the surface of
Y. enterocolitica. A, WA-314 �yadA:nadA; B, WA-314 �yadA (negative control);
C, WA-c �inv(pnadA); D, WA-c �inv(p) (negative control). Unfixed bacteria
were incubated with rabbit anti-NadA serum and secondary anti-rabbit FITC
antibody. Scale bar, 10 �m.
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binant CEACAMs with nadA-or yadA-expressing yersiniae,
nor with the non-opaque N. gonorrhoeae strain. In contrast,
the OpaCEA-expressing N. gonorrhoeae strain showed
marked interaction with CEACAM1, CEACAM3, CEA, and
CEACAM6 (supplemental Fig. S2).
NadA24–210 Protein Binds to Human and Murine �1 Integ-

rin-expressing Cell Lines—To analyze whether recombinant
NadA24–210 protein (representing the supposed NadA binding
module) interacts with human �1 integrins we analyzed NadA
interaction with murine embryonic epithelial-like GE-11-�1
(human �1 integrin-positive), GE-11 (human �1 integrin-neg-
ative), fibroblast-like 2-4-8 (mouse �1 integrin-positive) and
2-4 (mouse �1 integrin-negative) cell lines using Alexa488-la-
beled NadA24–210 for flow cytometric binding studies. Flow
cytometric analysis revealed that NadA24–210 had a �3-fold
increased binding capacity to human �1 integrin-expressing
GE-11-�1 cells, compared with the corresponding �1 integrin-
negative GE-11 cells (Fig. 5). In addition, similar results were
obtained for interaction ofNadA24–210 andmurine�1 integrin-
expressing 2-4-8 cells showing also higher binding capacity
(�3-fold) than to 2-4 cells (Fig. 5).
To analyze the specificity of the NadA24–210-GE-11-�1

interaction we applied �1-integrin specific blocking antibodies
or unlabeled NadA24–210 protein for competition with
Alexa488-labeled NadA24–210 protein. GE-11-�1 and GE-11
cells were preincubated with �1 integrin specific antibodies
AIIB2, LM534, or unlabeled NadA24–210 prior to incubation
with Alexa-488-labeled NadA24–210 and analyzed by flow
cytometry. We could show that incubation of GE-11-�1 cells
with the �1-integrin blocking antibodies AIIB2 or LM534
reduced binding of Alexa488-labeled NadA24–210 protein sig-
nificantly of about 50% (Fig. 6A) To exclude interference of
binding of AIIB2 or LM534 antibodies to recombinant
Alexa488 NadA24–210 protein, respectively, GE-11 cells were
simultaneously preincubated with the AIIB2 and LM534 anti-

bodies showing no effect on NadA background binding (Fig.
6A). Specificity was additionally verified by competition assays
with unlabeled NadA24–210, resulting in significantly reduced
(�50%) interaction of Alexa488-labeled NadA24–210 and
GE-11-�1 cells as well (Fig. 6A). These data suggest that
NadA24–210 binds specifically to the �1 integrin subunit of
human �1 integrin-expressing GE-11-�1 cells. As �1 integrins
form heterodimers with different �-subunits we also investi-
gated the potential involvement of different �-subunits in
interaction with NadA24–210. Therefore GE-11 and GE-11-�1
cells were first screened for �4, �5, �6 and �v subunit presen-

FIGURE 4. Role of nadA-expressing yersiniae in adhesion and invasion into Chang cells. Chang cell monolayers were infected with WA-c �inv(p) (negative
control), WA-c �inv(pyadA), and WA-c �inv(pnadA) for 3 h (moi 100). Shown are (A) total cell-associated bacteria (including both intra- and extracellular
bacteria), and (B) intracellular bacteria determined using gentamicin protection assays. The number of cell-associated and intracellular bacteria is expressed as
log10 colony forming units per ml (CFU/ml). Data are expressed as the means � S.E. of the mean of at least three independent experiments. *, p � 0.0383 versus
WA-c �inv(p).

FIGURE 5. Interaction of Alexa488-labeled NadA24 –210 protein with epi-
thelial-like and fibroblast-like mouse cells. Epithelial-like GE-11 (human
�1 integrin-negative) and GE-11-�1 (human �1 integrin-positive) cells and
fibroblast-like 2-4-8 (murine �1 integrin-positive), and 2-4 (murine �1 integ-
rin-negative) cells were incubated with Alexa488-labeled NadA24 –210 protein
(1 �g/3 � 105 cells) for 1 h at 4 °C and analyzed by flow cytometry. The MFI
was related to untreated cells. Data are expressed as the means � S.E. of at
least three independent experiments. *, p � 0.0055.
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tation. As shown in Table 3, GE-11 and GE-11-�1 showed sim-
ilar amounts of �v on their cell surface whereas �4, �5, and �6
integrin expression was significantly increased on GE-11-�1
cells compared with GE-11 cells. Furthermore, blocking of �
integrin subunits by preincubation of GE-11 and GE-11-�1

with mouse anti-human integrin �4, �5, �6, or �v antibody did
not reduce interaction of Alexa-488 labeled NadA24–210 pro-
tein significantly compared with unblocked cells (Fig. 6B).
NadA24–210 Protein Directly Binds to the Human �1 Integrin

Subunit—To further substantiate receptor-ligand interactions
of NadA24–210 and �1 integrins we performed Far Western
blotting. Thus, purified human �5�1 integrin (prey protein)
was separated by SDS-PAGE, transferred onto membranes,
renatured, and incubated with NadA24–210 (bait protein).
Interaction of NadA24–210 with �5 or �1 integrin was detected
with rabbit anti-NadA serum and showed one single high
molecularmass band at 120 kDawhich represents the�1 integ-
rin subunit (Fig. 7, lane 2). As Yersinia Invasin is known to bind
directly to �5�1 integrins (28), the Inv397 (O:8) protein was
used as positive control and showed the same high molecular
mass band at 120 kDa after detection with anti-Invasin serum
(Fig. 7, lane 4). Comparison with a FarWestern blot performed
without NadA or Invasin bait protein, detected with an anti-�1
integrin-specific antibody, revealed also one single band at 120
kDa representing the �1 integrin subunit (Fig. 7, lane 1). We
therefore conclude that recombinant NadA24–210 protein
directly interacts with the �1 integrin subunit of the �5�1
integrin heterodimer.
nadA-expressing Yersiniae Directly Bind to Human �5�1

Integrin—To further analyzewhether the observed direct inter-
action between NadA and human �1 integrins can also be
detected with oligomeric NadA expressed on the cell surface of
yersiniae, we used Alexa488-labeled recombinant human �5�1
integrin for cytometric binding studies. As shown in Fig. 8, the
NadA-positive strain WA-c �inv(pYV-nadA) demonstrated a
significantly higher binding (�2.15-fold) of Alexa488-labeled
human �5�1 integrin compared with the NadA-negative strain
WA-c �inv(pYV-SS), confirming the direct interaction
between NadA localized on the bacterial surface of Y. enteroco-
litica and human �5�1 integrins.
NadA-specific Cell Adhesion and Invasion Is Not Detectable

in N. meningitidis—NadA has previously been described as an
invasin, mediating invasion of nadA-expressing E. coli and
meningococci into human Chang cells (13). To test whether �1
integrins are involved in mediating adhesion and invasion of
N. meningitidis we used the unencapsulated N. meningitidis
strainMC58�siaD and the isogenicnadAmutantMC58�siaD
�nadA for cellular infection ofGE-11-�1 andGE-11 cellmono-
layers for 3 h (moi 100). As shown in Fig. 9A, we found that the

FIGURE 6. Inhibition of interaction of Alexa488-labeled NadA24 –210 pro-
tein with GE-11-�1 cells by using anti-�1 integrin antibodies, unlabeled
NadA24 –210 protein and anti-� integrin antibodies. Epithelial-like GE-11
(human �1 integrin-negative) and GE-11-�1 (human �1 integrin-positive)
cells were treated with indicated �1 integrin specific antibodies (AIIB2 1:4;
LM534 1:200) or unlabeled NadA24 –210 protein (5 �g/3 � 105 cells) (A), or with
�4, �5, �6, or �v integrin specific antibodies (1 �g �4: MAB16983Z, �5:
MAB1956Z, �v:MAB1953Z, �6: MAB1378) (B) prior to incubation with
Alexa488-labeled NadA24 –210 protein (1 �g/3 � 105 cells) and analyzed by
flow cytometry. The MFI was related to untreated cells. Data are expressed as
the means � S.E. of at least three independent experiments. *, p � 0.0462,
versus unblocked control values.

FIGURE 7. Far Western blotting of human �5�1 integrin and recombinant
NadA24 –210 protein. 1 �g of human �5�1 integrin was separated by SDS-
PAGE and transferred onto nitrocellulose membranes. Integrins were rena-
tured and detected with anti-�1 integrin antibody (lane 1), NadA specific
antibody (lane 3), or Invasin specific antibody (lane 5) and peroxidase-conju-
gated secondary antibody. Additionally, renatured integrins were incubated
with 5 �g of NadA24 –210 protein and detected with anti-NadA serum and
peroxidase-conjugated secondary antibody (lane 2), or 5 �g of Inv397 (O:8)
protein and detected with anti-Invasin serum and peroxidase-conjugated
secondary antibody (lane 4). The arrow indicates the size of the �1 integrin
subunit at 120 kDa.

TABLE 3
Flow cytometric detection of � integrin subunits on the surface of
GE-11 and GE-11-�1 cells

� Integrin
antibody

GE-11-�1 GE-11
Relative FITC-Mean (�-fold)
compared to unstained cells

Anti-�4 12.2 � 3.5a 4.3 � 2.2
Anti-�5 37.2 � 12.6a 12.8 � 0.6
Anti-�6 176.9 � 54.6a 37.1 � 10.6
Anti-�v 31.5 � 9.5 18.9 � 7.3

a p � 0.0167, versus GE-11 cells.

NadA Targets �1 Integrins

20542 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 23 • JUNE 10, 2011



nadA-positive strain MC58 �siaD showed significantly higher
numbers of cell-associated bacteria comparedwith the isogenic
nadAmutantMC58�siaD�nadA. Nevertheless, no significant
difference for �1 integrin-positive GE-11-�1 and �1 integrin-
negative GE-11 cells could be observed for the strain MC58
�siaD and MC58 �siaD �nadA, respectively. This demon-
strates that nadA-expressing unencapsulated meningococci
have higher binding capacity to GE-11 and GE-11-�1 cells, but
this effect seems not to be solely dependent on the presence of
�1 integrins. We also investigated the role of NadA in N. men-
ingitidis in cell invasion of GE-11-�1 and GE-11 cells by using
MC58 �siaD and MC58 �siaD �nadA in gentamicin protec-
tion assays. Interestingly, both strains showed higher numbers
of intracellular bacteria for GE-11 cells, compared with

GE-11-�1 cells (Fig. 9B). This indicates that probably not only
�1 integrins are exploited byNeisseria but also other receptors,
which might be present on GE-11 cells in higher amounts than
on GE-11-�1 cells. However, comparing MC58 �siaD and
MC58 �siaD �nadA, no significant contribution of NadA for
cell entry either into GE-11 or into GE-11-�1 cells could be
detected.
nadA-expressing Yersiniae Mediate Adhesion and Invasion

into Human and Mouse �1 Integrin-expressing Cells—As
N. meningitidis is endowed with diverse surface exposed bacte-
rial adhesins probably masking a NadA-�1 integrin-dependent
colonization of human cells under applied in vitro conditions,
we used the Yersinia model to test whether �1 integrins are
involved inmediating adherence and entry of nadA-expressing

FIGURE 8. Binding of Alexa488-labeled human �5�1 integrin to nadA-expressing yersiniae. 5 � 105 WA-c �inv(pYV-nadA) (NadA-positive) or WA-c
�inv(pYV-SS) (NadA-negative, negative control) yersiniae were incubated with or without 1 �g of Alexa488-labeled human �5�1 integrin in PBS-0.2% Triton
X-100 and 2 mM MnCl2 (5 �g/ml) for 1 h at 4 °C and analyzed by flow cytometry. A, histograms display the result from one representative experiment. a, WA-c
�inv(pYVO8-SS) without addition of Alexa488-labeled �5�1 integrin. b, WA-c �inv(pYVO8-SS) with addition of Alexa488-labeled �5�1 integrin. c, WA-c
�inv(pYVO8-nadA) without addition of Alexa488-labeled �5�1 integrin. d, WA-c �inv(pYVO8-nadA) with addition of Alexa488-labeled �5�1 integrin. Percents
of Alexa488-positive events are displayed. B, Alexa488-positive events are expressed as the means � S.E. of four independent experiments. *, p � 0.0416.

FIGURE 9. Role of NadA in adhesion and invasion of N. meningitidis. For determination of cell-associated bacteria GE-11-�1 and GE-11 cell monolayers were
infected for 3 h (moi 100) with unencapsulated N. meningitidis strain MC58 �siaD and the isogenic nadA mutant MC58 �siaD �nadA. For determination of
intracellular bacteria GE-11-�1 and GE-11 cell monolayers were additionally treated with gentamicin. Shown are (A) total cell-associated bacteria (including
both intra- and extracellular bacteria), and (B) intracellular bacteria determined using gentamicin protection assays. The number of cell-associated and
intracellular bacteria is expressed as log10 colony forming units per ml (CFU/ml). Data are expressed as the means � S.E. of the mean of at least three
independent experiments. *, p � 0.0001.
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yersiniae. Therefore, we quantified the number of cell-associ-
ated and intracellular bacteria after infection of GE-11-�1 and
GE-11 cells. GE-11-�1 and GE-11 cells were incubated with
WA-c �inv(pnadA), WA-c �inv(p) or the invasin-positive
WA-c strain (Inv/�1 integrin- mediated invasion) (29, 30) for
1 h and anmoi of 50 and analyzed for cell-association and intra-
cellular bacteria. We found that the nadA-expressing strain
WA-c �inv(pnadA) showed a significantly higher number
(�2.6-fold) of cell-associated bacteria for �1 integrin-positive
GE-11-�1 cells than for �1 integrin-negative GE-11 cells. This
result is in accordance with the result obtained for the invasin-
positive WA-c strain showing also increased cell-association
(�3.5-fold) for GE-11-�1 cells compared with GE-11 cells. The
control strain WA-c �inv(p) showed weak interaction with
GE-11-�1 and GE-11 cells compared with WA-c �inv(pnadA)
and WA-c (Fig. 10A). Concerning �1 integrin-mediated inter-
nalization of nadA-expressing yersiniae into GE-11-�1 and
GE-11 cells, gentamicin protection assays revealed that the
number of intracellularWA-c�inv(pnadA) bacteria was signif-
icantly higher (�18-fold) for �1 integrin-positive cells than for
�1-negative cells. This result resembles that of the invasin-pos-
itive strainWA-c, showing higher numbers of intracellular bac-
teria (�28-fold) in presence of human �1 integrins in compar-
ison to �1 integrin-negative cells (Fig. 10B). These results
confirm that �1 integrins appear to function as receptors for
NadA, supporting �1 integrin-dependent adhesion and inter-
nalization and emphasize the advantage of yersiniae expressing
NadA as the only effective cell adhesin to demonstrate function
and specificity of a neisserial adhesin.

DISCUSSION

Y. enterocolitica is a suitable bacterial pathogen to investigate
fundamental aspects of virulence including bacterial adhesion,
invasion, subversion of the innate immune defense, mecha-
nisms of extracellular survival and multiplication in the mouse
infection model (31–33). The major pathogenicity determi-
nants (virulence plasmid pYV, invasin gene inv, HPI), their gene
products and pathogenicity functions have beenwell character-
ized. Therefore, it is conceivable that pathogenicity factors of

non-mouse virulent pathogens similar to Yersinia ones, can be
studied in Yersinia by genetic replacement. In this study this
approach has been applied to the neisserial adhesin NadA by
replacement of the yadA gene by nadA. By fusing the coding
sequence of mature NadA with the promoter region and the
coding region of the N-terminal signal sequence of yadA we
could demonstrate NadA production, secretion, insertion into
the outer membrane and surface exposition of NadA by
Y. enterocolitica. This is remarkable as the genus Neisseria
belongs to the � subdivision of Proteobacteria in contrast to
Yersinia belonging to the � subdivision and suggests a certain
degree of functional autonomy of Oca family members. Previ-
ously it has been demonstrated that NadA forms heat-stable
oligomers (6). This characteristic of Oca family members could
also be demonstrated with yersiniae expressing nadA. A typical
function of Yersinia YadA is binding to extracellular matrix
(ECM) proteins. We could demonstrate that NadA produced
by yersiniae does not contribute to binding to ECM proteins
(matrigel, fibronectin, and collagen type I). However, we could
demonstrate that NadA as well as YadA mediate adhesion to
Chang cells and triggering of internalization by using a pYV-
and inv deletedY. enterocoliticamutant. These latter results are
in agreement with experiments using E. coli expressing nadA,
as previously shown (13). Moraxella catarrhalis Oca family
member UspA1 and Neisseria Opa proteins are known to be
recognized by CEACAMs, which are expressed by diverse
host cells (34). By using soluble recombinant GFP-tagged
CEACAMs and Y. enterocolitica expressing yadA or nadA and
N. gonorrhoeae as controls we could demonstrate by flow
cytometry that neither NadA nor YadA are recognized by
CEACAM 1, 3, 5, 6, or 8, respectively. Previously it has been
demonstrated that NadA induces chemokine IL-8 production
of diverse host cell types similar to Yersinia Inv which is recog-
nized by �1 integrins (14, 35–37). This prompted us to check
whether NadA could also interact with �1 integrins. Interac-
tion of NadA and �1 integrins could be substantiated by using
recombinantNadAprotein covering theNadAbinding domain
(NadA24–210) in binding studies with epithelial-like GE-11

FIGURE 10. Role of nadA-expressing yersiniae in adhesion and invasion. GE-11-�1 and GE-11 cell monolayers were infected with WA-c �inv(p) (negative
control), WA-c �inv(pnadA), and WA-c (positive control) for 1 h (moi 50). Shown are (A) total cell-associated bacteria (including both intra- and extracellular
bacteria), and (B) intracellular bacteria determined using gentamicin protection assays. The number of cell-associated and intracellular bacteria is expressed as
log10 colony forming units per ml (CFU/ml). Data are expressed as the means � S.E. of the mean of at least three independent experiments. *, p � 0.041.
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(human �1 integrin-negative and GE-11-�1 (human �1 integ-
rin-positive) or fibroblast-like 2-4 (mouse�1 integrin-negative)
and 2-4-8 (mouse �1 integrin-positive) cells. We could clearly
demonstrate by flow cytometry that NadA24–210 binds to
human and mouse �1 integrins.

The specificity of NadA24–210 binding to human�1 integrins
could further be corroborated by blocking experiments with
anti-human �1 monoclonal antibodies. Additional blocking
experiments with different anti-human � monoclonal antibod-
ies further confirmed interaction of NadA24–210 with the �1
integrin subunit, whereas the � subunit seems not to be
involved. Interaction ofNadA and�1 integrinswas further ana-
lyzed by Far Western blotting using recombinant NadA
(NadA24–210) as “prey” and �1 integrin as “bait”, revealing
direct interaction of NadA with the �1 integrin subunit. Direct
interaction of NadA and �1 integrins could additionally be ver-
ified for nadA-expressing, invasin-negative yersiniae, and
Alexa488-labeled human �5�1 integrin, revealing that native
NadA localized on the bacterial surface is involved in binding to
human�1 integrins. Additionally, we compared the interaction
of pYV-negative Y. enterocolitica expressing nadA or inv in �1
integrin-specific invasion, respectively, with epithelial-like cells
derived from�1 integrin-knock-outmouse embryonal (GE-11)
cells and GE-11 cells transfected with human �1 integrins (GE-
11-�1 cells). Inv and NadA both significantly contributed to �1
integrin-mediated adhesion and internalization. These results
were compared with non-encapsulated N. meningitidis MC58
�siaD and a double mutant MC58 �siaD �nadA. Surprisingly,
when the non-encapsulated isogenic pair MC58 �siaD/MC58
�siaD �nadA was compared for cell invasion, we found a
higher rate of neisserial invasion for �1 integrin-negative
GE-11 cells which was independent of the presence of NadA,
whereas for adhesion therewas aweak significant effect in favor
of NadA-�1 interaction with GE-11-�1 cells. This result shows
that probably because of the presence of multiple adhesins of
N. meningitidis the identification of neisserial adhesin-specific
host receptors is severely restricted unless a heterologous well-
defined bacterial host/carrier is used for expression of the
respective adhesins. In conclusion, the NadA binding analysis
using Y. enterocolitica (�inv mutant) as heterologous expres-
sion system for nadA and the recombinantNadA bindingmod-
ule structure in conjunction with �1 integrin FarWestern blot-
ting and defined isogenic pairs of �1 integrin-positive and �1
integrin-negative cell lines revealed for the first time that the
NadA head domain interacts specifically with�1 integrins. The
�1 integrin subunitmight thus function as host cell receptor for
N. meningitidis expressing nadA gene. Therefore NadA is the
first adhesin of the Oca family which directly interacts with the
�1 integrin subunit.

Bacterial adhesin-�1 integrin interactions have been de-
scribed for several pathogens colonizing and/or invading the
mucosal epithelium of the gastrointestinal or the respiratory
tract including Yersinia species and E. coli. Surface �1 integrin
expressing cells such as M cells of the Peyer’s patches (PP) and
nasal-associated lymphoid tissue (NALT) are recognized by
bacterial adhesins resulting in bacterial translocation across the
mucosal layer and triggering the release of chemokines such as
IL-8/CXCL8 (38–41). Moreover, antigen-presenting dendritic

cells (DCs), macrophages and neutrophils, which have been
recruited to bacterial entry sides, also express �4�1 and/or
�5�1 integrins. In analogy to invasin-expressing Yersinia it is
not unlikely that N. meningitidis interacts through NadA with
��1 integrins of M-cells of the NALT and with DCs, macro-
phages and neutrophils of the submucosa (14, 24, 36).
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