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Heterologous Expression of Bartonella Adhesin A in Escherichia coli
by Exchange of Trimeric Autotransporter Adhesin Domains Results in
Enhanced Adhesion Properties and a Pathogenic Phenotype
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Human-pathogenic Bartonella henselae causes cat scratch disease and vasculoproliferative disorders. An important pathogenic-
ity factor of B. henselae is the trimeric autotransporter adhesin (TAA) Bartonella adhesin A (BadA), which is modularly con-
structed, consisting of a head, a long and repetitive neck-stalk module, and a membrane anchor. BadA is involved in bacterial
autoagglutination, binding to extracellular matrix proteins and host cells, and in proangiogenic reprogramming. The slow
growth of B. henselae and limited tools for genetic manipulation are obstacles for detailed examination of BadA and its domains.
Here, we established a recombinant expression system for BadA mutants in Escherichia coli allowing functional analysis of par-
ticular BadA domains. Using a BadA mutant lacking 21 neck-stalk repeats (BadA HN23), the BadA HN23 signal sequence was
exchanged with that of E. coli OmpA, and the BadA membrane anchor was additionally replaced with that of Yersinia adhesin A
(YadA). Constructs were cloned in E. coli, and hybrid protein expression was detected by immunoblotting, fluorescence micros-
copy, and flow cytometry. Functional analysis revealed that BadA hybrid proteins mediate autoagglutination and binding to col-
lagen and endothelial cells. In vivo, expression of this BadA construct correlated with higher pathogenicity of E. coli in a Galleria

mellonella infection model.

Bartonella henselae is a Gram-negative, facultative-intracellular hu-
man pathogen transmitted by bloodsucking arthropods or in-
fected cats. Upon infection, immunocompetent patients suffer from
cat scratch disease, a self-limiting local lymphadenopathy. In immu-
nosuppressed patients, B. henselae infections can result in tumor-
ous proliferations of endothelial cells (ECs), diseases designated
bacillary angiomatosis and peliosis hepatis. Vasculoprolifera-
tive entities caused by B. henselae infections correlate with the
activation of hypoxia inducible factor 1 (HIF-1), the key tran-
scription factor involved in angiogenesis (1) and subsequent se-
cretion of vasculoproliferative cytokines (e.g., vascular endothe-
lial growth factor [VEGEF]), both occurring in vitro and in vivo
(2,3).

Adherence to host tissue is the first and crucial step in bacterial
infections. Pathogenic bacteria express adhesins to ensure infec-
tion of the host. The best-characterized adhesin of B. henselae is
Bartonella adhesin A (BadA), which is enormous (~240 nm in
length; monomer, 328 kDa; trimer, ~1,000 kDa) (4). Expression
of BadA is decisive for the adherence of B. henselae to ECs and
extracellular matrix components (e.g., collagen and fibronectin
[Fn]) under static and dynamic conditions (5) and correlates with
the activation of HIF-1-regulated secretion of proangiogenic cy-
tokines (2—4). So far, all characterized Bartonella species harbor
BadA homologues in their genomes (6).

BadA is a representative of the trimeric autotransporter ad-
hesins (TAAs), which are widespread pathogenicity factorsamong
Gram-negative bacteria, e.g., Escherichia coli immunoglobulin-
binding proteins (Eibs) (7), Neisseria adhesin A (NadA) of Neis-
seria meningitidis (8), Haemophilus influenzae adhesin (Hia) (9),
ubiquitous surface proteins Al and A2 (UspAl and UspA2) of
Moraxella catarrhalis (10), or Xanthomonas adhesin A (XadA)
from the plant pathogen Xanthomonas oryzae (11). The proto-
typic TAA, Yersinia adhesin A (YadA) from Yersinia enterocolitica,
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is constructed modularly with an N-terminal head, a neck, a stalk,
and a C-terminal membrane anchor domain, and all TAAs are
organized similarly (6, 12).

The N-terminal signal sequence of BadA is followed by the
head, which is composed of three subdomains (YadA-like head
repeat, Trp ring, and GIN domain with high structural similarities
to the corresponding domains from H. influenzae adhesin Hia
[13]). The BadA head is linked to the anchor by a long and highly
repetitive neck-stalk module rich in coiled coils varying signifi-
cantly in length among different B. henselae isolates (14). The
modular structure of TAAs suggests a domain-function relation-
ship in which certain domains are responsible for certain biolog-
ical functions. In fact, a truncated BadA mutant lacking 21 of the
neck-stalk repeats exhibited no Fn-binding capacity, whereas
other biological functions (e.g., collagen binding, adhesion to
ECs, and induction of VEGF secretion) were unaffected (15). Re-
cently, the stalk region was identified to represent the Fn-binding
site, and a minimal length of four neck-stalk repeats is crucial for
Fn binding (16). Additionally, the function of the B. henselae
VirB/D4 type 4 secretion system depends on the expression and
length of BadA: the longer the BadA construct, the less efficient
was the secretion of effector proteins into host cells (17).

Further molecular and functional analysis of the modularly
constructed BadA would allow to understand the interaction of
TAA domains with their respective binding partners. However,
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TABLE 1 Bacterial strains used in this study

Reference(s) or

Strain Characteristics source
B. henselae strain Marseille Wild type, expressing BadA 4,51
E. coli DH5« Host strain used for cloning Life Technologies
E. coli BL21(DE3) Omp2 Host strain used for expression of BadA HN23 and BadA HN23 hybrids; ompF::Tn5 22
E. coli BL21(DE3) Omp8 Host strain used for expression of BadA HN23 and BadA HN23 hybrids; AlamB 52
ompF::Tn5 AompA AompC
E. coli BL21(DE3) Omp8AdegP Host strain used for expression of BadA HN23 and BadA HN23 hybrids; AlamB 52

ompF::Tn5 AompA AompC AdegP

due to the slow growth of Bartonella, phase variation, and difficul-
ties in performing molecular genetics, orthologous expression of
modified BadA fibers is challenging. Earlier extensive efforts of
our group to express full-length BadA in E. coli were not successful
(unpublished data), although such expression would facilitate the
functional analysis of BadA and its domains.

Here, we modified a truncated BadA mutant lacking 21 neck-
stalk repeats (BadA HN23) of the alphaproteobacterium B. hense-
lae and altered its composition by exchanging the signal sequence
and the membrane anchor domain to that of gammaproteobacte-
ria. Hybrid proteins were expressed on the surface of E. coli medi-
ating the biological functions of autoagglutination, collagen and
host cell adherence, and, moreover, pathogenicity in an in vivo
infection model. Our results demonstrate that BadA can be re-
combinantly expressed in E. coli when an autotransporter domain
of a gammaproteobacterium is present and, more generally, that
certain domains can be swapped between certain TAAs without
loss of function, even between bacteria from different subdivi-
sions underlining the concept of modular TAA evolution.

MATERIALS AND METHODS

Bacterial strains and growth conditions. B. henselae was grown in a hu-
midified atmosphere at 37°C and 5% CO, on Columbia blood agar
(CBA). E. coli strains used in this study are listed in Table 1. Bacteria were
grown at 37°C in Luria-Bertani (LB) broth with the appropriate antibiot-
ics (ampicillin, 100 pwg/ml; kanamycin, 50 pg/ml).

In silico construction of BadA HN23 hybrids. Fusion constructs be-
tween the YadA membrane anchor and the BadA stalk were designed as
follows: annotation of TAA domains was performed using the daTAA
analysis tool (18). Coiled-coil analysis of the segments close to the mem-
brane anchor was performed manually, following the example of YadA
(19). In short, the YTD motifs reminiscent of the noncanonical 19-residue

TABLE 2 Plasmids used in this study

repeats responsible for a transition from left- to right-handed coiled coil
were identified. The constructs were designed such that the final fusion
product contains the most C-terminal YITD-YTD element from BadA,
replacing the equivalent element of identical length in YadA through an
Xhol site introduced by synonymous point mutations into the most C-
terminal YID.

Cloning of badA HN23 hybrids. The plasmids and primers used in
this study are listed in Table 2 and Table 3. DNA modifications were done
according to standard protocols. The fusion construct badA HN23 (borne
on plasmid pPK3) has been produced as described previously (15). For
cloning of badA HN23 in pASK-IBA33plus (IBA GmbH, Géttingen, Ger-
many), the badA HN23 fragment from plasmid pPK3 (without its puta-
tive B. henselae promoter sequence) was amplified by PCR using the prim-
ers BY3fw and BadAr27, resulting in a 2,136-bp fragment. PCR product
and vector were digested with Bsal (Fermentas, St. Leon-Rot, Germany),
and the insert was cloned in frame into vector pASK-IBA33plus (IBA),
resulting in plasmid pTS4.

For the construction of badA HN23 hybrid 1, a badA HN23 fragment
without the badA signal sequence was generated from badA HN23 (pPK3)
by PCR using the primers BY2fw and BadArev27, generating a 1,994-bp
fragment. The PCR product was digested with Bsal and inserted in frame
into the Bsal-digested vector pASK-IBA2 (IBA), resulting in plasmid
pTS2.

Cloning of badA HN23 hybrid 2 and badA HN23 hybrid 3 was done in
a two-step process. First, the yadA membrane anchor sequence (amino
acids [aa] 330 to 422, resulting in bp 988 to 1269, referring to NCBI gene
sequence EKA25166.1) was amplified using the primers BY1lfw and
BYlrev from plasmid pUC-A1 (20), generating a 371-bp PCR product.
This fragment was digested with Xhol and HindIII (Fermentas) and in-
serted into pASK-IBA33plus, resulting in plasmid pTS1, or into pASK-
IBA2, generating plasmid pTS5. In the second step, a 1,854-bp fragment
containing domain badA HN23 with signal sequence but without the
badA membrane anchor sequence was generated by PCR with primers
BY3fw and BY2rev from plasmid pPK3. This fragment was inserted via

Plasmid Characteristics Resistance Reference or source

PASK-IBA2 AHTC-inducible expression vector containing ompA signal sequence Amp* IBA GmbH

PASK-IBA33plus AHTC-inducible expression vector without ompA signal sequence Amp" IBA GmbH

pPK3 pCR-Blunt II TOPO with 3.1-kb BadA HN23 insert Km" 15

pUC-Al pUCI3 containing yadA gene Amp” 20

pTS1 pASK-IBA33plus containing yadA membrane anchor sequence Amp" This study

pTS2 (hybrid 1) PASK-IBA2 containing ompA signal sequence-badA HN23-badA Amp" This study
membrane anchor construct

pTS3 (hybrid 2) pASK-IBA33plus containing badA signal sequence-badA HN23- Amp" This study
yadA membrane anchor construct

pTS4 PASK-IBA33plus containing BadA HN23 Amp* This study

pTS5 pASK-IBA2 containing yadA membrane anchor sequence Amp" This study

pPK5 (hybrid 3) PASK-IBA2 containing ompA signal sequence-badA HN23-yadA Amp" This study

membrane anchor construct
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TABLE 3 Primers used in this study”

Primer Sequence (5'—3")

BY1lfw GGATCCCTCGAGGTCGACCTGCAGGGGGACCATGGT
CTCATA

CACAGATCATAAATTCCGTCAACTTG

BYlrev CAGGTCAAGCTTATTACCACTCGATATTAAATGATG
CATTG

BY2fw CATCTCGGTCTCCGGCCTCGAATCTTGCGCTTACAG
GAG

BY2rev CAGGTCAAGCTTATTACCACTCGATATTAAATGATGC
ATTG

BY3fw CATCTCGGTCTCCAATGAAAAAATTATCTGTCACAT
CAAAGAGAC

BadArev27 AATATGGTCTCTGCGCTCATTTCAGTCTCAAAGTAAT
CCCTG

@ All primers were designed in this study.

Bsal into the vector pTS1, creating the plasmid pTS3, which contains
badA HN23 hybrid 2. The cloning of badA HN23 hybrid 3 was performed
in a similar way. Here, a 1,714-bp fragment consisting of badA HN23
without the badA signal sequence and badA membrane anchor sequence
was inserted via Bsal restriction sites into plasmid pTS5, resulting in plas-
mid pPK5.

Heterologous expression of BadA HN23 and BadA HN23 hybrids in
E. coli. For expression of BadA HN23 and BadA HN23 hybrids in E. coli
BL21(DE3) Omp2, E. coli BL21(DE3) Omp8, and E. coli BL21(DE3)
Omp8AdegP, an overnight culture of the respective expression plasmid-
carrying strain was diluted 1:10 in LB medium (supplemented with ap-
propriate antibiotics) and grown to an optical density at 600 nm (ODg)
of 0.5. Gene expression was induced for 30 min at 37°C by addition of 40
ng/ml anhydrotetracyclin (AHTC; IBA GmbH, Géttingen, Germany).

Immunofluorescence microscopy. The expression of BadA HN23 and
BadA HN23 hybrids 1 to 3 on the bacterial cell surface was assessed by immu-
nostaining with a Bad HN23-specific antibody (4, 15). Gene expression was
induced as described above. Subsequently, bacteria were washed and resus-
pended in phosphate-buffered saline (PBS). Bacterial suspensions (30 .l
each) were spotted onto glass slides, air dried, and fixed with 3.75% PBS-
buffered paraformaldehyde (PFA) for 15 min at 4°C. PFA-fixed bacteria were
washed three times with PBS at the beginning and after each incubation step.
Incubation with the primary antibody (rabbit IgG) was done for 60 min at
room temperature (RT) followed by incubation with a carbocyanine (Cy2)-
conjugated secondary anti-IgG antibody (Dianova, Hamburg, Germany) for
45 min. Bacterial DNA was counterstained with 1 pg/ml of 4',6-diamidino-
2-phenylindole (DAPI) for 5 min at 5°C. Finally, slides were mounted with
Fluoprep medium (bioMérieux, Niirtingen, Germany) and analyzed with a
Zeiss Axio Imager M.2 microscope (Zeiss, Jena, Germany) equipped with a
Visitron monochromatic digital camera and the related Visiview software
(Visitron, Puchheim, Germany).

SDS-PAGE and immunoblotting. Gene expression was induced as
described above. E. coli cells were resuspended in sodium dodecyl sulfate
(SDS) sample buffer and heated at 95°C for 5 min. SDS-polyacrylamide
gel electropheresis (PAGE) was performed using 12% gels. For immuno-
blotting, proteins were transferred onto nitrocellulose membranes
(Schleicher & Schiill, Dassel, Germany). Blots were blocked for 1 h using
5% skim milk powder, resuspended in 25 mM Tris (pH 7.5), 0.15 M NaCl,
and 0.05% Tween 20 (Sigma-Aldrich, Deisenhofen, Germany), and incu-
bated with anti-BadA rabbit IgG (1:2,000 diluted in skim milk) overnight.
Bound primary antibodies were detected by peroxidase-conjugated anti-
rabbit IgG antibodies (1:1,000; Dako, Glostrup, Denmark). Signals were
visualized by chemiluminescence (GE Healthcare, Freiburg, Germany).

Quantification of BadA HN23 surface expression. For quantification
of BadA HN23 surface expression, gene expression was induced as de-
scribed above, and 1.0 X 107 bacteria were harvested by centrifugation.
Cells were washed with PBS, fixed with 4% PFA, and washed again. Bac-
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teria were stained with a rabbit anti-BadA antibody (1:200; 1 h at RT),
which was also used for Western blot and immunofluorescence analysis.
After washing, cells were stained with an Alexa Fluor 488-conjugated sec-
ondary antibody (1:100; Dianova) and washed again. Surface expression
was analyzed using a FACSCalibur flow cytometer (Becton, Dickinson,
Heidelberg, Germany), and data were subsequently quantified using
FlowJo (Tree Star Inc., Ashland, OR, USA).

Autoagglutination assay. Gene expression in E. coli BL21(DE3)
Omp2/BadA HN23 hybrid 3 was induced as described above. Autoagglu-
tination was assayed macroscopically according to the method of Laird
and Cavanaugh (21). Suspensions containing 2.0 X 10° bacteria/ml (re-
suspended in PBS) were incubated for 1 h at RT in transparent plastic
tubes. Clearance of the suspension was recorded with a digital camera
(Nikon D3100; Diisseldorf, Germany).

For microscopic analysis of autoagglutination, 2.0 X 10° bacteria were
resuspended in 1 ml PBS and transferred into a transparent plastic tube.
After 1 h of incubation at RT, 30 pl of the suspension was taken from the
middle of the tube, spotted onto a glass slide, air dried, and fixed with
3.75% PFA. After washing with PBS, bacteria were stained with DAPI.
Autoagglutination was evaluated by fluorescence microscopy as described
above.

Determination of collagen binding of E. coli BL21(DE3) Omp2/
BadA HN23 hybrid 3. To determine the ability of the BadA HN23 hybrid
3-expressing E. coli BL21(DE3) Omp2 strain (22) to bind to collagen, gene
expression was induced as described above. Coverslips were coated with 1
ml of collagen G (Biochrom, Berlin, Germany) at a concentration of 10
pg/ml (diluted in PBS) for 24 h at RT. Bacteria were adjusted to 2.0 X 10*
cells/ml and sedimented on coverslips by centrifugation (300 X g, 5 min).
After 30 min of incubation at 37°C, coverslips were washed three times
thoroughly with PBS and fixed with 3.75% PFA, and adherent bacteria
were stained with DAPI. Adherence was analyzed by fluorescence micros-
copy. Bacterial adherence was quantified by counting the pixels gained by
the fluorescent bacteria from 60 independent microscopic fields (3 X 20)
from three different coverslips using the Image]J software (http://rsb.info
.nih.gov/ij/index.html).

Adherence to endothelial cells. Human umbilical vein endothelial
cells (HUVECs), obtained with ethics permission 4/12 of the Frankfurt
University Hospital ethics committee, were cultured in endothelial cell
growth medium (PromoCell, Heidelberg, Germany) as described previ-
ously (23). For adherence assays, 1.0 X 10° cells were seeded into collagen
G-coated wells in a 24-well plate, grown overnight without antibiotics,
and infected with 1.0 X 107 E. coli cells by centrifugation (multiplicity of
infection [MOI], 100; 300 X g, 5 min). Cells were incubated for 15 min in
a humidified atmosphere at 37°C and 5% CO,. Samples were washed
three times with prewarmed cell culture medium to remove nonadherent
bacteria, and total adherent bacteria were quantified by osmotic cell lysis
as described previously (23). For this purpose, HUVECs were lysed by
adding 900 pl sterile deionized water per well. After 4 min of incubation at
RT, lysis was controlled microscopically and stopped by adding 100 pl
10X PBS. Serial dilutions were plated on Mueller-Hinton agar plates, and
adherent bacteria were quantified by counting the CFU. The percentage of
cell-adherent bacteria was calculated as the ratio of adherent bacteria to
the bacterial inoculum.

G. mellonella infection model. The larvae of the greater wax moth
(Galleria mellonella) were used as an in vivo model to examine the patho-
genicity of E. coli Omp2 expressing Bad HN23 hybrid 3 in contrast to the
empty vector control. G. mellonella larvae were purchased from suppliers
(Terraristika Express, Recklinghausen, Germany) and were stored no lon-
ger than 7 days upon delivery at 4°C in the dark. Two larvae of each batch
were homogenized in PBS, and serial dilutions were plated on Columbia
blood agar plates supplemented with 5% sheep blood (Becton, Dickin-
son) to exclude contaminations of larvae with Gram-negative or insecto-
pathogenic bacteria species (e.g., Klebsiella pneumoniae, Pseudomonas
aeruginosa, or Proteus spp.). Noncontaminated batches of larvae were
chosen for infection experiments as described earlier (24).
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FIG 1 Schematic diagram and domain organization of BadA of B. henselae Marseille and YadA of Y. enterocolitica (strain WA-314), truncated BadA (BadA HN23
[15]) and BadA HN23 hybrid constructs. BadA hybrid 1 has been constructed by replacing the BadA signal sequence (aa 1 to 48) with that of OmpA from E. coli
ATCC 700926 K-12 substrain MG1655. BadA hybrid 2 was generated by replacing the BadA membrane anchor with that of YadA (aa 330 to 422). BadA hybrid
3 has been constructed by replacing both the BadA signal sequence with that of OmpA and the BadA membrane anchor with that of YadA. Domains were
annotated using the daTAA tool (18) and drawn to scale (according to sequence length).

Gene expression in E. coli was induced as described above. Bacteria
(1.0 X 107) were resuspended in 10 wl sterile PBS and injected into the
hemocoel via the last left proleg of the larvae using a Hamilton syringe. In
total, 30 larvae were infected with each strain. Control larvae (n = 30)
were inoculated with 10 pl PBS to exclude that an injection trauma might
affect survival of the larvae. Larvae were stored in petri dishes at 37°C for
120 h and scored for survival daily. Larvae were considered dead if they
failed to respond to touch as described previously (24).

Expression of BadA HN23 hybrid 3 was evaluated 1 day postinfection
by BadA immunofluorescence staining (see above) of E. coli reisolated
from larva homogenates cultivated on ampicillin- and kanamycin-con-
taining Mueller-Hinton agar plates for 24 h.

Statistical analysis. All experiments were performed at least three
times and revealed comparable results. Differences between mean values
of experimental and control groups were analyzed by Student’s ¢ test. A P
value of <0.01 was considered statistically significant. Survival curves of
G. mellonella were generated using Kaplan-Meier survival estimates. Log
rank tests were performed to compare differences of survival curves. A P
value of <0.05 was considered statistically significant (Prism4; Graphpad
Software, San Diego, CA, USA).

RESULTS
Cloning of badA HN23 and badA HN23 hybrids in E. coli. In
order to establish an expression system for BadA mutants in E.
coli, a BadA mutant sequence lacking 21 neck/stalk repeats (BadA
HN23) was cloned into AHTC-inducible expression vectors. badA
HN23 hybrid proteins (hybrids 1 to 3) were created either by the
exchange of the badA signal sequence with that of E. coli ompA
(hybrid 1) or by the exchange of the badA membrane anchor
sequence with that of yadA (hybrid 2) or both (hybrid 3) (Fig. 1).
badA HN23 (including the BadA signal sequence) was cloned in E.
coli by amplifying the whole gene from pPK3, and insertion into
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the AHTC-inducible vector pASK-IBA33plus was performed via
Bsal receiving plasmid pTS4. Hybrid 1 was created by inserting the
badA HN23 sequence without its signal sequence into pASK-
IBA2, resulting in plasmid pTS2. This expression vector contained
the ompA signal sequence for protein transport into the periplasm,
generating an ompA-badA HN23 construct. Hybrid 2 was gener-
ated by the fusion of badA HN23 (including the badA signal se-
quence but lacking the badA membrane anchor sequence) with
the yadA membrane anchor sequence previously inserted in
pASK-IBA33plus (pTS1), resulting in plasmid pTS3. Hybrid 3 was
constructed by the fusion of badA HN23 (badA signal sequence
replaced by ompA signal sequence and lacking the badA mem-
brane anchor sequence) with the yadA membrane anchor se-
quence previously inserted in pASK-IBA2 (denoted pTS5), result-
ing in plasmid pPKS5.

Heterologous expression of BadA HN23 and BadA HN23 hy-
brids in E. coli. To assess if BadA HN23 and BadA HN23 hybrids
are heterologously expressed, protein expression was induced by
the addition of AHTC to liquid culture for 30 min, and expression
was controlled by fluorescence microscopy. Gene induction re-
sulted in a strong surface expression displaying as specific circular,
rod-shaped fluorescence signals (“halo” phenomenon) in the ex-
pression strains [E. coli BL21(DE3) Omp8; hybrid 3; Fig. 2A]. A
weaker fluorescence signal was observed for BadA HN23 hybrids 1
and 2 and BadA HN23 when using E. coli BL21(DE3) Omp8 and E.
coli BL21(DE3) Omp8AdegP (data not shown). Protein expres-
sion was further analyzed by immunoblotting. Results demon-
strated that all four constructs (BadA HN23 hybrids 1 to 3 and
BadA HN23) were synthesized in the respective AHTC-induced
bacteria, while noninduced samples showed no specific protein
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FIG 2 Heterologous BadA HN23 and BadA HN23 hybrid expression in E. coli BL21(DE3) Omp8. (A) Detection of BadA hybrid 3 protein surface expression by
immunofluorescence using anti-BadA specific antibodies (left). Note the halo phenomenon indicating surface expression. For control, bacteria were stained with
DAPI (right). Scale bar, 2 wm. (B) Detection of BadA constructs by immunoblotting. Expression of BadA HN23, BadA HN23 hybrids 1 to 3 (hybrids 1 and 3, ~69
kDa; hybrid 2, ~73 kDa) and the corresponding trimers (all, ~210 kDa) was detected by SDS-PAGE and immunoblotting using anti-BadA specific antibodies.

Cell lysates from noninduced bacteria were used as negative controls.

bands. Under denaturing conditions, the samples contained
mostly the monomeric form of BadA HN23 and BadA HN23 hy-
brids 1 to 3 (BadA HN23 and hybrid 2, 73 kDa; hybrids 1 and 3, 69
kDa); however, trimers (~210 kDa) were also detectable (Fig. 2B).
Flow cytometric analysis revealed that E. coli strain Omp2 BadA
HN23 hybrid 2 (mean fluorescence intensity [MFI], 71.9) and E.
coli BadA HN23 hybrid 3 (MFI, 54.7) exhibited a similar surface
expression level, which was much less in E. coli Omp2 BadA HN23
(MFI, 4.8) and BadA HN23 hybrid 1 (MFI, 3.4); the MFI in the
negative control was 1.8 (Fig. 3). Additionally, as BadA hybrid
3-expressing E. coli BL21(DE3) Omp8 and E. coli BL21(DE3)
Omp8AdegP showed a significantly reduced growth rate (data not
shown), further experiments were performed using E. coli
BL21(DE3) Omp2. BadA HN23 hybrid 3 was chosen for further
experiments because of its intense and homogeneously distrib-
uted fluorescent signal on the bacterial surface. In summary, these
data demonstrate that heterologous expression of BadA con-
structs in E. coli is technically possible and that proper autotrans-
porter function of the BadA constructs is an indispensable prereq-
uisite for further functional experiments.

Autoagglutination of E. coli mediated by BadA HN23 hybrid
3. Typically, TAAs mediate autoagglutination, and this has been
shown for BadA of B. henselae (4, 14), the variable outer mem-
brane proteins (Vomps) of Bartonella quintana (25), YadA of Y.
enterocolitica, and EibD of E. coli (26, 27). Additionally, BadA
HN23 was described earlier to mediate autoagglutination of B.
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henselae (15). Therefore, the ability of BadA HN23 hybrid 3 to
confer autoagglutination of E. coli was analyzed. For this purpose,
BadA HN23 hybrid 3-expressing E. coli cells were incubated in
PBS in transparent plastic tubes and autoagglutination was eval-
uated by the method of Laird and Cavanaugh (21). Here, a sus-
pension with E. coli BadA HN23 hybrid 3 showed rapid clearance
by sedimentation of bacterial aggregates, whereas the control sus-
pension remained turbid (Fig. 4A). In addition, fluorescence mi-
croscopy analysis demonstrated that expression of hybrid 3 re-
sulted in the formation of dense aggregates, and this phenomenon
was not detectable in control bacteria, which appeared to be
spread in the microscopic field as single, nonattaching cells (Fig.
4B). From this, we conclude that heterologous BadA HN23 hybrid
protein expression results in autoagglutination very similar to
what has been described for B. henselae.

Adherence of E. coli BL21(DE3) Omp2/BadA HN23 hybrid 3
to collagen. TAAs bind to extracellular matrix components, and
BadA was shown to mediate, e.g., the adherence of B. henselae to
collagens I, I1I, and IV (5, 12). Truncated BadA HN23 is sufficient
for collagen binding (15). To analyze whether this biological function
can be transferred to E. coli expressing BadA HN23, bacteria were
exposed to collagen G-coated coverslips and adherence was ana-
lyzed by DAPI staining and subsequent fluorescence microscopy.

Results displayed that BadA HN23 hybrid 3-expressing E. coli
showed a significantly higher binding to collagen-coated cover-
slips than that obtained with the E. coli vector control (Fig. 5A).
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FIG 3 Flow cytometry analysis of E. coli expressing BadA HN23 and hybrid proteins 1 to 3. Gene expression was induced as described in Materials and Methods.
BadA hybrid protein surface expression was detected using anti-BadA and Alexa Fluor 488-conjugated secondary antibodies. E. coli (empty vector control) served
as negative control. Mean fluorescence intensities were calculated using FlowJo software.

Again, a strong autoagglutination phenotype was observed. E. coli
BadA HN23 hybrid 3 showed a ~20-fold-higher adherence to
collagen than the respective negative-control strain as determined
by semiautomated quantitative image analysis (Fig. 5B).

Adherence of E. coli BL21(DE3) Omp2/BadA HN23 hybrid 3
to endothelial cells. Endothelial cells (ECs) represent one of the
major targets for the endotheliotropic pathogen B. henselae (6). A
crucial role of B. henselae BadA in the infection process of ECs was
demonstrated (4), and the head domain of BadA turned out to be
decisive for EC binding (15). However, B. henselae harbors further
potential adhesins in its genome, e.g., filamentous hemagglutinins
(17, 28), which might interact with this process. Therefore, we
investigated BadA-mediated adherence to ECs using E. coli ex-
pressing BadA HN23 hybrid 3. To minimize toxic effects on ECs
caused by E. coli, the time of infection was reduced to 15 min, since
longer infection periods led to cell death (data not shown). In
contrast to what was seen in control bacteria (E. coli empty vector
control), expression of BadA HN23 hybrid 3 resulted in a ~4-
fold-higher adherence to ECs, indicating that the expression of
BadA HN23 hybrid 3 is sufficient to mediate host cell binding (Fig.
6). Therefore, recombinant expression of truncated BadA from
the alphaproteobacterium B. henselae mediates three of the typical
biological BadA functions when expressed by the gammaproteo-
bacterium E. coli (autoagglutination, collagen binding, and EC
binding).

Pathogenicity of E. coli BL21(DE3) Omp2/BadA HN23 hy-
brid 3 in Galleria mellonella. To evaluate whether expression of
BadA HN23 might contribute in vitro not exclusively to various
adhesion phenotypes of E. coli but also to possible pathogenicity,
we employed an in vivo infection model using larvae of G. mello-
nella. Larvae were injected either with E. coli (empty vector con-
trol) or with E. coli expressing BadA HN23 hybrid 3 and were
monitored over a period of 5 days (Fig. 7). Infection of larvae with
E. coli BadA HN23 hybrid 3 showed a significantly lower (P <
0.01) survival rate of 23.3%, whereas infection with the respective
negative-control strain resulted in a survival of 46.6%. For control
reasons, BadA HN23 hybrid 3 expression of the inoculated bacte-
ria was proven by immunofluorescence staining of reisolated
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bacteria showing growth on the appropriate selection media (con-
taining kanamycin and ampicillin) and a clear BadA HN23-spe-
cific immunofluorescence signal excluding the loss of the plasmid
(data notshown). These results demonstrate that expressing BadA
HN23 hybrid 3 in E. coli doubles infection mortality in G. mello-
nella larvae and argue strongly for a crucial role in pathogenicity.

DISCUSSION

TAAs represent an important group of pathogenicity factors
among Gram-negative bacteria. All TAAs are modularly assem-
bled and constructed of head, neck, stalk, and membrane anchor
elements. The autotransporter function is determined by the C-
terminal membrane anchor domain (12). The conserved modular
composition of TAAs suggests a correlation between single TAA
domains and one or more distinct biological functions, and this
might indicate protein evolution by domain composition and do-
main exchange.

For the prototypic TAA YadA, it was demonstrated that the
head domain mediates binding to ECM proteins (e.g., collagen)
and several host cell types (29-32) while the region mediating
serum resistance is still unknown. It was observed that an ex-
change of the YadA membrane anchor domain with that of Hia,
EibA, or UspAl from other gammaproteobacteria leads to com-
parable surface expression of such chimeric YadA proteins in Y.
enterocolitica whereas virulence of these chimeric-protein-ex-
pressing strains was reduced for unclear reasons compared to
wild-type YadA-expressing Y. enterocolitica (20). Accordingly, the
exactlocus of YadA mediating complement resistance of Y. entero-
colitica by C3b and subsequent factor H binding could not be
assigned in a recent study (33).

So far, BadA is the longest characterized member of the TAA
family. First attempts at domain-function analysis have been per-
formed by expressing truncated mutant forms of BadA in B.
henselae. This mutant was lacking 21 of 23 neck-stalk repeats
(BadA HN23) and was still capable of mediating autoagglutina-
tion, binding to collagen and ECs, and inducing VEGF secretion,
whereas the Fn-binding capacity was lost (15). Thus, Fn binding
was attributed to the BadA stalk region. A minimal length of four
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E. coli BadA HN23 hybrid 3

FIG 4 Autoagglutination of BadA HN23-expressing E. coli. (A) Macroscopic determination by clearance of bacterial suspensions as a qualitative indicator of
autoagglutination. Bacteria were resuspended in PBS, transferred to a transparent plastic tube, and incubated for 1 h at RT. Note the clearance and pellet
formation (bottom of tube) in BadA HN23 hybrid 3-expressing E. coli, which does not occur in the E. coli vector control. (B) Analysis of autoagglutination by
fluorescence microscopy. After 1 h of incubation at room temperature, bacteria were spotted onto a glass slide and stained with DAPI. Note the vector control
containing single bacterial cells and BadA HN23 hybrid 3-expressing E. coli forming dense cell aggregates. Scale bar, 5 pm.

neck-stalk repeats is necessary (16), and attempts to map the exact
locus of Fn binding are ongoing. Surprisingly, and in contrast to
what occurs in Y. enterocolitica, where YadA enhances type III
secretion of Yersinia outer proteins into host cells (34), injection
of Bartonella effector proteins (Beps) into host cells by the B.
henselae VirB/D4 type 4 secretion system is inhibited by BadA
expression (17). However, it has to be emphasized that functional
analysis of single BadA domains by orthologous expression in B.
henselae is complicated by the limited number of genetic tools for
construction of such mutants and the very slow growth of the
pathogen (6). Additionally, B. henselae possesses several further
adhesin molecules (e.g., filamentous hemagglutinins [28]), which
potentially mask the loss of BadA-mediated biological functions.
Therefore, a “clean” heterologous expression system for BadA or
BadA mutants should be useful in many respects.

Since the first description of BadA in 2004 (4), we and others never
have been able to express full-length BadA in E. coli. This failure
might have been caused by several reasons: (i) the enormous size
of badA (9.3 kb) possibly affecting cloning procedures and the size
of the BadA protein (monomer, 340 kDa), which might hinder
correct protein folding, protein transport, and thereby, recombi-
nant expression; (ii) the use of expression strains deficient for
chaperones, affecting protein assembly; or (iii) a more general
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impaired capability to express proteins of alphaproteobacteria
(here, B. henselae) in gammaproteobacteria (here, E. coli). To
overcome these problems, we used here a truncated version of
BadA (construct size, ~2,000 bp, hybrids 1 and 3, 69 kDa; hybrid
2, 73 kDa) expressed in E. coli. Moreover, it has recently been
described that assembly and expression of YadA in E. coli depend
on the presence of BamA, which might act as a chaperone recog-
nizing the C terminus of YadA, although the exact mode of inter-
action remains unclear (35). The presence of bamA has been de-
scribed in silico for B. henselae (36), and it was shown that the
protein contains five polypeptide transport-associated (POTRA)
domains just as BamA from E. coli: gi|49475450|ref|YP_8
033491.1|, gi[49475496|ref|YP_033537.1|, gil49475561|ref]YP_
033602.1|, gi|49475440|ref] YP_033481.1] (all hemolysin activator pro-
tein Hec, part of two-partner secretion system), gi|49475416|ref|YP_
033457.1| outer membrane protein (BamA/Omp85). The mechanism
for the recognition of outer membrane beta-barrel proteins (OMPs) by
the Bam complex is not fully resolved, but it seems that a C-terminal
OMP motif plays a major role and has some species specificity. While this
specificity largely overlaps different bacterial species, individual se-
quences might not be recognized in heterologous expression systems
(37). Whether and how BamA (mis-)recognition might interfere with
BadA expression in E. coli need to be elucidated in future.
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FIG 5 Binding of BadA HN23-expressing E. coli to collagen. (A) Collagen G-coated coverslips were incubated with 2.0 X 10° bacteria, washed, stained with
DAPI, and analyzed by fluorescence microscopy. Note the significantly increased collagen binding of BadA HN23 hybrid 3-expressing E. coli compared to the
vector control. Scale bar, 5 wm. (B) Quantitative analysis of collagen-binding bacteria. Sixty independent microscopic fields were quantified by counting the
pixels of fluorescent bacteria using the ImageJ software (relative fluorescence). *, significant difference (P < 0.01).

The strongest surface expression of BadA HN23 was observed
by immunofluorescence microscopy when BadA HN23 hybrid 3
was expressed in E. coli (Fig. 2A), and comparable expression was
confirmed using flow cytometric analysis (Fig. 3), suggesting that
the exchange of the BadA HN23 membrane anchor to that of
YadA seems to increase the autotransport activity of the hybrid
protein. Immunoblotting revealed that BadA HN23 and all the
BadA HN23 hybrid constructs are produced upon gene induction.

40 *
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E. coli (vector control) E. coli BadA HN23 hybrid 3

FIG 6 Adhesion of BadA HN23-expressing E. coli to endothelial cells.
HUVECs (1.0 X 10°) were seeded into 24-well plates overnight and exposed to
1.0 X 10” bacteria (MOI, 100) for 15 min. After washing and cell lysis, adherent
bacteria were quantified by counting CFU plated in logarithmic dilutions.
Adherence of E. coli to endothelial cells was highly dependent on BadA HN23
expression (P < 0.001).
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Here, even under denaturing conditions, trimers of hybrids 1 to 3
and BadA HN23 were detectable (Fig. 2B). These results confirm
earlier observations showing that an exchange of membrane an-
chor domains of YadA, Hia, Eib, or UspAl still allowed surface
expression of the respective TAAs (20, 38). However, these reports
were all focused on TAAs from gammaproteobacteria while the
results reported here demonstrate that a domain exchange be-
tween TAAs from bacteria belonging to different bacterial subdi-
visions still enables surface expression of chimeric TAAs. This
strongly supports the model of an evolutionary TAA development
by domain and subdomain exchange based on the modular con-
struction of these adhesins.

Clearly, BadA HN23 hybrid 3-expressing E. coli mimics some
biological phenotypes of B. henselae. Autoagglutination, collagen
binding, and binding to ECs, all originally described to be medi-
ated by BadA in B. henselae (4), were transferred to E. coli. As these
functions are known to be attributed to the head domain of BadA
of B. henselae (15), the results described here fit our earlier obser-
vations. It should be mentioned that we failed to visualize surface
expression of BadA HN23 hybrid 3 by electron microscopy (data
not shown). However, one should realize that TAA expression has
been detected ultrastructurally so far only for BadA of B. henselae
(4), for the Vomps of B. quintana (5), and once for YadA of Y.
enterocolitica (10).

For analysis of the contribution of BadA HN23 hybrid 3 to EC
binding, we had to adjust the experimental approach. The first
attempts to analyze the adherence of E. coli resulted in massive cell
destruction when HUVECs monolayers were infected for 30 min
(data not shown). It is known that lipopolysaccharide (LPS) of E.
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FIG 7 Kaplan-Meier plot of survival after infection with E. coli expressing
BadA HN23 hybrid 3. G. mellonella larvae were infected with E. coli BadA
HN23 hybrid 3 (resuspended in 10 ul of PBS) at 1.0 X 107 per larva (n = 30).
Two control groups were included: uninfected G. mellonella larvae (n = 30)
inoculated with sterile PBS (injection control) and E. coli (empty vector con-
trol; 1.0 X 107)-infected G. mellonella larvae (n = 30). p.i. [d], days postinfec-
tion. ¥, significant difference in larva survival between vector control and BadA
HN23 hybrid 3 (P < 0.01). Data represent the cumulative results of three
independent experiments.

coli triggers rapid damage and apoptosis in ECs in vivo (39) and in
vitro (40). In contrast, LPS from B. henselae is not cytotoxic to ECs
(41), which is also reflected by the possibility of long-term culti-
vation of B. henselae-infected ECs (42). These problems were
overcome by reducing the infection time with E. coli to 15 min,
which resulted in intact EC monolayers (data not shown) allowing
to analyze adhesive properties of BadA HN23 hybrid 3 reliably in
cellular infection models. However, a missing EC apoptosis can-
not be expected when mimicking Bartonella infection with E. coli
BadA HN23 hybrid 3, as the antiapoptotic VirB/D4 type IV secre-
tion system apparatus of B. henselae is not present in E. coli (43). It
is also highly unlikely that mechanisms of BadA-mediated angio-
genic reprogramming of host cells by B. henselae (culminating in
the secretion of VEGF 24 h upon infection [2]) can be analyzed in
an E. coli-based infection model.

G. mellonella has been recently established as an in vivo infec-
tion model and is of special value when murine infection models
are not available (24, 44). Larvae of G. mellonella can be kept at
37°C, a temperature at which most human-pathogenic microor-
ganisms have their growth optimum. Moreover, the innate im-
mune system of G. mellonella is similar to that of humans and
applies to phagocytotic cells (e.g., hemocytes), antimicrobial pep-
tides (e.g., lysozyme), and reactive oxygen species (45). Employing
this infection model, expression of BadA HN23 hybrid 3 on the
surface of E. coli contributed to enhanced in vivo pathogenicity.
However, the reason for this phenomenon remains unclear.
Someone might speculate that bacteria forming aggregates (due to
autoagglutination) might be less susceptible to phagocytosis or
that attack by antimicrobial peptides can affect only the outer cell
layer in such aggregates. Additionally, expression of BadA HN23
hybrid 3 might also enable E. coli to adhere to certain insect cells,
resulting in infectious damage in the host.

We have not been successful in mimicking some other confirmed
biological functions of orthologously expressed BadA HN23 (15, 16).
For instance, recombinant BadA HN23 hybrid 3 expression did not
confer complement resistance when bacteria were exposed to human
serum for 2 h (data not shown). Although complement resistance has
been excluded for B. henselae in a previous publication (46), it is
well known that TAAs (such as YadA [33, 47] or UspA [48]) con-
fer serum resistance. From this, we conclude at least that the mem-
brane anchor of YadA and truncated and hererologously ex-
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pressed BadA do not contribute to serum resistance. Moreover,
we were not successful in detecting the immunodominant char-
acteristics of BadA in E. coli. Neither immunofluorescence-based
(according to diagnostically accepted algorithms [49]) nor exper-
imental immunoblot-based (50) testing allowed to distinguish re-
liably between control sera of healthy donors and sera of patients
suffering from a B. henselae infection (data not shown). The rea-
sons for these differences are currently unclear, and it might be
assumed that, e.g., differences in posttranslational modifications
of processed and expressed adhesins in E. coli or in B. henselae
might account for such discrepancies.

Taken together, truncated BadA can be recombinantly expressed
in E. coli by combining TAA domains, and such expression allows
the in vitro and in vivo analysis of biological phenotypes of B.
henselae in E. coli. In particular, such expression strategies might
facilitate the exact molecular analysis of domain-function rela-
tionships of BadA as they avoid the technical obstacles arising
from the slow growth and the difficulties in genetic manipulation
of B. henselae. Generally, the work described here emphasizes the
process of “domain swapping,” and this underlines the concept of
modular evolution of TAAs.
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