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Growth of Bartonella henselae is strongly heme dependent, and B. henselae is unable to synthesize heme itself.
At least five outer membrane-associated proteins from B. henselae bind hemin, including the 31-kDa protein
designated Pap31. The gene of this protein was heterologously expressed in Escherichia coli M15(pREP4) and
detected with monoclonal antibodies in the outer membrane fraction. Complementation of the hemA-deficient
mutant E. coli K-12 EB53 (aroB tsx malT hemA) with pap31 demonstrated that this protein is involved in heme
acquisition and may be an important virulence factor in the pathogenesis of B. henselae.

Bartonella henselae is a fastidious, pleomorphic, gram-nega-
tive rod; it is the major pathogen of cat scratch disease and is
one of the agents of bacillary angiomatosis peliosis (23). Cats
are the natural host of B. henselae (24). The bacterium shows
an unusual erythrocyte parasitism (13, 21), and in vitro growth
occurs only on media containing hemin or blood. In a recent
study (25), it was demonstrated that hemin is essential for
growth of B. henselae. The heme precursor protoporphyrin IX
alone or in combination with FeCl2 or FeCl3 did not support
growth, indicating that this bacterium cannot synthesize hemin
itself. Neither transferrin nor lactoferrin can serve as a growth
factor for B. henselae (25). It seems obvious that Bartonella spp.
need a heme capture system to secure this essential factor for
successful replication in their host.

Heme is a source of iron for a variety of gram-negative
bacteria, including Yersinia spp., Escherichia coli, Neisseria
spp., Haemophilus influenzae, Haemophilus ducreyi, Porphy-
romonas gingivalis, and Vibrio spp. (16, 28). The major mech-
anisms by which gram-negative bacteria acquire heme from
their hosts involve either direct binding to specific outer mem-
brane receptors or release of bacterial hemophores which in-
teract in the extracellular environment with the heme source
and present it to specific receptors (31).

For Bartonella quintana, as many as eight different hemin-
binding proteins (HBPs) have been identified, including 30-,
42-, and 87-kDa proteins (6). The 30-kDa protein of B. quin-
tana (HbpA) shows a close homology (49% identity) to a
31-kDa protein (Pap31) of B. henselae (6). The sequence of the
pap31 gene was already described by Bowers et al. in 1998, but
the protein was not further characterized (3). The Pap31 pro-
tein was originally suspected to be a phage-associated mem-
brane protein in B. henselae and to play a role in the packaging
of the 14-kb DNA within the phage. Bacteriophage-like parti-
cles are also known from Bartonella bacilliformis and seem to
be present in B. quintana, Bartonella doshiae, and Bartonella
grahamii (1).

Heme uptake mechanisms of B. henselae have not been
characterized to date, and no HBPs are described from this
pathogen. The goal of this study was to investigate the molec-
ular mechanisms of heme acquisition by B. henselae. Using
different methods, we detected at least five HBPs, including
the Pap31 protein, in B. henselae. We present the character-
ization of Pap31 as an outer membrane HBP, the functional
heterologous expression of Pap31 in E. coli, and the successful
complementation of the hemA-deficient mutant E. coli K-12
EB53.

All bacterial strains and plasmids used in this study are listed
in Table 1.

Cell fractionation and detection of outer membrane pro-
teins of B. henselae. B. henselae (ATCC 49882) cultures were
grown on chocolate agar plates as described previously (24).
Cell fractionation was performed by the Sarkosyl method (32).
In short, B. henselae organisms were harvested from 25 choc-
olate agar plates, washed in phosphate-buffered saline, resus-
pended in 10 ml of distilled water, and broken by sonication
(three times for 60 s, with a 30-s cooling period between each
burst) at 4°C. Sodium N-laurosyl sarcosinate (Serva, Heidel-
berg, Germany) was added to a final concentration of 2%
(vol/vol), and the mixture was incubated at room temperature
for 30 min. The outer membrane-peptidoglycan complex was
recovered by centrifugation at 28,000 rpm in an SW28 rotor for
60 min, washed twice in distilled water containing 0.2 mM
PMSF (phenylmethylsulfonyl fluoride) (Roche, Mannheim,
Germany), resuspended in 0.5 ml of the same solution, and
stored frozen at �20°C until use. The sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was per-
formed by the method of Laemmli (14) as described previously
(26). The soluble and insoluble protein fractions of B. henselae
are presented in Fig. 1.

Identification of B. henselae HBPs and detection of Pap31 as
an outer membrane protein. HBPs of the outer membrane
fraction of B. henselae were identified by hemin-binding blots
as described by Carrol et al. (6) and by hemin-agarose binding
assays (15). The proteins in the hemin-binding blot were de-
tected with diaminobenzidine (DAB) (Roche Diagnostics).

Multiple HBPs were detected with both methods in the
outer membrane fraction of B. henselae (Fig. 2A, lane 2, and
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2B, lane 5), but no strong reactions were seen in the cytoplas-
mic and inner membrane fractions (Fig. 2A, lane 1). We se-
lected from the hemin-reactive proteins the five most domi-
nant bands (the 31-, 34-, 43-, 80-, and 89-kDa proteins) for
further studies. The 31- and 43-kDa proteins already showed a
brown color prior to detection with DAB. The N-terminal
sequences of the 31-, 34-, and 43-kDa proteins were deter-
mined by Edman degradation by using a model 477 A gas
phase protein sequencer (Applied Biosystems) as described
previously (26). BLASTp searches for the 31-, 34-, and 43-kDa
proteins showed 100% matches to the Pap31 protein (for the
31- and 34-kDa proteins) (3) and to the Omp43 protein (for
the 43-kDa protein) (4) of B. henselae. The amino acid se-
quence of Pap31 showed a 49% identity to the 30-kDa HBP

HbpA from B. quintana (6). A very dominant HBP of 60 kDa
was detectable especially in the hemin-agarose binding assay.
N-terminal sequencing of this protein revealed that it was
identical with the already known 60-kDa heat shock protein of
B. henselae (11).

mRNA expression of pap31 in B. henselae and of recombi-
nant pap31 in E. coli. (i) Recombinant DNA techniques. Plas-
mid extraction and plasmid transformation were described pre-
viously (2, 5, 29). Standard cloning, ligation, and restriction
enzyme analysis were done according to the methods of Sam-
brook and Russell (22). PCR was performed by using the Pwo
polymerase from Peqlab (Erlangen, Germany) in accordance
with the manufacturer’s specifications. Heterologous expres-
sion of the pap31 gene in E. coli M15(pREP4) was done in the
expression vector pQE60 (Qiagen, Hilden, Germany), intro-
ducing an N-terminal NcoI restriction site and a C-terminal
HindIII restriction site via PCR for the cloning procedure.
Expression was induced by adding IPTG (isopropyl-�-D-thio-
galactopyranoside) to a final concentration of 1 mM. For the
replacement of the Bartonella pap31 signal sequence with the
E. coli ompT signal sequence, megaprimer PCR was done by
amplifying the ompT signal sequence with the sense primer
5�-TGCAAGCCATTGCGAGGCCT-3� and antisense primer
5�-AACGATAACATCAGCAGCAAAAGAGCTGATCGCA
ATAGGGGTTGTCAGGA-3�. The pap31 gene without the
signal sequence was amplified with the sense primer 5�-
ATCAGCTCTTTTGCTGCTGATGTTATCGTTCCTCAT
GAAGTAGCGCCAAC-3� and the antisense primer 5�-ACC
AAGCTTTAAATCTGTGTTAATTCA-3�. These two ampli-
cons were combined and amplified with the sense primer 5�-
GCATGCGGGCGAAACTTCTGGGA-3� and the antisense
primer 5�-ACCAAGCTTTAAATCTGTGTTAATTCA-3�. Ad-
ditionally, SphI and HindIII restriction sites were included at
the ends of the newly created pap31 gene [pap31(ompT)]. The
pap31(ompT) gene was confirmed by sequence analysis by the
dideoxynucleotide chain termination method (27). This con-
struct was ligated into the expression vector pQE70 (Qiagen)
to produce the vector pRZn7-Pap31(ompT), removing the His
tag of the vector. Expression experiments were done in E. coli
M15(pREP4) in accordance with the manufacturer’s instruc-
tions. Oligonucleotide primers were purchased from MWG
Biotech, Ebersberg, Germany.

(ii) RNA isolation and RT-PCR. Total RNA was isolated
from B. henselae ATCC 49882, E. coli M15(pREP4), E. coli

FIG. 1. Coomassie blue-stained SDS-PAGE gel of the Sarkosyl-
soluble and -insoluble fractions of B. henselae ATCC 49882. M, mo-
lecular mass standard (Peqlab); lane 1, Sarkosyl-soluble fraction; lane
2, Sarkosyl-insoluble outer membrane fraction. The five HBPs dis-
cussed in the text are marked by asterisks.

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) Source or reference

Strains
Bartonella henselae Type strain ATCC 49882
E. coli K-12 EB53 aroB tsx malT hemA Generous gift of Klaus Hantke, Tübingen, Germany
E. coli M15(pREP4) Host for expression vectors pQE70 and pQE60 Qiagen
E. coli M15 pap31 As E. coli M15(pREP4) pRZn7-Pap31(ompT) This study
E. coli EB53(pREP4) As E. coli K-12 EB53 Kmr lacI p15A ori This study
E. coli EB53 pap31 As E. coli EB53(pREP4) pRZn7-Pap31(ompT) Kmr This study

Plasmids
pQE60 Expression vector; ColE1 PT5 lacO Ampr Qiagen
pQE70 Expression vector; ColE1 PT5 lacO Ampr Qiagen
pRZn7-Pap31 (ompT) As pQE70 pap31(ompT) This study
pREP4 lacIq Kmr p14A ori Qiagen
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M15(pREP4) harboring pQE70, and from induced and unin-
duced E. coli M15 pap31 by using a NucleoSpin RNAII kit
(Clontech, Heidelberg, Germany) with an additional DNase I
digestion (Ambion, Huntingdon, United Kingdom). Contami-
nating DNA was excluded by a PCR with the total RNA as the
template and with the sense primer 5�-ATGCCTTATGTTGC
TGGT-3� and antisense primer 5�-GAATTTGTACGCTACA
CCAA-3�. Reverse transcription of 0.5 �g of total RNA was
performed with the Omniscript reverse transcriptase (Qiagen)
by using the primer 5�-GAATTTGTACGCTACACCAA-3�.
Reverse transcriptase (RT)-PCR was done with 2 �l of RT
reaction mixture and the Taq polymerase (Roche Diagnostics)
by using the same primer as for the reverse transcription with
the sense primer 5�-ATGCCTTATGTTGCTGGT-3� for re-
combinant pap31 and the sense primer 5�-ATGTGAAACCG
ATGCGGT-3� for wild-type pap31, which amplify 291- and
535-bp fragments, respectively.

RT-PCR of pap31 in B. henselae is shown in Fig. 3A, dem-
onstrating that this gene is transcribed in B. henselae. E. coli
M15(pREP4) harboring the expression plasmid pQE60 with
the pap31 gene showed no detectable synthesis of recombinant
Pap31 and translocation of the protein to the outer membrane
(data not shown). To ensure the surface exposure of Pap31, the
signal sequence of B. henselae was omitted and replaced with
the signal sequence of the outer membrane protease OmpT of
E. coli (10), yielding pap31(ompT), which was ligated in the
expression vector pQE70 to obtain pRZn7-Pap31(ompT). The
expression in E. coli M15(pREP4) was not apparent in Coo-
massie blue-stained gels, but analysis of the cDNA by RT-PCR
(Fig. 3B, lanes 7 and 8) showed a basal mRNA expression of

pap31 before the induction with IPTG and a significantly in-
creased expression after the induction.

Detection of Pap31 in B. henselae and of recombinant Pap31
in E. coli with monoclonal antibodies. (i) Generation of the
monoclonal antibody VKS29. Female, 6- to 8-week-old
BALB/c mice were immunized with B. henselae (7) in accor-
dance with standard protocols (33). In brief, B. henselae was
grown for 5 days on Columbia agar plates. Bacteria were har-
vested in phosphate-buffered saline and heat killed for 2 h at
60°C. Mice were immunized with 100 �g of heat-killed B.
henselae. The first immunization was performed with complete
Freund’s adjuvant. Immunizations on days 21, 42, and 63 were
done with incomplete Freund’s adjuvant. Booster injections on
days 68, 69, and 70 were given without adjuvant. Hybridomas
were produced by standard protocols (9). Identification of an-
tibody-producing hybridomas was accomplished by immuno-
blotting by using B. henselae whole-cell lysates. One of the
hybridomas (VKS29) reacted with a 31-kDa protein and was
further characterized by Western blot analysis (30).

(ii) Two-dimensional electrophoretic protein pattern. Two-
dimensional gel electrophoresis was performed in a Mini-Pro-
tean II two-dimensional cell (Bio-Rad Laboratories, Munich,
Germany). Isoelectric focusing was performed by using 60 �g
of outer membrane protein and Servalyt ampholytes (Serva
Electrophoresis Co., Heidelberg, Germany) with a pI (isoelec-
tric point) range of 3 to 7. Gel preparation, buffers, and run-
ning conditions for the first dimension were as recommended
by the manufacturer. The second-dimension 12% SDS-PAGEs
were run by using a Mini-Protean II two-dimensional cell (Bio-
Rad Laboratories), and the proteins were transferred to a

FIG. 2. Identification of HBPs. (A) Hemin binding blot. M, prestained molecular mass standard (Peqlab, Germany); lane 1, cytoplasmic and
inner membrane proteins; lane 2, outer membrane proteins. (B) Hemin-agarose binding assay (silver stained). M, prestained molecular mass
standard (Bio-Rad); lane 1, outer membrane proteins; lanes 2 to 4, purification steps: lane 2, supernatant after incubation with hemin-agarose; lane
3, supernatant after washing in high-salt buffer; lane 4, supernatant after washing in low-salt buffer; lane 5, HBPs. The major HBPs of 89, 80, 43,
34, and 31 kDa are marked by asterisks.
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FIG. 3. mRNA expression of pap31 in B. henselae (A) and of recombinant pap31 in E. coli M15(pREP4) (B). The amplified PCR fragment from
B. henselae is 535 bp long, and that from E. coli is 291 bp long. MW, 100-bp molecular weight standard. (A) pap31 expression in B. henselae. Lane
1, RNA-PCR; lane 2, negative control; lane 3, positive control; lane 4, RT-PCR. (B) pap31 expression in E. coli. Lanes 1 to 4, RNA-PCR; lanes
5 to 8, RT-PCR. Lanes 1 and 5, E. coli M15(pREP4); lanes 2 and 6, E. coli M15(pREP4) with pQE70; lanes 3 and 7, E. coli M15 pap31 uninduced;
lanes 4 and 8, E. coli M15 pap31 induced.

FIG. 4. Western blot analysis of B. henselae whole-cell protein and recombinant Pap31 in E. coli M15(pREP4) with monoclonal Pap31 antibody
VKS29. (A) Outer membrane proteins. M, prestained molecular mass standard (Bio-Rad Laboratories); lane 1, E. coli M15(pREP4); lane 2, E.
coli M15(pREP4) with pQE70; lane 3, E. coli M15 pap31 before induction; lane 4, E. coli M15 pap31 after induction. The arrow indicates the
recombinant Pap31. (B) Bartonella henselae whole-cell protein sample immunoblots incubated with monoclonal antibody VKS29 (lane 1) and
polyclonal immunserum (lane 3). Lane 2, negative control with secondary antibody and without primary antibody (horseradish peroxidase-
conjugated goat anti-mouse immunoglobulin G antibody).
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polyvinylidene difluoride membrane. Protein spots were visu-
alized by using the Pap31 monoclonal antibody.

An outer membrane preparation of E. coli M15 pap31 (pre-
pared by using the same protocol as for B. henselae) showed no
visible synthesis of Pap31 in SDS-PAGE, but detection with
the monoclonal antibody VKS29 against Pap31 clearly verified
the synthesis of the recombinant Pap31 at 31 kDa in the in-
duced state and not in the controls (Fig. 4A). The specificity of
the monoclonal antibody VKS29 in a B. henselae whole-cell
immunoblot for the 31-kDa protein is presented in Fig. 4B. To
further prove the identity of recombinant Pap31 synthesized in
E. coli, a two-dimensional SDS-PAGE of the outer membranes
was performed with subsequent detection with the monoclonal
antibody. Pap31 has a calculated pI of 5.2, which is in accor-
dance with the protein spot on the two-dimensional PAGE gel
(Fig. 5B, arrow). From these data, we conclude that Pap31 is
synthesized in the outer membrane of E. coli M15 pap31.

Complementation of hemA-deficient mutant E. coli K-12
EB53. The hemA-deficient mutant E. coli K-12 EB53 (aroB tsx
malT hemA) (8) was grown on Luria-Bertani (LB) medium
supplemented with 2 �g of �-aminolevulinic acid (ALA) (Sig-
ma Aldrich Chemicals Co., Deisenhofen, Germany)/ml at
37°C. E. coli K-12 EB53 (aroB tsx malT hemA) is unable to
grow without supplementation of growth media with ALA, and

due to the mutation of the aroB gene, this strain is unable to
synthesize its own iron chelator enterochelin (8). The hemA
gene encodes Glu-tRNA-reductase, the enzyme that initiates
porphyrin synthesis by the alternative C5 pathway and is re-
sponsible for the synthesis of ALA from Glu-tRNA (20). The
E. coli K-12 outer membrane is impermeable to extracellular
hemin or its precursor protoporphyrin IX, and medium sup-
plemented with hemin does not support growth of E. coli hemA
mutants. The uptake of hemin through Pap31 should therefore
complement the hemA mutation, and E. coli K-12 EB53 should
grow on hemin-supplemented LB medium without ALA.

E. coli K-12 EB53 was first transformed with plasmid pREP4
(Qiagen) to repress the transcription of the pQE expression
vectors, yielding E. coli K-12 EB53(pREP4). E. coli K-12
EB53(pREP4) was transformed with the vector pRZn7-
Pap31(ompT) and designated E. coli EB53 pap31; the vector
pQE70 was used as a negative control. To test for spontaneous
revertants, all E. coli K-12 EB53 transformants were grown in
LB medium without �-aminolevulinate. The ability to use he-
min was tested with EB53(pREP4) and EB53(pREP4) with
pQE70 as negative controls and with E. coli EB53 pap31; each
organism was tested with and without addition of IPTG. The
complementation was done on solid media to minimize the
reversion of the hemA mutation in the absence of ALA. The
lack of reversion on solid agar was documented by the control
plates by using LB without ALA and without hemin. Under
these conditions, no growth occurred. Growth on hemin as the
sole heme source was tested by spreading 2 �l of overnight
culture in triplicate on LB agar plates without �-aminolevuli-
nate but supplemented with 5, 15, 30, 50, 100, and 150 �M
hemin containing 1 mM IPTG and no IPTG. E. coli EB53
pap31 showed a clearly visible growth at hemin concentrations
of 30 �M and higher in the induced conditions. Hemin con-
centrations of 5 �M and 15 �M could not complement the
hemA mutation. No growth at all was seen in the controls,
whereas minimal colonies appeared in the uninduced recom-
binant E. coli. We have shown in a recent study that at least 6
to 12 �M hemin was necessary for growth of B. henselae (25).

These experiments demonstrate that the pap31 gene was
necessary and sufficient to restore growth of E. coli K-12 EB53
(aroB tsx malT hemA) cells on hemin-containing media. Since
B. henselae is not able to synthesize heme itself and is not able
to grow by using the direct precursor protoporphyrin IX, we
conclude that Pap31 is one of the HBPs involved in heme
acquisition and may be an important virulence factor in this
human pathogen.

Interestingly, an alignment of the Pap31 amino acid se-
quence to related proteins in the sequence data bank gives no
hint of hemin binding or iron acquisition proteins of other
bacteria. Carroll et al. (6) found in the putative promoter
region of hbpA in B. quintana a sequence that closely resem-
bles the ferric uptake regulator (Fur) consensus sequence of E.
coli (53% identity). A similar sequence is also found in B.
henselae (ATAACTGTGGTATTTTT), showing an 82% iden-
tity to the putative Fur box of B. quintana (ATAACTGTGTC
GTTTTT) (6) and 53% to the Fur box of E. coli.

Recently, the fur gene from B. henselae was characterized by
Park et al. (19); the Fur box of this gene was not detected.
However, an autoregulatory binding sequence is also absent in
the regions upstream of fur in Bradyrhizobium japonicum (12)

FIG. 5. Two-dimensional analysis of the recombinant Pap31 with
the outer membrane proteins from E. coli M15 pap31 before and after
induction. Pap31 has an calculated pI of 5.2 and was detected with the
monoclonal Pap31 antibody VKS29. Shown are outer membrane pro-
teins from E. coli M15 pap31 before (A) and after (B) induction. The
arrow points to the recombinant Pap31 at the pI of 5. A molecular
mass standard (Bio-Rad Laboratories) is shown at the left side of each
panel.
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and Vibrio cholerae (17). Recently, Nienaber et al. (18) iden-
tified a heme uptake system in B. japonicum which is iron
regulated but does not contain a Fur box homolog sequence in
the promoter region. Considering the close genetic relation of
the Bartonella species to Rhizobium species, it might be possi-
ble that the regulation of iron uptake or heme binding is
similar to that of the Rhizobium species but different from that
of other bacterial species. Unfortunately, the transcriptional
start site is not yet identified in either B. henselae or in B.
quintana and the �35/�10 type promoter is not obvious. The
exact localization and regulation of the promoter region are
currently under investigation.
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