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The CAMP reaction was first described by Christie et al. (R. Christie, N. E. Atkins, and E. Munch-Petersen,
Aust. J. Exp. Biol. 22:197–200, 1944) as the synergistic lysis of sheep red blood cells by Staphylococcus aureus
sphingomyelinase and CAMP factor (cohemolysin), a secreted protein from group B streptococci. We observed
a CAMP-like reaction when Bartonella henselae was grown in close proximity to S. aureus on 5% sheep blood
agar. This study describes the cloning, sequencing, and characterization of a CAMP-like factor autotransporter
gene (cfa) from B. henselae. A cosmid library of B. henselae ATCC 49793 was constructed using SuperCos1 in
Escherichia coli XL1-Blue MR. Cosmids were screened for the CAMP reaction, and a quantitative cohemolysis
microtiter assay was developed using purified sphingomyelinase. Cosmid clones with the strongest cohemolytic
reaction had similar restriction enzyme patterns. A DNA fragment that expressed the cohemolysin determinant
was subcloned in a 7,200-bp StuI-BamHI fragment which contained a 6,024-bp open reading frame. The
deduced amino acid sequence showed homology to the family of autotransporters. The autotransporters are a
group of proteins that mediate their own export through the outer membrane. They contain an N-terminal
passenger region, the �-domain, and a C-terminal transporter region, the �-domain. The �-domain contained
four, nearly identical 42-amino-acid repeats and showed homology to the family of RTX (repeat in toxin)
hemolysins. The concentrated supernatant of the recombinant strain expressed a protein with a molecular
mass of 180 kDa on sodium dodecyl sulfate-polyacrylamide gel electrophoresis consistent with the calculated
molecular weight of the secreted �-domain. In conclusion, we have characterized a novel secreted cohemolysin
autotransporter protein of B. henselae.

Bartonella henselae is an extremely fastidious, pleomorphic,
gram-negative rod that has been found to be associated with
cat scratch disease, bacillary angiomatosis, and bacillary pelio-
sis (9, 12, 28, 48). Of these syndromes, cat scratch disease is the
most common and affects an estimated 25,000 people in the
United States annually, the majority of which are children (25).

Bartonella spp. are the only bacterial pathogens for humans
that engage in erythrocyte parasitism (30, 38) and require
erythrocytes or hemin supplements in order to grow in vitro
(42). Most B. henselae isolates require more than 7 days of
incubation before growth can be detected. Typically they are
plated on freshly prepared enriched (chocolate- or blood-con-
taining) medium incubated at 35 to 37°C with 5 to 10% CO2

and �40% humidity. There are two types of colony morphol-
ogy for B. henselae. They can appear as dry, irregular whitish
raised colonies or moist circular tan colonies, often in the same
culture. B. henselae colonies are not hemolytic on blood agar
(47). We, however, observed a synergistic lysis of the red cells
when B. henselae was grown in close proximity to S. aureus on
5% sheep blood agar. Cohemolysis (CAMP-like reaction) has
not been previously described for B. henselae. The CAMP
reaction, as originally described in 1944 by Christie, Atkins,
and Munch-Peterson (whose initials give rise to the eponym
CAMP) (8), is the synergistic lysis of sheep erythrocytes by

Staphylococcus aureus sphingomyelinase C (beta-toxin) and
CAMP factor (cohemolysin), a secreted 25.3-kDa protein from
group B streptococci (Streptococcus agalactiae) (36). The CAMP
reaction is performed with erythrocytes whose cell membranes
contain at least 45 mol% sphingomyelin. Human erythrocytes
have a sphingomyelin:cholesterol ratio of 1:5 and are known
not to undergo CAMP hemolysis (8).

The CAMP reaction occurs in a sequential two-step process.
The first reaction is the hydrolysis of membrane sphingomyelin
and phospholipids by the action of a sphingomyelinase or
phospholipase (11). In the second reaction, the CAMP factor
interacts with the metastable red cell membrane, leading to cell
lysis (3). A number of other gram-positive and gram-negative
bacteria are known to react positively in the CAMP test, in-
cluding Listeria monocytogenes (33), Listeria seeligeri (37), Rho-
dococcus equi (34), Pasteurella spp. (15), Aeromonas spp. (14),
certain Vibrio spp. (29), group G streptococci (44), and Acti-
nobacillus pleuropneumoniae (17).

Since the cohemolysin of B. henselae causes lysis of red
blood cells, it is considered a potential virulence factor. To
facilitate studying the role of the CAMP reaction in the patho-
genesis of B. henselae infection, we cloned and characterized
the CAMP-like factor of B. henselae. The deduced amino acid
sequence of this gene is homologous to the family of autotrans-
porters. The autotransporters are a family of diverse proteins
secreted by gram-negative bacteria that mediate their own
export through the outer membrane. They contain an N-ter-
minal passenger region, the �-domain, and a C-terminal trans-
porter region, the �-domain. This study describes the cloning,
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sequencing, and characterization of a gene encoding a novel
CAMP-like factor (Cfa) of B. henselae that possesses the char-
acteristics of an autotransporter virulence protein.

MATERIALS AND METHODS

Bacterial strains and plasmids. Characteristics of the bacterial strains and
plasmids used in this study are described in Table 1.

Media. Escherichia coli strains were routinely grown in Luria-Bertani broth
(LB). Kanamycin (50 �g/ml) was added as appropriate. S. aureus and L. mono-
cytogenes were routinely grown on Columbia blood agar base (Difco, Detroit,
Mich.) containing 5% defibrinated sheep blood (Difco) at 37°C. B. henselae was
grown on freshly prepared Columbia 5% sheep blood agar plates for 7 days at
35°C under 5% carbon dioxide. All strains were maintained at �70°C in LB
medium containing 15% glycerol.

Construction of B. henselae cosmid library. A cosmid library of B. henselae
ATCC 49793 was constructed using a SuperCos1 cosmid vector kit (Stratagene,
La Jolla, Calif.).

B. henselae genomic DNA was partially digested with BamHI. The digested
DNA was sized to yield 30- to 40-kb fragments, dephosphorylated, and then
ligated into the BamHI site of SuperCos1, previously linearized with XbaI.
Packaging of the cosmids into phage and their subsequent infection in the E. coli
strain XL1-Blue MR were performed as described by the manufacturer.

DNA manipulations and cloning. Standard methods were followed for molec-
ular biological techniques (41). Oligonucleotides were synthesized at the Hunts-
man Cancer Center Peptide and DNA facility.

CAMP test. The CAMP test for cohemolytic activity was performed on fresh
Columbia agar containing 5% sheep blood (8). The B. henselae ATCC 49793
strain was streaked on the surface of the blood agar and then incubated for 7 days
at 35°C under 5% carbon dioxide. After 7 days of growth, the sphingomyelinase-
producing S. aureus ATCC 25923 indicator strain was streaked on the surface of
the blood agar perpendicular and juxtaposed to the B. henselae streak and
incubated an additional 18 to 24 h. To test cohemolytic activity in the other test
strains, the bacterial strains were streaked on Columbia 5% sheep blood agar,
perpendicular and juxtaposed to the streaked S. aureus strain on the same day.
The plate was incubated at 37°C for 18 to 24 h and then inspected for CAMP
hemolysis.

Hemolysis and cohemolysis assay. Assays to measure hemolysin activity were
performed by a microtiter format. The hemolysis and cohemolysis assay was
performed on sheep erythrocytes (Difco), human donor erythrocytes, and feline
erythrocytes (gift of L. McGill, University of Utah, Animal Reference Pathology,
ARUP Laboratories, Salt Lake City, Utah). Strains were grown in LB broth with
the appropriate antibiotics to stationary phase with aeration at 37°C. The liquid
cultures were centrifuged 5 min at 10,000 � g in a microcentrifuge. The super-
natants were serially diluted twofold in modified Krebs-Ringer solution (KRT) in
U-bottomed wells of 96-well microtiter plates, each well containing 100 �l of 1%
(vol/vol) washed erythrocytes in KRT (19). KRT consisted of 7.5 g of NaCl, 0.383

g of KCl, 0.318 g of MgSO4 · 7H2O, and 0.305 g of CaCl2 in 1 liter of 10 mM Tris
hydrochloride (pH 7.4). Erythrocytes in KRT were also pretreated with 0.025
U/ml of S. aureus sphingomyelinase (Sigma Chemical Co., St. Louis, Mo.) for 30
min at 37°C before addition of the culture supernatants (35). The microtiter
plates were initially incubated at room temperature for 30 min and observed for
hemagglutination. Then the plates were further incubated at 37°C for 8 h and
scored for the endpoint of lysis of erythrocytes by observation of the reduction of
the red cell pellet. The titer was recorded as the reciprocal of the dilution factor
of the sample showing hemoglobin release.

Preparation and analysis of outer membrane, cytoplasmic, and secreted pro-
teins. Enriched outer membrane proteins and cytoplasmic proteins were pre-
pared by modification of the procedure by Hantke (21). Exponentially grown
cells were pelleted for 10 min at 4°C at 10,000 rpm (8,000 � g) in a Beckman
JA-20 in a 50-ml tube. The pellet was resuspended in 1 ml 0.2 M Tris, pH 8.0, and
transferred to a microcentrifuge tube. The bacteria were pelleted at 16,000 � g
for 2 min at 4°C. After decanting of the supernatant, the pellets were resus-
pended in 50 �l of 0.2 M Tris (pH 8.0) on ice. In sequence on ice, 100 �l of 0.2
M Tris (pH 8.0), 1 M sucrose, 10 �l of 10 mM EDTA (pH 8.0), 10 �l of lysozyme
(2 mg/ml), and 320 �l of distilled water were added with gentle mixing after each
addition. The mixture was incubated for 10 min at room temperature. Then 10
�l of DNase (bovine pancreatic DNase I; 1 mg/ml in 0.15 M NaCl, 50% glycerol;
Sigma) and 500 �l of 2% Triton X-100, 10 mM MgCl2, 50 mM Tris (pH 8.0) were
added. The solution was centrifuged at 16,000 � g for 30 min at 4°C. The
supernatants (cytoplasmic proteins) were suspended in 2� Laemmli’s sample
buffer. After removal of the supernatants, the pellets were washed four times
with ice-cold distilled water and then resuspended in 100 �l of 2� electrophore-
sis sample buffer.

For purification of supernatant (secreted proteins), 100-ml cultures were in-
cubated for 16 to 18 h at 37°C on a rotary shaker at 225 rpm. Culture superna-
tants were recovered by centrifugation and filtered. Ammonium sulfate was
dissolved to a final concentration of 60% saturation. The precipitate was centri-
fuged and dissolved in 3 ml of 50 mM Tris-HCl, pH 7.5, and this preparation was
dialyzed against 50 mM Tris-HCl (pH 7.5). This resulted in an approximately
10-fold concentration of the original supernatant. The protein preps were ana-
lyzed by separation on a sodium dodecyl sulfate (SDS)–4 to 15% polyacrylamide
gel (Ready Gel; Bio-Rad Laboratories, Inc. Hercules, Calif.) and stained with
Coomassie blue.

Western blot. Ten microliters of proteins (approximately 6.5 mg/ml) were
loaded to each well of a 4 to 15% SDS–polyacrylamide gel electrophoresis
(PAGE). Electrophoresis was carried out at 200 V for 30 to 60 min. The
separated proteins were then transferred to a nitrocellulose membrane at 100 V
for 1 h using the Mini-Trans-Blot electrophoretic transfer cell (Bio-Rad Labo-
ratories). The membranes were then blocked overnight at 4°C with 3% dry milk
in Tris-buffered saline (TBS) solution. Serum samples were diluted 1:200 in a
diluent wash (3% dry milk in TBS).

The serum positive for antibodies against B. henselae used for Western blotting
was pooled from 68 cases of suspected cat scratch disease cases that were

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s)a Reference or source

Bacterial strains
B. henselae Isolated from blood of a 31-year-old male with AIDS, Oklahoma City, OK, ATCC 49793 ATCC
Staphylococcus aureus Sphingomyelinase-producing strain used for CAMP test for Listeria monocytogenes, ATCC 25923 ATCC
Group B streptococcus Control strain used for CAMP test Lab stock
Listeria monocytogenes Control strain used for CAMP test Lab stock
E. coli XL1-Blue MR �mcrA183 �mcrCB-hsdSMR-mrr endA1 supE44 thi-1 recA1 gyrA96 relA1 lac 5

Plasmids
SuperCos1 Cosmid cloning vector; Kmr, Apr Stratagene

pCML75 B. henselae cfa cosmid clone from B. henselae ATCC 49793 genomic library; 29.7-kb
chromosomal fragment in SuperCos1; Kmr, Apr

This study

pCML76 B. henselae cfa subclone of pCML75 containing 7.2-kb StuI-BamHI cfa clone in a plasmid
derivative of SuperCos1 with 10� higher copy number than original cosmid; SuperCos1
derivative has a 3.4-kb fragment deleted from StuI site within SuperCos1 to the StuI site
in cfa clone; the simian virus 40 promoter sequence and cos sequences were deleted; Kmr, Apr

This study

pCML77 pCML76 with an internal 5.6-kb EcoRV-EcoRV deletion of the coding sequence of cfa; Kmr, Apr

a Kmr, kanamycin resistance; Apr, ampicillin resistance.
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submitted to ARUP laboratories (Salt Lake City, Utah) for confirmative diag-
nosis. These sera had immunoglobulin G (IgG) titers ranging from 1:512 to
1:4,096 for B. henselae, as determined by indirect immunofluorescent assay (IFA)
(Focus Technologies, Cypress, Calif.). The IFA titer of the pooled specimen was
1:1,024. The B. henselae antibody-negative sera used as a control for Western
blotting had titers of 	1:64 by IFA. The procedures followed were in accord with
the ethical standards established by the University of Utah and are in accord with
the Helsinki Declaration of 1975. Specimens were collected under approval by
the University of Utah Institutional Review Board (IRB no. 11343). Specimens
were stored at �20°C until testing commenced and were then stored at 2 to 8°C
while the evaluations were performed.

The serum was preadsorbed with E. coli XL1-Blue (containing SuperCos1
vector) whole-cell lysate. The diluted primary antibody solution was incubated
with a 1:10 (vol/vol) dilution of the lysate for 30 min with shaking at 37°C to
reduce background antibodies reacting against E. coli proteins.

After preadsorption, the sera were reacted with the membrane containing the
protein samples for 3 h on a rocking platform. The membrane was then washed
three times, changing the diluent wash every 5 min. A 1:10,000 dilution of alka-
line phosphatase goat anti-human IgG (
-chain-specific) conjugate (Sigma) was
then added to the membranes. The membrane was then incubated for 1 h and
washed as before, before the addition of 5-bromo-4-chloro-3-indolyl phosphate/
nitroblue tetrazolium (BCIP/NBT) substrate (Sigma). This reaction was carried
out for 5 to 10 min and then stopped by the addition of distilled water.

DNA sequencing. The DNA sequence was determined by the AB 3700 96
capillary DNA Analyzer from Applied Biosystems. Synthetic oligonucleotides
used as primers for DNA sequencing were synthesized by the Huntsman Cancer
Center DNA peptide facility, University of Utah.

DNA and protein database searches. The National Center for Biotechnology
Information Services were used to consult the SwissPROT, GenBank, and
EMBL databases with the BLAST algorithm (1, 20). Prediction of the signal
peptide cleavage site was performed using the SignalP 3.0 Server, http://www
.cbs.dtu.dk/services/SignalP/ (2).

Nucleotide sequence accession number. The GenBank accession number for
the sequence presented in this article is AY695890.

RESULTS

Demonstration of the CAMP effect (cohemolysis) in a B. hen-
selae ATCC 49793 strain. We analyzed B. henselae for cohe-
molytic activity by growing the organism on fresh Columbia 5%
sheep blood agar plates for 7 days at 35°C under 5% carbon
dioxide. After 7 days of growth, a sphingomyelinase-producing
S. aureus indicator strain was streaked vertically on the surface
of the blood agar perpendicular to the B. henselae streak and
incubated an additional 18 h at 37°C. The B. henselae strain
showed distinct cohemolytic zone of increased hemolysis with-
in the diffusion zone (a) of the S. aureus strain after 18 h of
growth of the S. aureus strain (Fig. 1, lane 1).

Cloning and sequencing a cohemolysin gene from B. hense-
lae ATCC 49793. To clone the cohemolysin determinant in
E. coli we constructed a cosmid library of B. henselae ATCC
49793 in SuperCos1 cosmid. Three-hundred cosmid clones
were screened by the CAMP test. Eighteen cosmid clones
exhibited at least a slight CAMP effect. Four cosmids showed
the strongest CAMP activity similar to Listeria monocytogenes
CAMP reaction and had similar restriction patterns when di-
gested with HindIII, EcoRI, or BglII. One of these cosmids,
pCML75, containing a 29.7-kb B. henselae chromosomal insert,
was restriction mapped and sequenced (Fig. 2). DNA frag-
ments of cosmid pCML75 were subcloned and tested for co-
hemolytic activity. Cohemolytic activity was isolated to a 7.2-kb
fragment on one end of the DNA insert, from a StuI restriction
site to the BamHI site within the multiple cloning site of a
plasmid derivative of SuperCos1 (Table 1), pCML76 (Fig. 2).

Figure 1 illustrates examples of the CAMP effect from var-
ious bacterial species and the cosmid clones and plasmid sub-

FIG. 1. CAMP test with B. henselae and E. coli XL1-Blue MR
recombinant strains. Strains were grown perpendicular to the S. aureus
streak (b). The diffusion zone of the sphingomyelinase produced by
S. aureus is indicated with two arrows (a). The B. henselae strain shows
the CAMP effect with increased hemolysis next to the S. aureus streak
(lane 1). The group B streptococcus control strain shows a large dis-
tinct zone with complete hemolysis next to the indicator strain (lane 2).
The Listeria monocytogenes control strain shows a mild CAMP reaction
(lane 3). The E. coli XL1-Blue MR strain containing the SuperCos1
cosmid vector shows no CAMP reaction (lane 4). The E. coli XL1-Blue
strain containing the SuperCos1 cosmid pCML75 with the 29.7-kb
insert of B. henselae chromosomal DNA shows a mild CAMP effect
(lane 5). The E. coli XL1-Blue strain containing plasmid pCML76
with the 7.2-kb subclone with the entire cfa gene and promoter shows
a distinct zone of complete hemolysis next to the S. aureus streak
(lane 6).
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clones of B. henselae DNA in E. coli. The B. henselae strain
exhibited CAMP activity, with an area of hemolysis within the
sphingomyelinase diffusion zone. The control strain of group B
streptococcus showed a large distinct zone of complete hemo-
lysis, and the L. monocytogenes control strain showed a mild
CAMP reaction. The E. coli XL1-Blue strain containing pCML75
with the 29.7–kb insert of B. henselae chromosomal DNA in
SuperCos1 showed mild cohemolysis. The E. coli XL1-Blue
strain containing plasmid pCML76 with the 7.2-kb subclone
demonstrated moderately strong CAMP activity.

The B. henselae cohemolysin is homologous to two protein
families, RTX hemolysins and autotransporters. Sequence
analysis of the 7.2-kb subclone demonstrated a 6,024-bp open
reading frame coding for 2,008 amino acids. The nucleotide
sequence is identical to nucleotide sequence at locus tag
BH13030 of the recently sequenced B. henselae Houston
strain-1 genome (GenBank accession no. YP034038). The
gene was named cfa (for CAMP-like factor autotransporter).
The open reading frame begins 160 bp downstream of a StuI
restriction site. A putative Shine-Dalgarno sequence is located
just 3 bp upstream from the initiating methionine. A signal se-
quence of 33 amino acids is predicted using the Signal P pro-
gram.

When the deduced amino acid sequence was subjected to a
BLAST similarity search the midportion of the protein and
carboxy-terminal end of the protein shows separate homolo-
gies with calcium dependent RTX (repeat in toxin) hemolysins
and the family of autotransporters, respectively. This homol-
ogy suggests that like other autotransporters, the protein has
three distinct domains: a signal peptide, a secreted �-domain,
and a transporting �-domain. The precursor form of Cfa, in-
cluding the leader sequence, presumed secreted �-domain and
the transporting �-domain has a predicted molecular mass of

214,260 and calculated isoelectric point of 4.96. The presumed
secreted �-domain has a calculated molecular mass of 179,493
and a calculated isoelectric point of 4.75. The predicted outer
membrane transporting �-domain has a calculated molecular
mass of 31,179 and isoelectric point of 8.98. In Fig. 2, the grey
area and vertical bars in the arrow representing Cfa shows the
region of homology of the translated protein with RTX family
of (repeat in toxin) hemolysins and toxins. A range of 21 to
28% identity and 36 to 48% similarity is seen with a number of
RTX toxins and hemolysins of Chromobacterium violaceum
(GenBank accession no. AAQ57990), Novosphingobium aro-
maticivorans (ZP00303863), Magnetospirillum magnetotacticum
(ZP00055704), Nitrosomonas europaea (CAD84072), and
E. coli (AE016756), from amino acids 748 to 970. Figure 3A
shows a comparison of part of this region of Cfa with the
RTX hemolysins of Chromobacterium violaceum and Nitro-
somonas europaea.

From amino acid 824 to 991, there are four nearly identical
tandem glycine- and serine-rich amino acid repeats comprised
of the following 42 amino acids in single letter code: P-S-S-V-
E-T-S-I/T-P-P-T/A-V-S-G/D-N-S-A-G-P-V-G/R-G-E/G-Q-S-
A-S/P-V-A-R-S-E-S (D-G-G-V-T-V-V-L-S). Slashes and bold-
face lettering indicate the variant amino acids. The last 9
amino acids of the 42-amino-acid sequence (in parentheses)
are only repeated three times instead of four. Although Cfa
shows some similarity to RTX toxins and contains an area of
glycine-rich repeats, the repeats are not similar to the glycine-
rich repeat consensus sequence described for RTX family of
toxins L/I/F-X-G-G-X-G-N/D-D-X (46).

A BLAST search for “short nearly exact matches” against
amino acids 3 to 33 of the 42 listed above reveals 52% identity
and 58% similarity to a repeating amino acid sequence found

FIG. 2. Restriction map of the region near the cfa gene and positions of clones. The arrows represent the cfa gene with the arrowhead showing
the direction of transcription. The diagonal hatch marks at the arrowhead represent the area of homology of the translated protein with the
�-barrel region of proteins in the family of autotransporters. The grey area and vertical bars in the stem of the arrow represent homology of the
translated protein with RTX (repeat in toxin) hemolysins. The vertical bars represent the four tandem nearly identical repeats in the amino acid
sequence. Plasmid pCML77 contains the StuI-BamHI insert from pCML76 (solid dark line) with an internal 5.6-kb EcoRV-EcoRV deletion (open
line) of the coding sequence of cfa.
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in Streptococcus gordonii platelet binding protein (serine-rich
repeat protein) GspB (AAL13053).

The last 286 amino acids of the deduced amino acid se-
quence of cfa (from 1723 to 2008) shows homology to the
family of autotransporters. A range of 23 to 28% identity and
38 to 46% similarity is seen with a number of autotransporter
proteins including E. coli YchA (BAA97898), Bordetella per-
tussis Vag8 (AAC31247), Salmonella enterica serovar Typhimu-
rium ShdA (AAD25110), S. enterica serovar Typhimurium MisL
(AAD16954), and Yersinia pestis YapH (CAC14227). Figure
3B shows a comparison of part of this region of Cfa with the
autotransporters, E. coli YchA and B. pertussis Vag8.

Expression of the cohemolysin protein in E. coli. We devel-
oped a cohemolysin microtiter assay to quantitatively measure
the amount of red blood cell hemolysis by unconcentrated
bacterial supernatants in the presence of sphingomyelinase.
We derived our protocol based on previously published hemo-
lysis assays (19) and protocols for the pretreatment of tissue
culture cells with sphingomyelinase to sensitize cells to the
effects of toxins (35). Red blood cells untreated and treated
with sphingomyelinase were tested in tandem to compare the
hemolytic versus the cohemolytic activity of the bacterial su-
pernatants (Table 2).

Panel A of Fig. 4 shows the results of a microtiter hemolysis
assay of the bacterial supernatants without pretreatment of
sheep red blood cells with sphingomyelinase. No agglutination
of the sheep red cells was observed for any of the bacterial
culture supernatants. Hemolytic activity of the culture su-
pernatant from E. coli containing the original cosmid clone,

pCML75 (Fig. 4A, row E), was minimal to none at a 1:2 dilution.
The bacterial supernatant from L. monocytogenes showed slight
hemolysis at an endpoint titer of 1:4 (Fig. 4A, row A). The bac-
terial supernatant from E. coli containing plasmid subclone
pCML76 (cfa gene and its promoter region) showed lysis of the
sheep red blood cells up to an endpoint titer of 1:8 (Fig. 4A,
row F), as observed by a reduction in the size of the red blood
cell pellet. No detectable hemolysis was observed with the bac-
terial supernatant of E. coli containing the subclone pCML77
(pCML76 with an internal 5.6-kb EcoRV-EcoRV deletion of
cfa) or with the bacterial supernatant of E. coli containing the
cosmid cloning vector SuperCos1.

Panel B of Fig. 4 shows the results of a microtiter cohemo-
lysis assay of the bacterial supernatants with pretreatment of
the sheep red blood cells with sphingomyelinase (0.025 U/ml)
for 30 min. A trace amount of hemolysis was observed directly

FIG. 3. (A) Homology between the amino-terminal region of Cfa and RTX hemolysins of Nitrosomonas europea and Chromobacterium
violaceum. (B) Homology between the carboxy-terminal region of Cfa and the autotransporters YchA of E. coli and Vag8 of B. pertussis. The
numbers in parentheses indicate the position in the unprocessed protein of the first amino acid listed. Conserved amino acids between two proteins
are indicated by colons, and substitutions of functionally similar amino acids are marked by periods.

TABLE 2. Hemolytic and cohemolytic activity of L. monocytogenes
and E. coli containing various plasmid clones on

erythrocytes of different species

Blood
source

Reactiona of erythrocytes with various bacterial species
(untreated/treated with sphingomyelinase)

L. mono-
cytogenes

E. coli
(SuperCos1)

E. coli
(pCML77)

E. coli
(pCML75)

E. coli
(pCML76)

Sheep 4/64 �/� �/� �/32 8/128
Human 2/8 �/� �/� �/� �/�
Feline 4/32 �/� �/� �/16 4/32

a Reciprocal of endpoint titer or no hemolysis (�).
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around the red blood pellet of all the treated cells, including
the red cell controls without bacterial supernatant (Fig. 4B,
row B), indicating a slight hemolytic effect with sphingomyeli-
nase treatment alone. Hemolysis was observed to an endpoint
titer of 1:64 for the L. monocytogenes positive control (Fig. 4B,
row A). Hemolytic activity of the culture supernatant from
E. coli containing the original cosmid clone, pCML75 (Fig. 4B,
row E), was enhanced with sphingomyelinase treatment to an
endpoint titer of 1:32. The bacterial supernatant from E. coli
containing plasmid subclone pCML76 (cfa gene and its pro-
moter region) also showed enhanced lysis with sphingomyeli-
nase pretreatment with lysis of the sheep red blood cells up
to an endpoint titer of 1:128 (Fig. 4B, row F), as observed by
a reduction in the size of the red blood cell pellet. No hemo-
lysis compared to negative control was observed with the bac-
terial supernatant of E. coli containing the subclone pCML77
(pCML76 with an internal deletion of cfa) or with the bacterial
supernatant of E. coli containing the cosmid cloning vector
SuperCos1.

We also performed the microtiter assay on human and feline
erythrocytes (Table 2). Human erythrocytes have been re-
ported not to undergo CAMP hemolysis (8). We observed only
slight hemolysis of the human erythrocytes without pretreat-
ment with sphingomyelinase at a 1:2 dilution of the L. mono-
cytogenes supernatant. Hemolysis was enhanced in human
erythrocytes treated with sphingomyelinase to an endpoint ti-
ter of 1:8 for L. monocytogenes. No detectable hemolysis of the
untreated or treated human erythrocytes was observed with
any of the E. coli strains containing plasmid clones. The he-
molysis and cohemolysis microtiter assay using feline erythro-
cytes showed titers that were two- or fourfold lower than what
was observed with sheep erythrocytes.

Protein and Western blot analysis of the cohemolysin pro-
tein in E. coli. We chose to examine the expression of Cfa in
E. coli by SDS-PAGE and Western blot due to the slow growth
of B. henselae in liquid and on solid media. Concentrated cul-
ture supernatants, outer membrane proteins, and cytoplasmic
proteins from E. coli containing the SuperCos1 cloning vector
and the plasmid pCML76 containing the cfa clone was sub-
jected to SDS-PAGE and Western blot analysis (Fig. 5). A
protein band of an apparent molecular mass of 180 kDa was
observed in the concentrated supernatant of the E. coli con-
taining the cfa clone (pCML76; Fig. 5A, lane 2) not seen in the
concentrated supernatant of the E. coli strain containing Su-
perCos1 (Fig. 5A, lane 1). A similar size band was observed in
the original cosmid clone pCML75 (data not shown). The
observed 180-kDa band is consistent with the molecular weight
of the predicted mature secreted protein (�-domain) of Cfa.
Slightly higher molecular weight bands are observed in the
cytoplasmic proteins of both the E. coli containing SuperCos1
and pCML76 (Fig. 5A, lanes 5 and 6). The �-domain of Cfa
with the predicted molecular mass of 31.2 kDa would be ex-
pected to be observed in the outer membrane of the bacterial
cell. The outer membrane protein preparations of the E. coli
containing SuperCos1 and E. coli containing pCML76, how-
ever, appeared identical with no additional proteins bands
observed in this region.

A Western blot of the same proteins, probed with sera pool
from 68 patients with cat scratch disease (IgG IFA titer rang-
ing from 1:512 to 1:4,096 for B. henselae) showed reactivity
against the E. coli proteins in addition to the 180-kDa pro-
tein band unique to the concentrated bacterial supernatant of
E. coli containing the cfa clone (Fig. 5B, lane 2). The same
Western blot probed with sera negative for B. henselae anti-

FIG. 4. (A) Microtiter assay of the hemolysin activity of various clones in E. coli XL1-Blue MR. Twofold serial dilutions of supernatants (except
for row B) were added sequentially to columns 1 to 8 (1:2 to 1:256) in microtiter plates to a final volume of 100 �l with 1% (vol/vol) washed sheep
erythrocytes in KRT. Row A contains supernatant of L. monocytogenes. Row B contains sheep erythrocytes with no added bacterial supernatant;
row C contains supernatant of E. coli containing SuperCos1; row D contains supernatant of pCML77; row E contains supernatant of pCML75;
row F contains supernatant of pCML76. (B) Microtiter assay of the cohemolysin activity of various clones in E. coli XL1-Blue MR. Same
experiment as that for panel A, except that sheep erythrocytes were pretreated with 0.025 U/ml of sphingomyelinase for 30 min at 37°C prior to
the addition of the bacterial supernatants. A and B are representative of at least three independent experiments.

4210 LITWIN AND JOHNSON INFECT. IMMUN.



bodies by IFA (titer 	 1:64) did not react with the 180-kDa
band (Fig. 5C, lane 2).

DISCUSSION

A diverse group of toxins, proteases, and phospholipases have
been identified as CAMP factors, including phospholipase C of
L. monocytogenes (33), Apx toxins of A. pleuropneumoniae (17),
RTX toxins of Pasteurella aerogenes (31), cholesterol oxidase of
Rhodococcus equi (34), and O-sialoglycoprotein endopeptidase of
Riemerella anatipestifer (10).

The cohemolysin Cfa of B. henselae is homologous to the
family of autotransporters. Autotransporters (or proteins with
type V secretion pathways) have three common characteris-
tics, an N-terminal signal sequence for translocation across the
inner membrane, a passenger domain (�-domain) that is trans-
ported to the cell surface, and a conserved C-terminal trans-
porter (�-domain) that facilitates secretion across the outer
membrane through a beta-barrel porin structure (24).

Although the �-domains of autotransporters are highly con-
served, the passenger �-domains are widely divergent, reflect-
ing their many different functions (22). Virulence determinants
are often secreted to the bacterial cell surface or released into
the outside environment. Numerous diverse virulence factors
have been classified as autotransporter proteins including tox-
ins proteases, lipases, hemagglutinins, and adhesions (22). A
cohemolysin or hemolysin has yet to be characterized as an
autotransporter protein.

The �-domain of Cfa shows some homology to the RTX
(repeats in structural toxin) toxins, a class of pore-forming
toxins found among various species of Pasteurella (31, 32) and
Actinobacillus (6, 7, 18) that play an important role in patho-
genesis. Pax of P. aerogenes (31) and the ApxI, ApxII, and ApxIII
RTX toxins of A. pleuropneumoniae (17) have a cohemolytic

phenotype. The RTX toxins, however, have a type I secretion
system in which secretion requires three accessory proteins
which comprise a channel spanning both the inner and outer
membranes (13). Although Cfa has a series of glycine-rich ami-
no acid repeats in the �-domain, these repeats do not fit the
repeat consensus sequence described for the RTX family of
toxins (46). Therefore, without the consensus repeats and the
operon consisting of the genes involved in transport and post-
translational modification, Cfa cannot be considered an RTX
protein.

On Western blot, the secreted �-domain of Cfa was recog-
nized by a sera pool of 68 patients with suspected cat scratch
disease, positive for B. henselae antibodies by IFA. Cfa could
be a potential candidate for immunodiagnostic test for the
identification of individuals with B. henselae antibodies. Fur-
ther studies need to be performed to establish the sensitivity
and specificity of this antigen in diagnostic tests for B. henselae
antibodies.

The carboxy-terminal domain of Cfa is highly homologous to
the �-domains of autotransporters, which form porin struc-
tures in the outer membrane to facilitate the secretion of the
passenger domain. Several B. henselae hypothetical proteins
(BH06590, BH13160, BH13180) also show a high degree of ho-
mology with the C-terminal end of Cfa. Based on the homology
of Cfa with these �-domains, an outer membrane protein of
approximately 31 kDa should be visualized on examination of
the outer membrane protein of the cfa clone pCML76 (Fig.
5A, lane 4). No new protein, however, was identified on SDS-
PAGE of the outer membrane different than the control strain
containing the cloning vector SuperCos1 (Fig. 5A, lane 3). The
protein may be either rapidly degraded or poorly expressed
and thus not detected with Coomassie blue stain. Conversely,
since the cfa gene was expressed in E. coli and not B. henselae,

FIG. 5. (A) SDS-PAGE of secreted, outer membrane, and cytoplasmic proteins stained with Coomassie blue. Lane 1, 10� concentrated
supernatant of E. coli containing SuperCos1; lane 2, 10� concentrated supernatant of E. coli containing pCML76 (cfa clone); lane 3, outer
membrane protein, E. coli containing SuperCos1; lane 4, outer membrane protein, E. coli containing pCML76; lane 5, cytoplasmic protein, E. coli
containing SuperCos1; lane 6, cytoplasmic protein, E. coli containing pCML76. The numbers on the left indicate the positions of protein standards
(in kilodaltons). The black arrow indicates the position of the 180-kDa protein. (B) Western blot transfer of panel A probed with a sera pool from
68 patients with cat scratch disease (IgG IFA titer ranging from 1:512 to 1:4,096 for B. henselae). The white arrow indicates the position of the
180-kDa immunogenic protein. (C) Western blot transfer of lanes 1 and 2 of panel A probed with patient serum negative for B. henselae antibodies
(IgG IFA titer, 	1:64).
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the protein may not be processed properly in this heterologous
host. Because of the difficulty with absorbing out anti-E. coli
antibodies, we also cannot rule out that there is not a reaction
of the antisera with a protein corresponding to a 31-kDa band
corresponding to the C-terminal protein. The lack of detection
of the �-domain outer membrane in SDS-PAGE has been
previously noted in other autotransporters, including the se-
rine protease A of Neisseria meningitidis (45). Although the
B. henselae CAMP factor shows homology to regions from
several proteins designated as autotransporters, because we
were unable to show the C-terminal protein in outer mem-
brane preparations, we do not yet have proof that the 180-kDa
protein is secreted in this manner.

Another argument against the Cfa being an autotransporter
is that the passenger domain contains nine cysteines. Most
passenger domains of autotransporter proteins contain very
few cysteine residues that contribute to disulfide bond forma-
tion and protein folding (26). Some controversy exists whether
folded proteins can be secreted through the C-terminal trans-
porter protein (4, 23, 26, 27). There are examples where folded
proteins can be secreted in this manner. The IcsA protein of
Shigella forms disulfide bonds in the periplasm and is efficiently
secreted by its native translocating unit (4). The secretion of
proteins with secondary structure by the autotransporter mech-
anism, however, probably rarely occurs (23, 26).

The precise role of the B. henselae CAMP-like factor re-
mains to be established. Cfa could potentially be a cytotoxin
with activity against various types of cells, such as endothelial
cells, epithelial cells, and leukocytes, in addition to erythrocytes.
For example, ApxIII of A. pleuropneumoniae is strongly cyto-
toxic for alveolar macrophages and neutrophils (16). Addi-
tionally, bacterial sphingomyelinase has been found to sensitize
human endothelial cells to Shiga toxin of enterohemorrhagic
E. coli 0157:H7 (35). It is postulated that sphingomyelinase is
released in the mammalian host from activated platelets and
endothelial cells (39, 40, 43). Therefore, future studies of the
cytotoxic effects of Cfa on other cell types should also include
sphingomyelinase pretreatment. In summary, the CAMP phe-
nomenon in association with the sphingomyelinase of S. aureus
has served as a useful screen to identify a potential virulence
factor of B. henselae, a novel cohemolytic autotransporter pro-
tein.
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