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A number of bacteria bind factor H (FH), the negative regulator of the alternative complement pathway, to
avoid complement-mediated killing. Here we show that a gram-negative enteric pathogen, Yersinia enterocolitica
serotype O:3, uses two virulence-related outer membrane (OM) proteins to bind FH. With Y. enterocolitica O:3
mutant strains displaying different combinations of surface factors relevant to complement resistance, we
demonstrated that the major receptor for FH is the OM protein YadA. Another OM protein, Ail, also
contributes to FH binding provided that it is not blocked by distal parts of the lipopolysaccharide (i.e., the O
antigen and the outer core hexasaccharide). Importantly, we demonstrated that surface-bound FH was func-
tional; both YadA- and Ail-bound FH displayed cofactor activity for factor I-mediated cleavage of C3b. With
truncated recombinant FH constructs, we located the binding site of Ail specifically to short consensus repeats
6 and 7 of FH, while YadA showed a novel type of FH-binding pattern and appears to bind FH throughout the
entire FH molecule. We thus conclude that Y. enterocolitica, via YadA and Ail, recruits functionally active FH
to its surface. FH binding appears to be an important mechanism of the complement resistance of this
pathogen.

The complement system is part of the primary line of human
innate immunity. It defends the host against invading microbes
by its abilities to opsonize and directly lyse microorganisms and
attract phagocytic cells to the site of microbial invasion. Com-
plement resistance (CR) is thus a crucial feature of virulent
bacteria. The gram-negative food-borne pathogen Yersinia en-
terocolitica usually causes enterocolitis, mesenteric lymphade-
nitis, and, as sequelae, postinfectious reactive arthritis and
erythema nodosum (11). Y. enterocolitica expresses the outer
membrane (OM) proteins YadA and Ail (7, 10, 12, 42, 56),
which confer resistance to both the classical pathway (CP) and
the alternative pathway (AP) of complement activation. The
latter pathway, initiated spontaneously via binding of activated
plasma C3 to the microbial surface, is especially important for
pathogen elimination. The nonspecific nature of the AP, al-
though beneficial in terms of antimicrobial defense, could have
deleterious consequences for the host if complement activation
were not tightly regulated. The main serum proteins responsi-
ble for the regulation of AP activation are factor H (FH) and
its alternatively spliced variant FH-like protein 1. FH functions
as a cofactor in factor I (FI)-mediated cleavage of C3b, inhibits
the association of factor B with C3b and participates in the
dissociation of the preformed AP C3 convertase C3bBb (28,
41, 59). FH consists of 20 short consensus repeat domains
(SCRs) of about 60 amino acid residues each (27).

A number of microorganisms have evolved the capacity to
bind FH and exploit its protective properties to avoid comple-
ment-mediated killing. The sialic acid-containing capsules of

group B streptococci and the lipooligosaccharide of Neisseria
gonorrhoeae are thought to mediate FH binding (32, 45). There
are also bacterial surface proteins which contribute to FH
binding. These include the M protein of Streptococcus pyogenes
(20), the � protein of group B streptococcus (4), OspE and
CRASP-1 of Borrelia burgdorferi (18, 26), and Por1A of N.
gonorrhoeae (44). Also, YadA has been shown to bind FH from
human serum (12, 47). Direct binding of purified FH to YadA,
however, could not be demonstrated (46).

YadA is encoded by the yadA gene located on the 70-kb
virulence plasmid (pYV) (14, 57, 61), and its expression is
under the control of the virF/lcrF-encoded transcriptional ac-
tivator driving YadA expression exclusively at 37°C (31, 51).
YadA is a homotrimeric autotransporter protein with about
44-kDa monomers that form a lollipop-shaped structure on the
bacterial surface (19, 49, 54, 60). The YadA structure includes
an N-terminal head domain, a coiled-coil stalk, and a C-ter-
minal membrane anchor (19). Serum resistance determinants
of YadA were ascribed to the stalk and membrane anchor
domains (46).

Ail is a 17-kDa protein encoded chromosomally (36, 37). Ail
is predicted to form eight OM-spanning amphipathic � strands
and four short extracellular loops (35). Ail belongs to a family
of structurally related OM proteins (5, 6, 16, 43, 55). Only one
of these proteins, Salmonella enterica serovar Typhimurium
Rck, shows functional homology, CR, to Ail (17). The CR-
conferring regions of Ail are located in the C-terminal end of
loop 2 and the N-terminal end of loop 3 (35).

The lipopolysaccharide (LPS) of Y. enterocolitica O:3, re-
quired for successful colonization of the gut (3, 52), partic-
ipates in CR indirectly. Both the LPS O polysaccharide (O
antigen [OAg]) and the outer core hexasaccharide (OC) are
linked to the inner core. Expression of both OAg and OC is
temperature regulated and optimal below 30°C. In vitro, at
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37°C, stationary-phase bacteria display reduced levels of
both OAg (1, 2) and OC (38) on their surfaces. These LPS
compounds most likely sterically block the access of com-
plement components to the OM proteins, such as small-
sized Ail (7).

In this report, we have characterized the ability of Y.
enterocolitica O:3 to bind the human complement inhibitor
FH. We show that Y. enterocolitica O:3 is able to bind
purified FH directly, as well as to acquire it from serum. To
identify the FH receptor on Y. enterocolitica, we examined
the FH-binding properties of Y. enterocolitica O:3 strains
expressing all possible combinations of YadA, Ail, OAg, and
OC. This study confirmed the FH-binding potential of YadA
and additionally revealed that Ail also binds FH. We located
the binding sites on FH for Ail at SCRs 6 and 7 and showed
that YadA appears to bind to SCRs throughout the entire
length of FH. Both YadA- and Ail-bound FH retained the
cofactor activity, suggesting that Y. enterocolitica is able to
recruit to its surface functionally active FH and that this is
an important contribution to the CR of the pathogen.

MATERIALS AND METHODS

Bacteria, plasmids, bacteriophages, and growth conditions. The bacterial
strains, plasmids, and bacteriophages used in this study are listed in Table 1. For
adsorption of goat anti-human FH antiserum and for the ability to bind 125I-
labeled FH, bacteria were grown to stationary phase overnight in 5 ml of
MedECa (7) at 37°C without shaking. For the cofactor assay and examination of
the bacterial ability to bind 125I-labeled, I-labeled, nonlabeled, or serum FH,
overnight bacterial cultures were diluted 1:20 in fresh medium and incubated for
3 h at 37°C without shaking to obtain bacteria in the exponential phase of growth.
When appropriate, antibiotics were added to the growth medium at the following
concentrations: kanamycin, 100 �g/ml in agar plates and 20 �g/ml in broth;
ampicillin, 50 �g/ml.

Complement components. FH and FI (catalog no. 341274 and 341280, respec-
tively) were supplied by Calbiochem (La Jolla, CA). C3b was generated from C3
by factor B, factor D, and Mg2� as described previously (24). FH was labeled
with 125I (NEN, Boston, MA) or NaI (catalog no. 383112; Sigma) by the Iodogen
method (48). FH constructs SCR 1-5, SCR 1-6, SCR 1-7, SCR 8-11, SCR 11-15,
and SCR 8-20 were produced in the baculovirus expression system as described
previously (29).

Antibodies and antisera. The antibodies used were horseradish peroxidase
(HRP)-conjugated rabbit anti-goat immunoglobulin G (catalog no. P449; Dako),
HRP-conjugated swine anti-rabbit immunoglobulin G (catalog no. P217; Dako),
rabbit anti-human C3c (catalog no. A0062; Dako), rabbit anti-human C3d (cat-
alog no. A0063; Dako), and goat antiserum against human FH (catalog no. A312;

TABLE 1. Bacterial strains, bacteriophages, and plasmids used in this work

Bacterial strain,
bacteriophage, or

plasmid
Description Source or

reference

Y. enterocolitica strains
6471/76 (YeO3) Serotype O:3, patient isolate, wild type; SP YAOCa 49
YeO3-Ail �ail::Km-GenBlock, Kmr; SP Y-OC 7
YeO3-Ail-R Spontaneous rough derivative of YeO3-Ail, Kmr; SP Y--C 7
YeO3-Ail-OCR Spontaneous OC mutant derivative of YeO3-Ail-R, Kmr; SP Y--- 7
YeO3-trs11 �(wzx-wbcL)::Km-GenBlock, derivative of YeO3, Kmr; SP YAO-2 53
YeO3-trs11-R Spontaneous rough derivative of YeO3-trs11, Kmr; SP YA--2 53
YeO3-OC �(wzx-wbcQ), derivative of YeO3; SP YAO-1 7
YeO3-OCR Spontaneous rough derivative of YeO3-OC; SP YA--1 7
YeO3-Ail-OC �ail::Km-GenBlock, derivative of YeO3-OC, Kmr; SP Y-O- 7
YeO3-R2 Spontaneous rough derivative of YeO3; SP YA-C 3
YeO3-028 �yadA::Km-GenBlock, derivative of YeO3, Kmr; SP -AOC2 7
YeO3-028-R1 Spontaneous rough derivative of YeO3-O28, Kmr; SP -A-C1 7
YeO3-028-OC �(wzx-wbcQ) derivative of YeO3-028, Kmr; SP -AO-1 7
6471/76-c (YeO3-c) Virulence plasmid cured derivative of YeO3; SP -AOC1 49
YeO3-R1 Spontaneous rough derivative of YeO3-c; SP -A-C2 3
YeO3-c-OC �(wzx-wbcQ) derivative of YeO3-c; SP -AO-3 7
YeO3-c-OCR Spontaneous rough derivative of YeO3-c-OC; SP -A--2 7
YeO3-c-trs8 �(wzx-wbcL)::Km-GenBlock, derivative of YeO3-c, Kmr; SP -AO-2 53
YeO3-c-trs8R Spontaneous rough derivative of YeO3-c-trs8, Kmr; SP -A--1 53
YeO3-c-Ail �ail::Km-GenBlock, derivative of YeO3-c, Kmr; SP --OC 7
YeO3-c-Ail-OC Spontaneous OC mutant derivative of YeO3-c-Ail, Kmr; SP --O- 7
YeO3-c-Ail-R Spontaneous rough derivative of YeO3-c-Ail, Kmr; SP ---C 7
YeO3-c-Ail-OCR Spontaneous OC mutant derivative of YeO3-c-Ail-R, Kmr; SP ---- 7

E. coli JM103 Sequencing host strain 34

Plasmids
pYMS4450 Promoterless yadA cloned into pL2.1; yadA, Ampr 50
pL2.1 pBR322 with the Ptac promoter, Ampr 58

Bacteriophages
�R1-37 OC-specific phage of Y. enterocolitica O:3 53
�R8-01 Infects OAg- and OC-negative Y. enterocolitica O:3 bacteria grown at

22°C
This work

a YadA, Ail, OAg, and OC SPs.
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Quidel). In immunoblotting (see below), we observed that the latter antiserum
contained a high titer of YadA-specific antibodies and these were removed from
the antiserum by 1 h of adsorption on ice with YadA-expressing bacteria, YeO3
and YeO3-R2. YadA-specific monoclonal antibodies (MAbs) 2A9, 2G12, and
3G12, raised against Triton X-114-enriched YadA, have been described earlier
(50).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotting. The samples, heated in Laemmli buffer at 95°C for 5 to 10 min,
were subjected to electrophoresis in 8 or 10% polyacrylamide gels and trans-
ferred onto nitrocellulose membranes. After blocking with 5% skim milk–phos-
phate-buffered saline (PBS), the membranes were incubated overnight at �4°C
with the appropriate primary antibody diluted in blocking solution. After washes
with PBS, primary antibodies were detected with HRP-conjugated rabbit anti-
mouse (1:2,000), rabbit anti-goat antibodies (1:2,000), and swine anti-rabbit
(1:2,000) immunoglobulins. Peroxidase activity was detected with the enhanced
chemiluminescence system.

NHS. Normal human serum (NHS) was obtained from healthy human donors
who were devoid of anti-Yersinia antibodies as described previously (7).

Binding of 125I-labeled FH to whole bacteria. A 125I-labeled FH-binding assay
was performed as described previously (18, 21, 22). Briefly, bacteria grown to
exponential or stationary phase were washed in Veronal-buffered saline (VBS;
142 mM NaCl, 1.8 mM sodium barbital, 3.3 mM barbituric acid, pH 7.4) and
suspended in VBS containing 0.1% gelatin (GVB). Bacteria were adjusted to
1010 CFU/ml in 1/3-diluted GVB and incubated for 30 min at 37°C with 125I-
labeled FH (ca. 46,000 cpm) in a total volume of 40 �l of 1/3 GVB. After
incubation, the mixtures were centrifuged (10,000 � g, 3 min) through 20%
sucrose in 1/3 VBS containing 0.1% gelatin (1/3 GVB). Tubes were frozen at
�70°C, the pellets were cut off, and the radioactivity in the pellets and super-
natants was measured in a gamma counter. The binding of FH was calculated as
a percentage of the total radioactivity input.

Binding of nonlabeled or I-labeled FH to whole bacteria. Bacteria (3 � 109)
grown to the exponential phase were washed three times in PBS (binding assay
with nonlabeled FH) or VBS (binding assay with I-labeled FH) and then incu-
bated with 6 �g of nonlabeled or I-labeled FH in a total volume of 50 �l of PBS
(nonlabeled FH) or in (i) VBS, (ii) GVB, or (iii) VBS supplemented with 100
�g/ml collagen type I (I-labeled FH). This gives a final FH concentration of 120
�g/ml, i.e., below the physiological concentration (500 �g/ml). The incubation
was performed at 37°C for 30 min with vigorous shaking (850 rpm). Ca. 108 PBS-
or VBS-washed bacteria were suspended in 15 �l of the washing buffer, and 3 �l
of 5� reducing Laemmli buffer was added. After heating, 10 �l of the samples
was subjected to immunoblotting.

Analysis of the binding of serum FH to bacteria by immunoblotting and
ELISA. Bacteria were grown to the exponential phase as described above and
washed three times in PBS. Bacteria (3 � 109) were incubated in 100 �l of 50%
heat-inactivated serum (HIS; 7) for 30 min at 37°C with vigorous shaking (850
rpm), followed by three washes with PBS. Bacteria were resuspended in PBS, and
the volume was adjusted on the basis of the optical density at 600 nm (OD600) so
that ca. 108 bacteria (in 60 �l) were transferred to enzyme-linked immunosor-
bent assay (ELISA) plate wells (Nunc PolySorp), which were allowed to dry
overnight at 37°C. At the same time, 5 � 107 bacteria (30 �l) were mixed 1:1 with
reducing Laemmli buffer and subjected to 8% SDS-PAGE and immunoblotting
with polyclonal goat anti-FH antiserum (1:2,000) as the primary antibody. Quan-
titative analysis of FH bands was performed with the Typhoon 9400 ImageQuant
analyzer (Amersham Biosciences, Piscataway, NJ).

The ELISA plate wells were washed three times with PBS, blocked with 100 �l
of 5% skim milk in PBS for 2 h at 37°C, washed again three times with PBS, and
incubated with preadsorbed polyclonal goat anti-FH antibodies diluted 1:7,500 in
5% skim milk for 1 h at room temperature (RT). After three washes with PBS,
wells were incubated with HRP-conjugated rabbit anti-goat antibodies (1:5,000)
for 1 h at RT. Wells were washed again three times with PBS, and 1,2-phenyl-
enediamine dihydrochloride substrate (Dako S2045) was added. After a 15-min
incubation, the reaction was stopped with 0.5 M H2SO4 and the OD492 was
determined. Background OD492 values (obtained with the wells not containing
bacteria but treated the same way as the bacterium-containing wells) were sub-
tracted from all of the binding values. The average OD492 background value was
0.050, with a range of 0.045 to 0.060. Experiments were repeated three times in
duplicate. In a few instances where the duplicate OD492 values differed from
each other by more than twofold, both values were excluded from the data.

Bacteriophage sensitivity assay. Bacteriophage �R8-01 (Table 1) was isolated
from sewage as described previously (53) with strain YeO3-c-trs8R as the host
strain. Bacteria were grown to the logarithmic phase in MedECa at RT. A 100-�l
aliquot of the bacterial cultures was mixed with 3 ml of melted 50°C soft agar
(0.4%). The mixtures were poured onto agar plates, and 10-�l drops of serially

diluted bacteriophages �R8-01 and �R1-37 (from 103 to 107 PFU/ml) were
spotted onto the soft agar. Plates were incubated overnight at RT, and the
sensitivity of the strain to the phages was indicated by the clear lysis zone in the
bacterial growth in the soft agar.

Purification of YadA with Triton X-114 (Tx-114). The extracts Tx-YadA (from
Escherichia coli JM103/pYMS4450) and Tx-Ctrl (the vector control extract from
E. coli strain JM103/pL2.1) were prepared as described previously (50), with
slight modifications. Briefly, bacteria were grown overnight at 37°C in 400 ml of
Luria broth supplemented with ampicillin. Bacteria were centrifuged (3,000 � g,
15 min) and incubated on ice for 1 h in 20 ml of lysis buffer (10 mM EDTA, 50
mM glucose, 25 mM Tris-HCl [pH 8.0], 5 mg/ml lysozyme). Tx-114, prepared as
described previously, was added to the lysate to a final concentration of 5%.
Extraction was carried out by incubating the mixture at 4°C for 24 h with slow
rocking. Subsequently, the mixture was incubated overnight at 37°C to separate
the water and Tx-114 phases, followed by centrifugation (4,000 � g, 10 min) to
clear the phases. The Tx-114 phase was recovered and stored at 4°C.

FH affinity blotting. Tx-YadA and Tx-Ctrl (see above) were subjected to 8%
SDS-PAGE. Proteins were electrotransferred onto nitrocellulose membrane.
The fragment of the membrane containing the proteins with molecular masses
greater than 160 kDa was cut out and blocked with 5% skim milk. Subsequently,
the membrane was incubated with the purified FH (50 �g/ml). Binding of the
protein was detected by immunoblotting with goat anti-human FH.

Cofactor assay for C3b inactivation. The cofactor assay was performed to
analyze FI-mediated cleavage of C3b to iC3b. Bacteria (4 � 109) were incubated
with FH (final concentration, 30 �g/ml) in 40 �l of 1/3 PBS for 30 min at 37°C
with shaking. After washing three times with 1/3 PBS, the bacterial concentration
of the suspension was estimated by measuring the OD600. About 109 bacteria
were pelleted and resuspended in 30 �l of PBS containing FI (final concentra-
tion, 20 �g/ml) and C3b (final concentration, 35 �g/ml). The reaction mixtures
were incubated for 45 min at 37°C with shaking. A reaction mixture in which C3b
was incubated for 45 min at 37°C with 20 �g/ml FH and FI was used as a positive
control. In addition, negative controls comprising C3b incubated without FI, FH,
or both were included. After incubation, the samples were centrifuged and
supernatants were collected, mixed with reducing Laemmli buffer, and subjected
to 10% SDS-PAGE and immunoblotting with rabbit anti-human C3c and rabbit
anti-human C3d (1:2,000) as the primary antibodies. To control FH binding to
the bacteria, the bacterial pellets were resuspended in 20 �l of 1/3 PBS, mixed
with reducing Laemmli buffer, and subjected to 8% SDS-PAGE and immuno-
blotting with nonadsorbed goat antiserum against human FH (1:2,000).

Binding of truncated recombinant FH constructs to bacteria. Bacteria were
grown to log phase and washed three times with 1/3 VBS. The bacteria (1.8 �
109) were incubated in 200 �l of 1/3 VBS alone or containing SCR 1-5, 1-6, 1-7,
8-11, 11-15, or 8-20 in equimolar (0.3 �M) concentrations for 30 min at 37°C with
shaking (850 rpm). Following incubation, bacteria were washed three times
with 1/3 VBS and bacterial pellets were suspended in 30 �l of 1/3 VBS and mixed
with Laemmli buffer. The samples were subjected to 12% SDS-PAGE, and the
truncated FH constructs were detected by immunoblotting with goat antiserum
against human FH as described above. We used control blotting to confirm that
all of the recombinant FH constructs were recognized by the goat anti-FH
antiserum.

Influence of bovine serum albumin (BSA), NaCl, and heparin on FH binding.
Bacteria (4 � 109) grown to mid-logarithmic phase were incubated with purified
FH (final concentration of 30 �g/ml) in 1/3 PBS supplemented with BSA (0 to
1,000 �g/ml), heparin (0 to 1,000 �g/ml), or NaCl (50 to 650 mM) for 30 min at
37°C. After incubation, bacteria were washed three times with 1/3 PBS. Bacteria
(5 � 108 in 30 �l of 1/3 PBS) were mixed with Laemmli buffer. The samples were
subjected to 8% SDS-PAGE and immunoblotting with nonadsorbed goat anti-
serum against human FH. Quantitative analysis of FH binding was performed
with the NIH ImageJ software. The intensities of the FH protein bands were
quantitated, and the influence of loading differences was eliminated by relating
the values to the intensity of a nonspecifically reacting bacterial protein band in
the same lane.

Statistical methods. Statistical analyses were performed with the two-sample t
test; P � 0.05 was considered statistically significant.

RESULTS

Identification of FH receptor(s) on Y. enterocolitica O:3. To
find a bacterial receptor responsible for FH binding, a set of 23
Y. enterocolitica O:3 strains, expressing YadA, Ail, OAg, and
OC in all possible combinations was used (7). In a previous
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work, we demonstrated that the level of expression of these
factors by the mutant strains was not affected by the type or
number of mutations introduced (7). For clarity, we have given
the strains a letter code for the expressed surface phenotypes
(SPs) of the strains (Table 1) as follows: YadA, Y; Ail, A; OAg,
O; OC, C. Thus, SP YAOC means that all four factors are
expressed and SP Y--C means that YadA and OC are ex-
pressed and Ail and OAg are not. Identical SP codes of dif-
ferent strains are differentiated by subscript arabic numerals
(Table 1). This set of strains was tested for the ability to bind
FH from 50% HIS both by ELISA (Fig. 1) and by immuno-
blotting (Fig. 1 and data not shown) with goat antiserum
against human FH for detection. In immunoblotting, we no-
ticed that the antiserum contained YadA-specific antibodies;
however, these were efficiently removed by adsorption with
YadA-expressing bacteria (Fig. 1D). Unless otherwise indi-

cated, the preadsorbed antiserum was used for FH detection in
all of the experiments.

FH ELISA. The results of our FH-binding analysis by ELISA
are shown in Fig. 1. In general, all strains expressing YadA
were able to bind serum FH (Fig. 1A, 53 to 326% of the
wild-type level) while much less FH binding to most other
strains occurred (Fig. 1B, 2 to 47% of the wild-type level). The
difference in FH binding between these two groups was statis-
tically significant (P � 0.0001).

As demonstrated in Fig. 1A, expression of YadA in the
absence of OAg resulted in increased binding (SP YA-C, SP
Y--C, SP Y--1, SP Y--2, and SP Y---), perhaps due to better
exposure of YadA on the bacterial surface. Interestingly, most
of the YadA-expressing strains bound as much FH as their
Ail-lacking counterparts (Fig. 1A, compare SP YAOC versus
SP Y-OC, SP YA-C versus SP Y--C, and SP YAO-1 versus SP

FIG. 1. FH binding to Y. enterocolitica O:3. (A and B) FH binding to YadA-positive and -negative strains, respectively, from 50% HIS was
quantitated by ELISA. The wild-type strain FH-binding level was set to 100% (black bars), and those of the mutant strains are expressed relative
to it. The data were obtained from three independent experiments. Error bars represent standard deviations. The factors expressed by the strains
tested are marked as follows: YadA, Y; Ail, A; OAg, O; OC, C; the strains of the same phenotype obtained by different genetic methods are
indicated by the subscript numbers 1, 2, and 3 (see Table 1 for details). The average OD492 value for wild-type strain YeO3 was 0.74 	 0.26 (range,
0.35 to 1.36). (C) Comparison of the ELISA and immunoblotting analyses of FH binding to selected Y. enterocolitica O:3 strains. (D) Presence of
cross-reacting anti-YadA antibodies in goat antiserum against human FH (Quidel). Detection of FH bound to wild-type YeO3 bacteria by
immunoblotting with the antiserum before and after adsorption with YadA-expressing bacteria is shown.
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Y-O-), suggesting that YadA is the major FH-binding OM
protein. The contribution of Ail to FH binding when YadA was
expressed could only be observed when both OAg and OC
were not produced. Thus, SP YA-- strains YeO3-OCR and
YeO3-trs11-R, missing both OAg and OC, bound significantly
more FH (P � 0.029 and P � 0.001, respectively) than the SP
Y--- strain, the Ail-negative derivative YeO3-Ail-OCR (Fig.
1A). It is worth noting that the latter strain, expressing only
YadA, was still able to bind more FH than the wild type (P �
0.001). Thus, in the absence of OAg, YadA is likely to be better
exposed and this could favor FH binding. On the contrary, lack
of OC in YadA- and OAg-expressing SP YAO-1 and SP Y-O-
strains (YeO3-OC and YeO3-Ail-OC) did not greatly affect
the bacterial capacity to bind FH. Interestingly, SP YAO-2

strain YeO3-trs11, which, as shown earlier (7), expresses less
OAg than its phenotypic counterpart SP YAO-1 strain YeO3-
OC, bound significantly more FH (P � 0.0046). This further
supports the hypothesis that in the absence of the OAg block-
ing effect, FH binding to better-exposed YadA would be facil-
itated.

LPS blocking effect. To support the conclusion of the OAg
blocking effect on YadA, we examined whether OAg could
block the access of YadA-specific MAbs 2A9, 3G12, and 2G12
to their epitopes. These MAbs recognize epitopes within the
neck and the very N-terminal region of the YadA stalk (M.
Biedzka-Sarek et al., submitted for publication). The concen-
trations of the MAbs used were adjusted so that most of the
MAb was adsorbed by YadA-expressing bacteria under the ad-
sorption conditions. The MAbs were incubated with the YadA-
positive strains expressing or lacking OAg (SP YAOC and SP
YA-C), and their YadA-negative counterparts (SP -AOC and
SP -A-C) were used as negative controls. Following incubation,
bacteria were centrifuged and the remaining amount of MAbs
in the supernatants was semiquantitated by dot blotting from
1:2 dilution series. Although differences in the adsorption of
MAbs between the YadA-expressing and YadA-negative
strains were clear, no difference between the YadA-positive
strains expressing or lacking OAg could be observed (data not
shown). These results indicated that OAg did not block the
MAb epitopes located in the N-terminal end of the stalk;
however, the possibility remains that it could block the YadA
regions that are involved in FH binding and located closer to
the C terminus and thus the OM (Biedzka-Sarek et al., sub-
mitted).

Both YadA and Ail bind FH. The YadA-negative mutants
also provided evidence for the involvement of YadA in FH
binding (Fig. 1B). Almost all YadA-negative strains bound less
FH than the wild-type strain. The exceptions were SP -A--1,2

strains YeO3-c-trs8-R and YeO3-c-OCR, which express Ail in
the absence of both OAg and OC (Fig. 1B). These strains
bound amounts of FH comparable to that bound by the wild-
type strain. These observations suggest that to bind FH, Ail
needs to be very well exposed on the OM since neither the
removal of OAg in the SP -A-C1,2 strains (YeO3-O28-R and
YeO3-R1) nor that of OC in the SP -AO-1-3 strains (YeO3-
O28-OC, YeO3-c-trs8, and YeO3-c-OC) was enough to facil-
itate Ail-mediated FH binding (Fig. 1B). To demonstrate the
masking potential of LPS, we compared the sensitivities of
different Y. enterocolitica O:3 strains, grown at RT, to bacte-
riophages �R1-37 and �R8-01 (Table 2). The results obtained

supported the LPS masking hypothesis. �R1-37 could reach its
OC receptor only in the absence of blocking OAg, and �R8-01
infection took place exclusively when both OAg and OC were
not expressed (Table 2). This suggests that the still unknown
receptor of �R8-01 does not protrude far from the OM and is
efficiently masked by both OC and OAg. While �R1-37 infec-
tivity was not affected by the growth temperature of the host
bacteria, bacteriophage �R8-01 produced almost no plaques
on bacteria grown at 37°C (data not shown). Thus, the �R8-01
receptor is either strongly downregulated at 37°C or masked by
surface structures expressed under these conditions (other that
OAg or OC).

In general, the immunoblotting and ELISA results corre-
lated well (Fig. 1 and data not shown). Only YeO3-c-Ail-OCR,
YeO3-trs11, and YeO3-Ail-R showed relatively higher FH
binding in ELISA than in immunoblotting. We can only spec-
ulate that this may be due to some nonspecific reactivity in
ELISA.

Collectively, these results demonstrated that Y. enterocolitica
could acquire FH from human serum and that YadA was the
main FH receptor on the bacterial surface. In addition to
YadA, Ail was able to bind FH but solely when not masked by
LPS OAg and OC.

FH bound to Y. enterocolitica is functional. FH functions in
the negative regulation circuit of AP activation. Specifically, it
acts as a cofactor in FI-mediated progressive cleavage of the
C3b 
� chain into several fragments (67, 43, 41, and 30 kDa).
With the cofactor assay, we aimed to examine whether YadA-
and Ail-bound FH remains functionally active. Y. enterocolitica
bacteria were incubated with purified FH, and after intensive
washes, bacteria were incubated with purified FI and C3b.
Following incubation, the samples were centrifuged and super-
natants were analyzed for C3b cleavage with the mixture of
anti-C3c and anti-C3d antibodies that recognizes both the in-
tact C3b 
� chain and its cleavage products while the lysed
pellets were examined for FH deposition on bacteria with goat
anti-FH antiserum (Fig. 2).

Similar to FH binding from HIS, purified FH could be de-
tected on YadA-expressing bacteria while Ail bound FH only
in the absence of LPS (Fig. 1 and 2). Bacteria that expressed

TABLE 2. Characterization of the LPS masking effect by analysis
of the phage sensitivities of bacteria grown at 22°C

Strain SP
(22°C) �R8-01 �R1-37

YeO3 --OC � �
YeO3-c --OC � �
YeO3-Ail --OC � �
YeO3-c-Ail --OC � �
YeO3-OC --O- � �
YeO3-c-OC --O- � �
YeO3-Ail-OC --O- � �
YeO3-c-Ail-OC --O- � �
YeO3-R2 ---C � �
YeO3-R1 ---C � �
YeO3-Ail-R ---C � �
YeO3-c-Ail-R ---C � �
YeO3-OCR ---- � �
YeO3-c-OCR ---- � �
YeO3-Ail-OCR ---- � �
YeO3-c-Ail-OCR ---- � �
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Ail in the presence of LPS or were YadA and Ail negative (SP
--OC and SP ---) bound negligible amounts of FH. This further
indicated that neither OAg nor OC directly binds FH. On the
other hand, we could also see slightly more binding of purified
FH to YeO3-c-Ail-OCR (SP ---) than to YeO3-c-Ail or YeO3-
028 (SP --OC and SP -AOC2, respectively; Fig. 2). This could
also mean that the loss of the LPS surface structures might
have generated or exposed novel FH-binding specificities such
as the LPS inner core or small OM proteins.

The ability of Y. enterocolitica strains to cleave C3b in the
presence of FI was reflected in their ability to bind FH. FH
bound to the wild-type (SP YAOC), SP Y-OC, and SP -A--2

bacteria retained its cofactor activity, as shown by the cleavage
of the C3b 
� chain into 67-, 43-, and 41-kDa fragments (Fig.
2, left panel; note the reduction of the intact 
� band intensity
and the simultaneous appearance of the 
� cleavage frag-
ments). No or very modest cofactor activity was observed with
SP -AOC1, SP -AOC2, SP --OC, and SP --- bacteria displaying
no or scarce FH on their surface.

These results showed that YadA- and Ail-bound FH func-
tions as an FI cofactor for C3b cleavage.

Purified FH binds directly to YadA. As the analyses de-
scribed above suggested that Y. enterocolitica binds purified FH
via both YadA and Ail, we wanted to further show that the
interaction between YadA, the main FH receptor on Y. entero-

colitica, and FH is direct. To this end, Tx-114 membrane pro-
tein extracts from E. coli expressing YadA (Tx-YadA) and E.
coli carrying the empty vector (Tx-Ctrl) were prepared. The
extracts were subjected to SDS-PAGE and transferred onto
nitrocellulose membrane. The fragment of the membrane con-
taining the proteins with molecular masses greater than 160
kDa was cut out and incubated with purified FH. As shown in
Fig. 3A, binding to Tx-YadA, but not to Tx-Ctrl, was detected.

Since demonstration of direct binding of purified FH to Y.
enterocolitica with 125I-labeled FH was not successful earlier
(46), we also repeated 125I-labeled FH-binding experiments by
following a protocol successfully applied to streptococci and
Borrelia (18, 21, 22). These experiments, however, failed to
demonstrate any FH binding (data not shown). To verify
whether 125I labeling affected FH tyrosines involved in the
interaction with Y. enterocolitica, the binding experiment was
repeated with FH labeled with nonradioactive I. I-labeled FH,
however, was acquired by Y. enterocolitica O:3 as efficiently as
the nonlabeled regulator (data not shown). We then examined
the effect of the buffers commonly used in the 125I-labeled
FH-binding assay, such as VBS and GVB. In the latter, gelatin
is used to nonspecifically prevent bacterial aggregation. With
YadA-expressing Y. enterocolitica O:3, however, the effect was
quite the opposite and strong aggregation of bacteria was ob-
served. This resulted in a significant reduction of the binding of
nonlabeled FH (Fig. 3B). Gelatin is a denatured form of col-
lagen and has been shown to inhibit 50% of YadA-mediated
collagen binding (13). Thus, the lack of 125I-labeled FH bind-
ing to Y. enterocolitica O:3 in GVB could result from the
blocking of FH-specific sites on YadA by gelatin and/or by the

FIG. 2. The cofactor activity of FH bound to the bacterial surface.
In the left and middle panels, bacteria were preincubated with FH
(final concentration, 30 �g/ml), washed extensively, and exposed to FI
and C3b. Bacterial surface-bound FH is indicated by the asterisk, while
in the control panel at the right, reactions were carried out without
bacteria. C3b and its cleavage products were detected in the superna-
tants with a mixture of polyclonal antibodies against C3c and C3d.
Inactivation of C3b is demonstrated by the reduced intensity of the
C3b 
� chain and the appearance of the 
� chain cleavage fragments of
67, 43, and 41 kDa. FH bound to bacteria was detected in pellets by
immunoblotting with polyclonal antiserum against human FH. A non-
specific bacterial protein band recognized by the anti-FH antiserum is
shown as a loading control (LC). The factors expressed by the tested
strains are marked as in Fig. 1.

FIG. 3. Binding of FH to YadA. (A) Binding of purified FH to
YadA shown by affinity blotting. Triton X-114 membrane protein ex-
tracts from E. coli expressing YadA (Tx-YadA) or from E. coli carrying
the empty vector (Tx-Ctrl) were subjected to 8% SDS-PAGE and
transferred onto nitrocellulose membrane. The part of the membrane
containing the proteins with molecular masses greater than 160 kDa
was incubated with purified FH. Binding of FH was detected by im-
munoblotting with preadsorbed goat anti-human FH and HRP-conju-
gated rabbit anti-goat antibodies. Binding of FH to the YadA band is
indicated by the arrow. (B) Divergent effects of gelatin and collagen on
FH binding to YadA. Binding of purified FH to YadA-expressing
wild-type Y. enterocolitica bacteria was tested in VBS (gelatin free),
GVB (contains 0.1% gelatin), or VBS supplemented with type I col-
lagen (0.01%). After extensive washings, bound FH was identified by
immunoblotting with nonadsorbed polyclonal antiserum against hu-
man FH. The use of nonadsorbed serum allowed the simultaneous
detection of the YadA band (indicated by the arrow), which served as
a loading control.
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strong gelatin-induced aggregation. Interestingly, when the
gelatin in the buffer was replaced with collagen, a significant
increase in the amount of Y. enterocolitica O:3-bound FH was
observed. Our preliminary studies show that collagen per se is
able to bind FH (Fig. 3B). Thus, by binding to collagen, Y.
enterocolitica could also indirectly acquire FH, thereby increas-
ing its chances to avoid complement attack. More studies elu-
cidating the role of collagen as a shield protecting Y. enteroco-
litica against complement attack are warranted.

Locations of YadA- and Ail-binding sites on FH. To identify
the FH region(s) involved in binding to Y. enterocolitica O:3,
we examined the binding of truncated recombinant FH frag-
ments representing SCRs 1-5, 1-6, 1-7, 8-11, 11-15, and 8-20 to
wild-type (SP YAOC), SP Y-OC, SP -A--2, and SP --- bacteria.

Bacteria were incubated with truncated fragments of FH
and washed, and whole-cell lysates were subjected to SDS-
PAGE and immunoblotting with a goat anti-FH antiserum that
recognizes all of the FH fragments tested (Fig. 4B). As shown
in Fig. 4A, all of the FH fragments bound to wild-type bacteria
and the YadA-expressing strain of SP Y-OC. The Ail-express-
ing strain, SP -A--2, on the other hand, specifically bound only
SCRs 1-6 and 1-7. Ail binding to SCRs 1-5, 8-11, and 8-20 was
at the level of the negative control SP --- strain and thus was
not considered specific (Fig. 4A).

On the basis of these results, we conclude that the binding
site for Ail on FH is located within SCRs 6 and 7 while YadA
appears to bind throughout the entire FH.

Effects of salt and heparin on FH binding to Y. enterocolitica.
The nature of FH binding to YadA and Ail was examined by
using the wild-type strain and strains expressing either Ail (the
SP -A--2 strain) or YadA (the SP Y-OC strain). Bacteria were
incubated with purified FH in 1/3 PBS or 1/3 PBS supple-
mented with NaCl to create a salt concentration gradient rang-
ing from 50 to 650 mM. After incubation with FH, the bacteria
were washed, whole-cell lysates were run in SDS-PAGE, and
the bound FH was detected with goat antiserum against human
FH. The results showed that FH binding to Ail by the SP -A--2

strain was maximal at the lowest salt concentration and de-
creased dramatically with increasing salt concentrations (Fig.
5A). To the contrary, YadA-mediated FH binding was more
salt resistant and only a twofold decrease in FH binding to the
SP Y-OC strain was observed at an NaCl concentration of 250
mM (Fig. 5A). FH binding to the wild-type bacteria under
these conditions was not affected and dropped slightly only at
an NaCl concentration of 650 mM (Fig. 5A).

Heparin interaction sites for FH have been mapped to SCRs
7, 13, and 20 (8, 9, 40). We tested whether heparin inhibits the
binding of FH to YadA- or Ail-expressing bacteria (Fig. 5B).
Bacteria were incubated with purified FH in the presence of
heparin (0 to 1,000 �g/ml) in 1/3 PBS, and the bound FH was
detected by immunoblotting as described above. Heparin effi-
ciently inhibited FH binding to the SP -A--2 strain, such that
even at the lowest heparin concentration used, 1 �g/ml, FH
binding was almost completely abolished (Fig. 5B). This indi-
cates that the binding sites for heparin and Ail on FH are likely
to be identical or at least overlap. This also corroborates our
above observation that the Ail-binding site on FH resides on
SCRs 6 and 7. The YadA-mediated FH binding determined
with the SP Y-OC strain was only affected at a heparin con-
centration of 100 �g/ml and did not drop further at 1,000
�g/ml, the highest concentration of heparin used. This finding
is supported by the ability of YadA to bind all of the truncated
FH fragments (Fig. 4A). As wild-type bacteria express both
YadA and Ail but the latter is likely to be blocked by the LPS,
binding of FH occurs mainly via YadA. Thus, similar to the SP
Y-OC strain, FH binding to the wild-type bacteria was slightly
reduced only at the highest heparin concentrations used, 100 to
1,000 �g/ml (Fig. 5B).

FH binding to all of the three strains tested was affected only
by the highest BSA concentration used (1,000 �g/ml, 25% of
control binding; data not shown), indicating that YadA- and
Ail-mediated binding to FH is specific.

In conclusion, the FH-Ail interaction appears to depend on
ionic interactions between the proteins and Ail shares the
binding site on FH with heparin. On the contrary, the
YadA-FH interaction is more salt and heparin resistant.

DISCUSSION

The binding of the AP regulator FH to Y. enterocolitica
serotype O:3 was characterized in this work. We showed that Y.
enterocolitica is able to recruit FH both from serum and in a
purified form, suggesting that the Y. enterocolitica-FH interac-
tion is direct and independent of other serum proteins. Rele-
vant to the importance of this interaction in bacterial patho-
genesis, we also demonstrated that FH bound to bacteria

FIG. 4. (A) Mapping of the binding region on FH for YadA and
Ail of Y. enterocolitica O:3. Strain YeO3 (SP YAOC), YeO3-Ail (SP
Y-OC), YeO3-c-OCR (SP -A--2), and YeO3-c-Ail-OCR (SP ---) bac-
teria were incubated with truncated recombinant FH constructs rep-
resenting SCRs 1-5, 1-6, 1-7, 8-11, 11-15, and 8-20. Following incuba-
tion, the bacteria were washed and whole-cell lysates were run in 12%
SDS-PAGE and analyzed by immunoblotting with goat anti-FH and
HRP-conjugated rabbit anti-goat antibodies. The factors expressed by
the strains tested are marked as in Fig. 1. (B) Detection of recombi-
nant FH constructs with goat anti-FH antiserum and HRP-conjugated
rabbit anti-goat antibodies.
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retained its biological function and acted as a cofactor for
FI-mediated cleavage of C3b.

To identify FH receptors on Y. enterocolitica, we examined
the FH-binding potential of strains expressing different com-
binations of the putative serum resistance determinants YadA,
Ail, OAg, and OC. In general, FH binding to these strains (Fig.
1A and B) correlated well with their serum sensitivity exam-
ined in the previous study (7). We demonstrated that both
main serum resistance factors of Y. enterocolitica O:3, YadA
and Ail, bind FH. YadA was shown to be the major FH binder,
while Ail contributed to FH binding only when not blocked by
OAg and OC. Both YadA- and Ail-bound FH displayed a
cofactor activity.

China et al. identified YadA as an FH receptor based on an
affinity blotting experiment by incubating membrane-bound
YadA with NHS, and FH binding to the YadA band was
detected with anti-FH antibodies (12). In this work, we dem-
onstrated a direct interaction between YadA and FH with an
analogous affinity blotting experiment; however, instead of
whole serum, purified FH was used. Binding of FH to the
YadA band was detected (Fig. 3), suggesting that the
YadA-FH interaction is direct and does not require other
complement proteins or serum factors. Earlier attempts to
show a direct interaction between YadA and purified radiola-
beled FH had failed (46). Here we provided evidence that the
failure could result from the presence of gelatin in the assay
buffer (Fig. 3B). To further alleviate the biological significance
of the YadA-mediated FH binding, we showed that YadA-
expressing bacteria could use FH to efficiently promote FI-
mediated cleavage of C3b, the key protein of complement

activation. This is in accordance with studies showing that
more C3b deposits on bacteria lacking YadA (12, 56).

Finally, we showed that YadA bound truncated recombinant
FH fragments representing the entire FH and that the binding
was not affected by heparin (Fig. 4 and 5). Such interaction
with all parts of FH has not been reported earlier for any other
microbes. In general, the C terminus of FH has been identified
as the favorite site targeted by microbes, e.g., B. burgdorferi, N.
gonorrhoeae, and Candida albicans (18, 33, 45). The central
part of FH was shown to be a target for Streptococcus pneu-
moniae (22), while S. pyogenes and B. burgdorferi were shown to
engage the N-terminal portion of FH, SCR 7 (25, 26, 39). SCR
fragment 1-5 contains the domain responsible for the regula-
tory functions of FH, i.e., the cofactor and decay-accelerating
activities (15, 28, 30). As YadA-bound FH acted as a cofactor
for FI-mediated cleavage of C3b, the SCR 1-5 interaction
apparently did not interfere with these regulatory functions
of FH.

Ail-mediated serum resistance has been evident only when
YadA has been deleted from the bacteria or when Ail has been
expressed in E. coli (10). The molecular mechanism of Ail-
mediated resistance has been unknown. In this study, we have
shown that Ail, in addition to YadA, is able to recruit FH when
well surface exposed. Heparin efficiently blocked FH binding
to Ail, and that supported the finding that the binding domain
of Ail on FH is located within SCRs 6 and 7. In addition, we
showed that the Ail-FH interaction is ionic in nature and that
Ail-bound FH retains an FI cofactor activity (Fig. 3 and 5).

LPS OAg and OC alone are not able to protect Y. entero-
colitica O:3 bacteria against complement-mediated killing (7).

FIG. 5. Characterization of FH interaction with Y. enterocolitica. The effects of NaCl (A) and heparin (B) on the binding of purified FH to Y.
enterocolitica O:3 strains YeO3 (SP YAOC), YeO3-Ail (SP Y-OC), YeO3-c-OCR (SP -A--2), and YeO3-c-Ail-OCR (SP ---) are shown. Bacteria
were incubated with FH (final concentration, 30 �g/ml) in 1/3 PBS with various amounts of NaCl (100 to 650 mM) or heparin (0 to 1,000 �g/ml).
Following incubation, the bacteria were washed and whole-cell lysates were subjected to 8% SDS-PAGE and immunoblotting with the nonad-
sorbed goat antiserum against human FH. Quantitative analysis of FH binding was performed with the NIH ImageJ software. The intensities of
the FH protein bands were quantitated, and the influence of loading differences was eliminated by relating the values to the intensity of a
nonspecifically reacting bacterial protein band in the same lane (loading control [LC]). The FH-binding level of the bacteria incubated in 1/3 PBS
alone was set to 100, and the FH-binding level of the bacteria in 1/3 PBS supplemented with NaCl (100 to 650 mM) and heparin (1 to 1,000 �g/ml)
was expressed relative to the FH-binding level of the bacteria in 1/3 PBS alone. The factors expressed by the strains tested are marked as
in Fig. 1.
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In this study, we further showed that they do not participate in
the recruitment of FH onto the Yersinia surface. Our results
clearly showed that FH binds primarily through YadA, regard-
less of OAg and OC expression. The absence of OAg, however,
potentiated the FH-binding capacity of YadA-expressing bac-
teria. Moreover, removal of both OAg and OC most likely
unveils Ail, the second FH receptor that was able to bind FH
solely in the absence of these distal LPS parts. The blocking
potential of OAg and OC was clearly demonstrated by the
phage sensitivity experiments (Table 2). The expression of
OAg and OC is reduced in bacteria grown in vitro at 37°C (1,
2, 38), and this is also reflected in phage sensitivity data (23,
53). How bacteria regulate LPS expression during infection in
the host is not known. One cannot exclude, however, the pos-
sibility that, at a certain stage(s) of infection, Ail, due to sup-
pressed expression of the LPS distal parts, is unveiled and
functions as an FH receptor.

Conclusions. In conclusion, we have demonstrated that
YadA and Ail mediate FH binding to Y. enterocolitica O:3 but
the latter only when well surface exposed. We located the
Ail-binding sites on FH to SCRs 6 and 7 and showed that
YadA binds to the entire length of FH. As both YadA- and
Ail-bound FH functions as a cofactor for FI, it is very likely
that it protects Y. enterocolitica O:3 against AP-mediated
killing.
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29. Kühn, S., and P. F. Zipfel. 1995. The baculovirus expression vector pBSV-
8His directs secretion of histidine-tagged proteins. Gene 162:225–229.
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