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Binding of the complement inhibitor factor H (fH) to the surface of Neisseria meningitidis is critical for
evasion of innate host defenses. The meningococcal vaccine candidate factor H-binding protein (fHbp) serves
as an fH ligand. We prepared 16 recombinant fHbp natural sequence variants. By enzyme-linked immunosor-
bent assay (ELISA), the variants from a New Zealand epidemic strain (fHbp ID 14) and from an endemic
United Kingdom strain (ID 15) showed 10-fold lower fH binding than a reference fHbp from an epidemic
Norwegian strain (ID 1). By surface plasmon resonance, association rate constants (ka) for fHbp ID 14 and 15
were similar to those for ID 1, but dissociation rate constants (kd) were 4- to 10-fold higher than those for ID
1. To determine the effect of fH affinity on fHbp fitness, we prepared isogenic mutants of strain H44/76 that
expressed fHbp ID 1, 14, or 15. By flow cytometry, mutants expressing fHbp ID 14 or 15 had lower fH binding
than ID 1. When incubated in plasma or blood of nonimmune donors, all three mutants showed similar
increases in CFU/ml. In contrast, an isogenic fHbp knockout mutant, which grew well in broth, was rapidly
killed in plasma or blood. Thus, although fHbp expression was required for survival of strain H44/76 in blood
or plasma, expression of two natural fHbp sequence variants with lower fH affinity had minimal or no effect
on nonimmune clearance. One reason may be the high fH concentrations in normal serum, which favor
saturation of fH binding to fHbp, even when dissociation rates varied over 10-fold.

Neisseria meningitidis is a Gram-negative bacterium that
commonly inhabits the human nasopharynx as a harmless com-
mensal organism. Certain strains possess virulence factors that
contribute to penetration of host cellular barriers (12) and
evasion of immunity. These can lead to invasion and replica-
tion of the organism in the bloodstream (15) and sepsis and
meningitis (24). Factor H-binding protein (fHbp), formerly
known as GNA1870 (17, 27) or LP2086 (7, 28), is a sparse
lipoprotein that binds the complement-inhibitor protein, factor
H (fH), to the bacterial cell surface (16). Binding of fH leads
to inhibition of the alternative complement pathway and en-
hances the ability of the organism to survive in nonimmune
human blood (16, 20, 22, 26).

Amino acid sequence variants of fHbp have been classified
by phylogenetic analyses into two subfamilies, designated A
and B, by Fletcher et al. (7) or three variant groups described
by Masignani et al. (17). Subfamily A contains variant groups
2 and 3 (v.2 and v.3), and subfamily B contains variant group 1
(v.1). More recently, Beernink and Granoff determined that
fHbp had a modular architecture consisting of five variable
segments, each derived from one of two genetic lineages (3).
Nearly all prevalent disease-causing meningococcal isolates
had fHbp sequence variants that could be classified into one of
six modular groups, designated I to VI, based on different
combinations of the variable modular segments (19). Four of

the six modular groups (approximately 40% of all sequence
variants) were natural chimeric proteins with segments derived
from different lineages.

Little information is available on the effect of fHbp sequence
variation on binding to fH. In one study, a representative fHbp
from each of the three variant groups described by Masignani
et al. (17) (i.e., modular groups I, II, and VI) was reported to
bind fH (16), but binding of fH to fHbp variants from other
modular groups has not been reported. In the present study,
we prepared recombinant fHbps representative of sequence
variants from different modular groups or expressed by prev-
alent disease-causing strains. Given the importance of fH bind-
ing on evasion of innate immune defenses, we were surprised
by large differences in fH binding by different sequence vari-
ants. To investigate the effect of fH binding on fHbp fitness, we
prepared isogenic mutants expressing different amounts of
fHbp, or expressing fHbp variants with lower or higher fH
binding, and compared their relative abilities to survive in
nonimmune human blood or plasma.

MATERIALS AND METHODS

Cloning, expression, and purification of fHbp proteins. Genes encoding 16
fHbp amino acid sequence variants (Table 1) were cloned into Escherichia coli
expression plasmid pET21b as described previously (17). The fHbp genes in
modular group I were amplified by PCR using forward and reverse primers v.1
NdeI and v.1 XhoI, respectively; those encoding modular group II proteins were
amplified using primers v.2 NdeI and v.3 HindIII; and those from modular group
IV were amplified using primers v.2 NdeI and v.1 XhoI. The corresponding genes
encoding modular groups III and V through IX proteins were amplified using
primers v.2 NdeI and v.2 XhoI. The plasmids were transformed into E. coli strain
BL21(DE3), and 1-liter cultures were grown at 37°C to an optical density at 600
nm (OD600) of 0.5 and induced for 3 h. The proteins were purified by affinity
chromatography using Ni-nitrilotriacetic acid (NTA) agarose (Qiagen, Valencia,
CA) under native conditions using the manufacturer’s protocols. Fractions con-
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taining fHbp were dialyzed against phosphate-buffered saline (PBS) (Roche,
Indianapolis, IN) and stored in aliquots at �30°C prior to use.

Construction of mutant meningococcal strains. Capsular group B strain
NZ98/254 was used to create fHbp knockout (KO) (13, 26) or overexpressed
mutants as previously described (26). For the inactivated mutant, the fHbp gene
was replaced by an erythromycin resistance cassette carried on pBS�gna1870erm
(17). For overexpression, the NZ98/254 fHbp KO strain was transformed with
plasmid pComP1523-fHbp ID 14 that integrated into the chromosome and
expressed fHbp under the control of the strong promoter from gene nmb1523
(13, 26).

Capsular group B strain H44/76 naturally expresses fHbp in the variant 1 (v.1)
group (ID 1, as classified in the fHbp database at http://pubmlst.org/neisseria
/fHbp/). For preparation of H44/76 mutants that expressed fHbp v.1 variants with
low or high fH binding, we first transformed the organism with a PCR-amplified
gene from group B strain M1239 encoding fHbp ID 28 in the v.3 group. Trans-
formants with recombinant v.3 fHbp were selected by adding 50% human com-
plement and 100 �g/ml of anti-fHbp monoclonal antibodies (MAbs) JAR 4 and
5, which together were bactericidal against strains with fHbp v.1 but not v.3 (4).
Transformants were screened for the loss of the JAR 5 epitope by a modified
whole-cell colony blot procedure using anti-fHbp MAb JAR 5. Binding of JAR
5 was detected by anti-IgG2b IRDye secondary antibody (Rockland Immuno-
chemicals, Gilbertsville, PA). JAR 5-negative clones were isolated and se-
quenced to confirm in-frame integration of the recombinant fHbp v.3 gene. The
H44/76 fHbp v.3 mutant strain was subsequently transformed to express the
original fHbp amino acid sequence variant ID 1 or one of two low fH-binding
sequence variants, ID 14 and 15 (both in the v.1 group). In brief, forward and
reverse primers were designed to amplify by PCR the fHbp open reading frames
from wild-type strains MC58 (ID 1), NZ98/254 (ID 14), and NM452 (ID 15).
Transformants with recombinant v.1 fHbp were selected as described above
except that anti-fHbp MAbs JAR 13 and 31 (4), which together were bactericidal
against the mutant strain with fHbp v.3, were used instead of JAR 4 and JAR 5.
Transformants were screened for expression of fHbp v.1 by colony blotting with
the anti-fHbp v.1 MAb JAR 5, and the sequences of the respective v.1 genes were
verified as described above.

Binding of fH to recombinant proteins. Microtiter plates were coated with
purified His6-tagged recombinant fHbp antigens (2 �g/ml) as previously de-

scribed (4). Serial dilutions were made of purified, full-length human fH (Com-
plement Technology, Inc., Tyler, TX) or, as a control for binding of the protein
to the well, mouse anti-fHbp MAbs specific for fHbp in the variant 1 (JAR 5) or
variant 2 or 3 (JAR 31) group (2, 4, 27). After being washed, bound fH was
detected with sheep anti-fH polyclonal antiserum (1:2,000 dilution; LifeSpan
Biosciences, Seattle, WA) followed by anti-sheep IgG conjugated with alkaline
phosphatase (1:5,000 dilution; Sigma-Aldrich, St. Louis, MO). Bound anti-fHbp
MAbs were detected by anti-mouse IgG conjugated with alkaline phosphatase.

Factor H binding kinetics. The kinetics of fH binding to fHbp were measured
by surface plasmon resonance using a Biacore X/100 instrument (GE Health-
care, Piscataway, NJ). Purified human fH (Calbiochem, San Diego, CA) was
coupled to a CM-5 biosensor chip (GE Healthcare) to a density of about 2,000
response units. Recombinant fHbp variants, which were purified as described
previously (2, 17), were flowed over the fH-bound chip at six concentrations
ranging from 0.016 to 0.5 �M, each performed at least three times. After the
off-rates were measured for 10 min for each analyte injection, complete regen-
eration of the surface was achieved with one 60-s injection of 100 mM glycine and
3 M NaCl, pH 2.0. The interaction affinity, as described by the equilibrium
dissociation constant (KD), was determined locally by fitting to the kinetic simul-
taneous kd/ka model (kd, dissociation rate; ka, association rate) using a model of
equimolar stoichiometry.

Flow cytometry. Binding of human fH or mouse anti-fHbp antibodies to the
surface of live meningococci was measured by indirect fluorescence flow cytom-
etry, which was performed as described previously (26, 27). Controls in the assay
included a mouse MAb, SEAM 12, which is specific for the group B capsular
polysaccharide (8), or, as a negative control, sera from mice immunized with
Freund’s adjuvant without a vaccine antigen.

Survival of N. meningitidis in human blood and plasma. The ability of N.
meningitidis mutants to survive and grow in human blood or plasma was tested in
a 96-well microtiter plate format as described elsewhere (19a, 25). The study was
approved by the Institutional Review Board of Children’s Hospital & Research
Center at Oakland. In brief, after obtaining written informed consent, blood
from a healthy adult was obtained using a syringe containing recombinant hiru-
din (lepirudin, 28 �g/ml final concentration; Baxter Healthcare, Deerfield, IL) as
the anticoagulant to avoid the effects of heparin on activation of complement
proteins (23). To each well of the microtiter plate were added 90 �l of plasma or
blood and 10 �l of PBS buffer containing approximately 800 CFU of bacteria. All
assays were performed in triplicate. The microtiter plates were incubated for 4 h
at 37°C in 5% CO2 on a MS 3 digital minishaker (IKA, Wilmington, NC) with
agitation at 500 oscillations per min. Samples were removed from the wells, and
serial dilutions were spread on chocolate agar plates, which were incubated at
37°C in 5% CO2.

RESULTS

Differences in fH binding among fHbp sequence variants.
We prepared recombinant proteins from fHbp genes encoding
16 amino acid sequence variants representative of proteins
from different modular groups and/or prevalent group B
strains (Table 1). The relatedness of the different proteins with
respect to percent differences in amino acid identity is illus-
trated in the phylogram in Fig. 1. Seven of the fHbp sequence
variants were assigned to the variant group 1 as described by
Masignani et al. (17), three to the variant group 2, and five to
the variant group 3. One sequence variant, ID 207, was located
between variant groups 1 and 2.

Each of the recombinant proteins was adsorbed to wells of a
microtiter plate, and we measured concentration-dependent
binding of soluble human fH by ELISA. The respective results
were compared to that for fHbp ID 1, which served as a
positive control. Two of the proteins, fHbp ID 14 and 15,
showed 10-fold-lower concentration-dependent binding than
fHbp ID 1 (Fig. 2A). In contrast, binding of an anti-fHbp MAb
to each of these proteins was indistinguishable from one an-
other, which showed that comparable amounts of the respec-
tive recombinant proteins were adsorbed to the wells (Fig. 2B).
Among the different sequence variants, there also were exam-

TABLE 1. Characteristics of factor H-binding protein variants

fHbp
IDa Subfamilyb Variant

groupc
Modular
groupd

Percentage among group
B disease isolatese

fH-binding
ratiof

United
States

United
Kingdom France

1 B 1 I 29 4 20 1.0
4 B 1 I 7 24 7 0.3
6 B 1 I 0 0 0 0.7
13 B 1 I 5 10 2 0.4
14 B 1 I 5 7 23 0.1
15 B 1 IV 0.3 22 6 0.1
55 B 1 IV 0 0 0 1.6
22 A 2 III 0.3 0.2 0.4 2.9
19 A 2 VI 13 8 19 1.9
77 A 2 VI 0 0 0 1.6
28 A 3 II 0 0 0 1.0
175 A 3 IX 0 0 0 0.8
45 A 3 V 0.3 4 1 5.2
79 A 3 V 0 0 0 3.0
67 A 3 VIII 0 0 0 1.8
207 A/B 1/2 VII 0 0 0 1.0

a fHbp ID from the fHbp database at http://pubmlst.org/neisseria/fHbp/.
b Subfamily as defined by Fletcher et al. (7) and Murphy et al. (18).
c Variant group as defined by Masignani et al. (17).
d Modular group as described by Beernink and Granoff (3) and Pajon et al.

(19).
e From population-based surveillance of group B disease in the United States

(excluding an epidemic in Oregon), the United Kingdom, and France (18). For
fHbp variants not observed in any of the three countries listed, the source isolates
came from other countries (18).

f Ratio of the respective concentrations of purified fH to obtain an OD405 of
1.0 with fHbp ID 1 compared to that of the test fHbp as measured by ELISA.
Ratios above 1 indicate higher binding; ratios below 1 indicate lower binding.
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ples of proteins with higher fH binding than fHbp ID 1, for
example, fHbp ID 79 and 45 (Fig. 2C and D). The respective
ratios of fH binding for each of the variants compared with
fHbp ID 1 are summarized in Table 1 and Fig. 1.

In surface plasmon resonance experiments, there were no
significant differences between the respective fH association
rates (ka) of fHbp ID 14 and 15, which showed lower fH
binding by ELISA, and that of fHbp ID 1 (Table 2). The
dissociation rates (kd), however, of fHbp ID 14 and 15 were 10-
and 4-fold higher, respectively, than that of fHbp ID 1 (P �
0.01, Table 2). The resulting KD of ID 14 was �8-fold higher

than that of ID 1 (P � 0.058), and that of ID 15 was �4-fold
higher than that of ID 1 (P � 0.036).

The 21 fH contact residues inferred from the crystal struc-
ture of fHbp ID 1 complexed with a fragment of fH (21) are
shown in Table S1 in the supplemental material. All of the
contact residues are in either segment A, C, or E, as defined by
the modular architecture described previously (3). None of
these individual differences is specific for low fH binding be-
cause they also occurred in variants with high fH binding.

Effect of overexpression of fHbp ID 14 on survival of N.
meningitidis strain NZ98/254 in human blood. fHbp ID 14,
which had relatively low fH affinity, was naturally expressed by
an invasive group B meningococcal strain (NZ98/254) isolated
from a patient during an epidemic in New Zealand (1). In a
previous study, an fHbp knockout mutant of NZ98/254 could
survive in human blood (26) whereas fHbp knockout mutants
prepared from other isolates such as a group B epidemic strain
(H44/76) from Norway were rapidly killed by human blood
(26). To determine the effect of increased expression of fHbp
ID 14 on the growth of strain NZ98/254 in human plasma or
blood, we used an NZ98/254 mutant engineered to have in-
creased expression of its endogenous fHbp ID 14 (26). By flow
cytometry, the mutant bacteria showed increased binding by an
anti-fHbp antiserum prepared against recombinant fHbp ID
14, compared with binding to the parental wild-type strain (Fig.
3B). The NZ98/254 mutant with increased fHbp ID 14 expres-
sion also showed increased fH binding to the bacterial surface
(Fig. 3C). When incubated in nonimmune human blood or
plasma, the mutant with increased bound fH showed increases
in CFU/ml during the 4 h of incubation that were similar to
that of the wild-type strain (Fig, 3E and F, respectively). As
previously observed, the corresponding fHbp KO mutant also
showed good survival, which was not significantly different
from that of the wild-type strain or mutant with increased fHbp
expression. Thus, for a strain that did not have an absolute
requirement for fHbp expression for survival in human plasma
or blood, overexpression of fHbp ID 14 in strain NZ98/254 did
not confer a survival advantage.

Effect of expression of fHbp variants with lower fH binding
on survival of strain H44/76 mutants in human blood. In a
previous study, strain H44/76 (fHbp ID 1) required fHbp ex-
pression for survival in human blood or plasma (26). To de-

FIG. 1. Phylogram of 16 fHbp natural amino acid sequence vari-
ants investigated for fH binding (Table 1). Each sequence variant is
identified by a number assigned in the fHbp peptide database at
http://pubmlst.org/neisseria/fHbp/. The ratio of fH binding of each
variant relative to ID 1 is shown in parentheses (Table 1). Ratios above
1 indicate higher binding; ratios below 1 indicate lower binding. The
phylogram was constructed using the server at http://www.phylogeny.fr
(6) as described previously (3). The scale bar represents 5 changes per
100 amino acid residues.

FIG. 2. (A and C) Binding of human fH to recombinant fHbp as
measured by ELISA. (A) ID 1 protein was encoded by an fHbp v.1
gene from strain H44/76 and served as a positive control. The ID 14
and 15 v.1 proteins showed �10-fold lower binding than ID 1. (C) ID
28 was encoded by an fHbp v.3 gene from strain M1239 and served as
a positive control. ID 79 and 45 v.3 proteins showed �4- and 10-fold
higher fH binding, respectively, than ID 28. (B and D) Binding of
control anti-fHbp MAbs to the respective fHbp variants. (B) JAR 5
(specific for fHbp v.1 proteins) binding to the respective fHbp variants
in panel A. (D) JAR 31 (specific for fHbp v.2 and v.3) binding to the
respective fHbp variants in panel C.

TABLE 2. Binding constants for binding of fH to different fHbp
sequence variants as determined by surface plasmon resonancea

fHbp
IDb

Mean � SE

ka
c kd

d KD
e

1 (1.43 � 0.21) � 105 (0.65 � 0.13) � 10�2 A (0.45 � 0.09) � 10�7 D
14 (2.23 � 0.28) � 105 (7.16 � 1.39) � 10�2 B (3.50 � 1.15) � 10�7 E
15 (1.63 � 0.18) � 105 (2.64 � 0.33) � 10�2 C (1.71 � 0.39) � 10�7 F

a ka, association rate constant (1/Ms); kd, dissociation rate constant (1/s); KD,
equilibrium dissociation constant (kd/ka); where M � molar and s � time in
seconds. Data shown are from three independent measurements for each fHbp
sequence variant.

b fHbp identification number from fHbp database at http://pubmlst.org/neis-
seria/fHbp/ (see also Table 1).

c Respective ka values are not different from each other (P � 0.05 by t test).
d Respective kd values by t test: A versus B, P � 0.01; A versus C, P � 0.002;

and B versus C, P � 0.03.
e Respective KD values by t test: D versus E, P � 0.058; D versus F, P � 0.036;

E versus F, P � 0.22.
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termine the effect of fH affinity on survival of H44/76, we
prepared three fHbp mutants, ID 14 and 15 with low fH bind-
ing (Table 1) and a mutant complemented with ID 1 with high
fH binding. The three H44/76 mutants were constructed by
transformation of the wild-type strain with PCR fragments and
selection by survival in human complement in the presence of
variant-specific MAbs. Because the incubation in human com-
plement may have selected for other changes in these strains,
we compared fHbp protein expression and fH binding by the
wild-type and ID 1-complemented mutant and survival of the
two strains in human plasma.

By flow cytometry, the respective binding of anti-capsular
polysaccharide MAbs and binding of mouse polyclonal anti-
fHbp ID 1 antiserum to bacterial cells from the two strains
were indistinguishable (see Fig. S1 in the supplemental mate-
rial, panels A and B, respectively). The mutant and comple-

mented strains also showed no significant differences in bind-
ing of fH (Fig. S1, panel C), or growth in plasma samples from
two donors (Fig. S1, panels E and F). Thus, by these criteria,
the wild-type strain and the fHbp ID 1-complemented mutant
were indistinguishable.

The three mutants with ID 14 or 15 or complemented ID 1
had similar amounts of capsule (Fig. 4A) and fHbp (Fig. 4B)
detected on their surfaces by flow cytometry. In contrast, bind-
ing of fH (10 �g/ml) to the mutants with fHbp ID 14 or 15 was
on average 2.6-fold (range of 2.2 to 3.0) or 5.6-fold (range of
3.7 to 7.5) lower, respectively, than that of the H44/76-com-
plemented mutant expressing fHbp ID 1 (Fig. 4C).

The H44/76 fHbp knockout mutant, which showed growth in
broth that was similar to that of the mutants with fHbp expres-
sion (Fig. 5A and B), was rapidly killed by blood or plasma
from both donors (panels C to G). Despite the lower fH bind-
ing of the mutants with fHbp ID 14 or 15, all three mutants

FIG. 3. (A to C) Binding of human fH on the surface of mutants of
live encapsulated N. meningitidis strain NZ98/254 as determined by
indirect fluorescence flow cytometry. A wild-type (WT) strain, an fHbp
knockout mutant (fHbp KO), and a mutant with overexpressed fHbp
(OE fHbp) were incubated with mouse anti-capsular polysaccharide
MAb (5 �g/ml) (A), polyclonal anti-fHbp ID 14 antiserum (1:1,000)
(B), or human fH (10 �g/ml) (C). (D to F) Survival of strain NZ98/254
in broth (D), nonimmune human blood (donor 2) (E), or plasma (F).
Symbols represent medians of three replicate values. Error bars rep-
resenting ranges are too small to be visible on the log10 y axis. Similar
respective results were observed when the respective wild-type and
mutant strains were incubated in plasma from a second donor (donor
1; data not shown).

FIG. 4. fHbp surface accessibility and binding of human fH to the
surface of live bacteria from mutants of strain H44/76 as measured by
indirect fluorescence flow cytometry. (A) Binding of control anti-cap-
sular polysaccharide MAb SEAM 12 (5 �g/ml) (gray, fHbp knockout;
black, complemented ID 1; red, ID 14; blue, ID 15). (B) Binding of a
combination of mouse anti-fHbp mouse MAbs JAR 4 and JAR 5 (25
�g/ml each). (C) Binding of fH (10 �g/ml). Color designations in
panels B and C are the same as in panel A. The respective results in
each panel were replicated in two or three independent experiments.
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reached similar cell densities (CFU/ml) at 4 h when incubated
in nonimmune plasma from both donors (Fig. 5E, F, and G).
There were no differences in the growth rate of the mutant
with ID 14 and that of the mutant with ID 1 in blood or plasma
of donor 1. The growth rate of the mutant with fHbp ID 15 was
lower than that of the mutant with ID 1 or ID 14 in blood
and/or plasma of donors 1 and 2 (P 	 0.01; see also the legend
to Fig. 5). The respective results for both donors were con-
firmed in independent experiments.

DISCUSSION

Binding of fH to the surface of encapsulated N. meningitidis
strains is an important mechanism for evasion of innate host
defenses (9, 16, 20, 22). An important fH ligand is the menin-
gococcal vaccine candidate fHbp (16). A conundrum, there-
fore, is why previous studies found wide variability in fHbp
expression among isolates from patients with invasive menin-
gococcal disease (19), and why in the present study fH binding
by different recombinant fHbp amino acid sequence variants

varied over a 50-fold range (i.e., up to 5-fold higher fH binding
by fHbp ID 45 than by fHbp ID 1 and 10-fold lower binding by
fHbp IDs 14 and 15 than by fHbp ID 1; Table 1).

To determine the effect of increasing fHbp ID 14 expression
in a naturally low-fHbp-expressing strain on survival in human
blood, we prepared a mutant of strain NZ98/254 that overex-
pressed its native fHbp sequence, ID 14. The increased fH
binding by the mutant, however, did not translate into in-
creased survival or growth in nonimmune human plasma or
blood. As previously observed (26), the control NZ98/254
fHbp KO mutant, which had little or no detectable fH on its
surface by flow cytometry, also grew well in human blood or
plasma. Flow cytometry is a relatively insensitive method to
detect binding of ligands with relatively low affinity, but it may
have functional importance. It is possible that strain NZ98/254
expressed an alternative fH-binding ligand such as the recently
described neisserial surface protein A (14), which allowed suf-
ficient fH binding to the fHbp KO mutant for survival in
human blood. Alternatively, the ability of N. meningitidis to

FIG. 5. Survival of mutants of strain H44/76 in nonimmune human blood or plasma. The bacteria were incubated in Mueller-Hinton broth (A
and B), whole blood (C and D), or plasma (E, F, and G). The error bars representing the respective ranges for triplicate values are too small to
be evident for some data points. In plasma of donor 1, the mutant with fHbp ID 15 had a lower mean CFU/ml at 2 h than the mutant with fHbp
ID 14 (P � 0.0004). In blood or plasma of donor 2, the mutant with fHbp ID 15 had a lower mean CFU/ml at the 2-h time point than the mutant
with ID 1 (P � 0.0042 for blood and P � 0.0004 for plasma) and a lower CFU/ml at the 4-h time point for blood (P � 0.0097). Representative
data from independent experiments are shown for donor 1 (panels A, C, and E compare growth of mutants with fHbp ID 1 and 14 in one
experiment, whereas panel G compares mutants with fHbp ID 14 and 15 in another experiment).
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bind C4bp would promote inactivation of C4b by factor I and
help some strains with low fH binding to escape classical path-
way complement activation (11).

To determine the effect of expression of fHbp variants with
relatively low or high fH affinity on the survival of a strain that
had an absolute requirement for fHbp expression for survival
in human blood or plasma, we created mutants of H44/76 that
expressed genes encoding fHbp ID 1, 14, or 15. We hypothe-
sized that expression of genes encoding fHbp ID 14 or 15 with
lower fH binding would result in decreased fitness and poorer
survival of the mutants in blood or plasma. There was, how-
ever, no or minimal observable effects of expression of fHbp
variants with lower fH affinity on survival of the mutants in
human blood or plasma.

By surface plasmon resonance, the principal kinetic differ-
ence between the two fHbp variants with lower fH binding by
ELISA was up to 10-fold higher fH dissociation rates than
those of fHbp ID 1 (P � 0.01; Table 1), which reflected less
stable fH-fHbp ID 14 or 15 complexes. These kinetic studies
were performed under conditions where the amount of fH was
limiting. When bacteria invade the bloodstream, the high se-
rum fH concentrations present (�250 �g/ml) (10) would be
expected to saturate binding of fH to fHbp on the surface of
the organism, even for strains with fHbp variants that have
increased dissociation rates. Finally, the dissociation constant
(KD) between fH and fHbp ID 1 measured in the present study
(45 nM) was approximately 10-fold higher than that reported
by Schneider et al. (4 nM) (21). These different results may
have reflected measurement of binding with a full-length fH
molecule in the present study and a fragment of fH containing
short consensus repeat (SCR) domains 6 and 7 in the previous
study (21).

Recent data indicated that immune selection played a role in
generating amino acid sequence diversity on certain surface-
exposed portions of the fHbp molecule (5). Given the impor-
tance of fH binding on the ability of the bacteria to resist
complement-mediated killing (16, 20), we hypothesized that
preserving this fH binding function also could be important in
limiting polymorphisms involving fHbp residues that affected
fH binding. Our data, however, suggested that naturally low
fH-binding sequence variants can be expressed by strains caus-
ing epidemic and endemic disease (Table 1), which is indirect
evidence of their fHbp fitness (19). Further, mutants express-
ing fHbp variants with higher or lower fH binding had similar
respective growth rates in nonimmune human blood or plasma.
Collectively, our data suggest that fHbp mutations resulting in
up to 10-fold decreased fH binding are likely to be well toler-
ated with respect to the ability of the organism to cause inva-
sive disease. Thus, preserving high fH binding may not be a
prerequisite for fHbp fitness during immune selection.
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