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Pneumococcal surface protein A (PspA), a virulence factor of Streptococcus pneumoniae, is exceptionally
diverse, being classified into two major families which are over 50% divergent by sequence analysis. A family
1 PspA from strain WU2 was previously shown to impede the clearance of pneumococci from mouse blood and
to interfere with complement deposition on the bacterial surface. To determine whether a family 2 PspA can
perform the same role as family 1 PspA, the family 1 PspA (from strain WU2) was replaced with a family 2
PspA (from strain TIGR4) by molecular genetic methods to make an isogenic pair of strains expressing
different PspA proteins. Surface binding of lactoferrin and interference with C3 deposition by the two types of
PspA proteins were determined by flow cytometry, and virulence was assessed in a mouse bacteremia model.
Although the family 2 PspA appeared to bind less human lactoferrin than did the family 1 PspA, both PspA
proteins could interfere with complement deposition on the pneumococcal surface and could provide full
virulence in the mouse infection model. A mutant form of the family 2 PspA with a deletion within the
choline-binding region was also produced. Pneumococci with this mutant PspA failed to bind human lacto-
ferrin even though the PspA was present on the pneumococcal surface. The mutant PspA only partially
interfered with complement deposition and moderately attenuated virulence. These results suggest that family
1 and family 2 PspA proteins play similar roles in virulence and that surface accessibility of PspA is important
for their function.

Streptococcus pneumoniae is a human pathogen that causes
both mucosal and invasive diseases, including pneumonia, bac-
teremia, otitis media, and meningitis, throughout the world
(12, 22). A number of surface structures have been identified
that are expected to contribute to its pathogenicity. These
include the polysaccharide capsule, teichoic acids, autolysin,
pneumolysin, hyaluronidase, immunoglobulin A (IgA) pro-
tease, neuraminidase, and several members of a family of cell
surface choline-binding proteins (6, 9, 17, 24, 26, 36).

Pneumococcal surface protein A (PspA) is a choline-binding
protein tethered to the cell surface through its C-terminal
choline-binding repeat region. Previous studies demonstrated
that the PspA structure consists of five distinct domains. From
the N terminus to the C terminus, these domains are as fol-
lows: a signal peptide, a highly charged alpha-helical domain, a
proline-rich region, a choline-binding domain, and a C-termi-
nal 17-amino-acid (17-aa) tail (33). The alpha-helical domain
contains the protection-eliciting epitopes (3) and much of the
variability in sequence among different PspA proteins. The
approximately 100 C-terminal amino acids of the alpha-helical
domain elicit most of the cross-protective immunity (20).
Based on the sequence diversity of this region, PspA proteins
have been classified into two major families that consist of five
clades (3, 13). The choline-binding domain, which consists of 9
or 10 20-aa repeats, is required for the attachment of PspA to

the pneumococcal cell surface (18, 34, 35). Deletion of the last
five repeats and the 17-aa tail results in release into culture
supernatant of family 1 PspA/Rx1 (34) (protein/strain name
[described below]).

PspA is required for full virulence in mouse models of pneu-
mococcal infection (21); PspA slows the clearance of pneumo-
cocci from mouse blood (4, 21). Our laboratory and others’
have shown that family 1 PspA/WU2 leads to reduced com-
plement activation in vivo and in vitro. Tu et al. demonstrated
that mice infected with WU2 maintained higher levels of C3 in
their blood than mice infected with an isogenic pspA-lacking
strain (28). Tu et al. also showed that the pspA-lacking strain
was cleared much faster from the blood of mice. The difference
in virulence of the wild-type and pspA-lacking strains disap-
peared when C3 or factor B knockout mice were infected.
Using enzyme-linked immunosorbent assay, Abeyta et al.
showed that pspA-lacking strains bound more C3 than wild-
type pspA-positive strains when pneumococci were incubated
with mouse serum (1). Using the bystander complement fixa-
tion assay, Neeleman et al. also showed that PspA interfered
with complement activation (23). All of these results indicate
that PspA may interfere with complement’s host defense func-
tions. However, all the studies described above examined PspA
proteins only from PspA family 1. Analysis of sequence data
showed that family 1 and family 2 PspA proteins only share
approximately 40% amino acid similarity over their N-terminal
alpha-helical regions (13). Thus, it was important to determine
whether or not a family 2 PspA could play the same role in
host-pathogen interaction.
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PspA also binds lactoferrin, a multifunctional glycoprotein
(10, 11, 30, 31). The exact contribution of lactoferrin binding to
virulence, if any, is not yet clear. Nevertheless, the fact that
virtually all pneumococci bind to lactoferrin through PspA
argues for the importance of lactoferrin binding in pneumo-
coccal pathogenesis.

In this study, we have replaced the naturally occurring family
1 PspA/WU2 with family 2 PspA/TIGR4 in the WU2 genetic
background. The WU2 wild-type strain and the WU2-derived
strains expressing family 2 PspA were then compared in terms
of virulence, complement activation, and binding of lactoferrin.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and genetic transformation. S. pneu-
moniae strains used in this study are listed in Table 1. Strains were cultured as
described previously (21). The following antibiotics were used at the indicated
concentrations: erythromycin, 0.3 �g/ml for S. pneumoniae and 400 �g/ml for
Escherichia coli; ampicillin, 100 �g/ml for E. coli.

Pneumococci were transformed with plasmids extracted from E. coli for the
insertion-duplication mutagenesis or with S. pneumoniae cell lysates containing
chromosomal DNA by procedures described previously (5). The transformants
were selected on blood agar plates supplemented with erythromycin. When
strains were constructed by transformation with chromosomal DNA from a
donor strain, the initial transformants were backcrossed three times into the
parental background. For each backcross, cell lysates were prepared from the
previous passage and used as a donor for transformation with a competent
parental strain. The final constructs all had a smooth morphology similar to that
of the wild-type parent strains, suggesting that the strains within each back-
ground had similar levels of capsular polysaccharide.

Cloning and plasmid construction. The 3� region of the TIGR4 pspA gene was
amplified by PCR using primer pair SKH73 (5�GGAAACAAGAAAACGGTA
TGTG3�) and LSM2 (5�GCGCGTCGACGGCTTAAACCCATTCACCATTG
G3�). The amplified PCR product was first cloned into pTOPO (Invitrogen,
Carlsbad, Calif.), and then the insert was released from pTOPO by digestion with
EcoRI and subcloned into the vector pJY4164 (34) encoding the erythromycin
resistance gene. This formed plasmid pREN4. Similarly, the 5� region of the
TIGR4 pspA gene was amplified by PCR using primer pair LSM12 (5�CCGGA
TCCAGCGTCGCTATCTTAGGGGCTGGTT3�) and SKH79 (5�CCTTTAGA
GTTGCATAATCATAT3�). A 500-bp fragment near the start codon of pspA of
TIGR4 was produced, cloned into pTOPO, and then subcloned into pJY4164.
The constructed plasmid was designated pREN3. To determine the pspA se-
quences from constructed strains BR92.1 and BR93.1, the pspA genes were

amplified with primer pair LSM12 and LSM2 and cloned into pTOPO for sequenc-
ing.

Insertion-duplication mutagenesis. The plasmids pREN4 and pREN3 were
used to transform S. pneumoniae TIGR4. Erythromycin-resistant transformants
were obtained after plasmid integration via homologous recombination into
chromosomes at the site of the cloned fragment. Plasmid pREN4 contains the 3�
end of the pspA gene and so does not interrupt PspA expression upon insertion.
This was used to link the selectable marker, erythromycin resistance, to the
pspA/TIGR4 gene for later transfer of the gene to WU2. To serve as a negative
control for family 2 PspA in antibody binding and lactoferrin binding experi-
ments, a TIGR4 pspA-lacking strain was also constructed using pREN3. This
plasmid had an internal portion of pspA/TIGR4 allowing the pspA gene to be
inactivated by the insertion-duplication process (32). The resultant strain was
designated BR61.1.

Western blot analysis. To identify each PspA, S. pneumoniae cultures were
grown to exponential phase and centrifuged. The bacterial cell pellets were
incubated with lysis buffer (0.01% sodium dodecyl sulfate, 0.1% sodium deoxy-
cholate, 0.15 M sodium citrate) at 37°C for 10 min. Lysates from different strains
were boiled in sodium dodecyl sulfate and electrophoresed on 10% polyacryl-
amide gels. After their separation, the proteins were transferred to nitrocellulose
membranes and probed with rabbit antisera specific to family 1 or family 2 PspA
proteins (29). The secondary antibody, goat anti-rabbit IgG (heavy and light
chain)-biotin, was used in conjunction with streptavidin-alkaline phosphatase
(Southern Biotechnology Associates, Inc., Birmingham, Ala.).

To examine differences in association of PspA with the bacterial surface, the
presence of PspA in different culture fractions was detected by Western blot
analysis as described previously (34) with some modification. Frozen bacterial
stock was thawed, diluted with Todd-Hewitt broth containing 0.5% yeast extract
(THY), and grown to exponential phase. To minimize contamination by PspA
released from dead bacteria from the frozen stock, the exponential cultures were
diluted to an optical density at 600 nm (OD600) of �0.1 with THY and then
regrown to an OD600 of 0.5. One milliliter of the bacterial cell culture was
centrifuged, and the supernatant was removed, passed through a 0.2-�m-pore-
size filter, and collected. The bacterial cell pellet was washed with phosphate-
buffered saline (PBS) (pH 7.0) and lysed with lysis buffer, and water was added
to adjust to the original volume. Another 1-ml culture volume was withdrawn,
and the bacterial cells were washed with PBS and then washed with 1 ml of 2%
choline chloride in PBS. After centrifugation, the supernatant was collected,
passed through a 0.2-�m-pore-size filter, and saved. The pellet was washed,
incubated with lysis buffer, and adjusted to a 1-ml total volume with water.
Equivalent amounts of all four fractions, representing 40 �l of unconcentrated
cultures, were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and analyzed by Western blotting, as described above.

Detection of surface PspA. Cultures were grown in THY medium to an OD600

of 0.5, and approximately 107 CFU were withdrawn. Bacterial cells were enu-

TABLE 1. Strains and plasmids used in this study

S. pneumoniae
strain or plasmid

Capsular
serotype Derivation and properties PspA

phenotype
PspA
family Reference

Strains
WU2 3 Encapsulated, parent, virulent PspA� 1
JY1119 3 WU2 derivative PspA� 34
JY1123 3 WU2 derivative PspAtra 1 34
BR93.1 3 BR84 � WU2 PspA� 2 This study
BR92.1 3 BR81 � WU2 PspAi.d.b 2 This study
TIGR4 4 Encapsulated, parent, virulent PspA� 2
BR84 4 pREN4 � TIGR4 PspA� 2 This study
BR81 4 pREN4 � TIGR4 PspAi.d. 2 This study
BR61.1 4 pREN3 � TIGR4 PspA� This study

Plasmids
pJY4164 ErmR, oriR E. coli 34
pREN3 pJY4164::PCR fragment LSM12 and

SKH79
This study

pREN4 pJY4164::PCR fragment SKH73 and
LSM2

This study

a tr, truncated at the C-terminal end. This particular PspA is constituted of only the �-helical region and is released into culture supernatant.
b i.d., internal deletion. This PspA is missing six choline-binding repeats (121 amino acids) within the C-terminal end of the molecule.
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merated by plating on blood agar plates. After washing with PBS, pneumococci
were incubated with 100 �l of rabbit anti-PspA family-specific serum (29) (1:100
dilution with PBS) for 30 min at 37°C. After washing with PBS, the bacteria were
incubated with 100 �l of fluorescein isothiocyanate-conjugated goat anti-rabbit
IgG (heavy and light chain) (Southern Biotechnology Associates, Inc.) for 30 min
on ice. After the final wash with PBS, bacteria were suspended in 300 �l of 2%
paraformaldehyde and analyzed by flow cytometer (FACScan; Becton Dickin-
son, Franklin Lakes, N.J.). The results are expressed as median fluorescence
intensity.

Binding of lactoferrin. Purified human iron-saturated lactoferrin (Sigma, St.
Louis, Mo.) was biotinylated using the biotin-labeling kit according to the man-
ufacturer’s instructions (Boehringer Mannheim GmbH, Mannheim, Germany).
Cultures were grown to OD600 � 0.5, and 107 CFU bacteria were incubated with
100 �l of biotinylated lactoferrin at various concentrations (5, 10, and 50 �g/ml
in PBS) for 30 min at 37°C. Bacteria were washed with PBS and incubated with
100 �l of Alexa Fluor 488-conjugated streptavidin (10 �g/ml in PBS; Molecular
Probes, Eugene, Oreg.) for 30 min on ice. The binding of lactoferrin to different
pneumococcal strains is expressed as median fluorescence intensity.

Measurement of C3 deposition. To quantitate the deposition of C3 on the
pneumococcal surface, the same numbers of CFU of different strains (107 CFU
of culture at an OD of 0.5) were washed with PBS and incubated with 100 �l of
10% normal human serum (NHS) (Quidel, San Diego, Calif.) diluted in gelatin
Veronal buffer (GVB) (Sigma) for 30 min at 37°C. Goat anti-human C3 serum
(Quidel) was biotinylated as described above. After washing with PBS, the
bacteria were incubated with biotinylated goat anti-human C3 antibody (1:100
dilution in PBS) for 30 min at 37°C. The bacterial suspensions were then mixed
with Alexa Fluor 488-conjugated streptavidin, and finally the samples were an-
alyzed by flow cytometry. The percentage of Alexa Fluor 488-positive bacteria
(fluorescence intensity greater than 10) was used as a measure of the amount of
C3 deposition.

Infection of mice. Female CBA/CaHN-XID/J (CBA/N) mice, 6 to 12 weeks
old, were obtained from The Jackson Laboratories (Bar Harbor, Maine). Frozen
infection stocks containing a known concentration of viable bacteria were diluted
in lactated Ringer’s solution to achieve the desired concentrations of bacteria.
The numbers of bacteria injected were confirmed by plating on blood agar plates.
For the median-time-to-death studies, CBA/N mice were challenged intrave-
nously (i.v.) with 200 CFU of pneumococci per mouse in 200 �l of Ringer’s
solution. To assess the pneumococcal net growth and clearance in mouse blood
in the early phase of infection, mice were challenged i.v. with 2 � 105 CFU per
mouse. Blood samples were collected from the retro-orbital plexus at indicated
time points. Samples were serially diluted and plated on the blood agar with, or
without, erythromycin to determine the number of viable S. pneumoniae cells in
the blood. When mice were coinfected with WU2 and its isogenic mutant
(BR93.1 or BR92.1), 105 CFU of WU2 and 105 CFU of the mutant were mixed
and injected into mice i.v. in a 0.2-ml volume. In this case, half of each blood
sample was plated on blood agar, and the other half was plated on blood agar
containing erythromycin. The numbers of BR93.1 and BR92.1 were determined
by colony counts on the erythromycin-containing plates, and the numbers of
WU2 were calculated by subtracting the numbers of CFU growing on the eryth-
romycin plates from those growing on blood agar plates.

Sequencing and DNA analysis. DNA sequencing was completed using auto-
mated DNA sequencing (model ABI 377; Applied Biosystems, Inc., Foster City,
Calif.). Sequence analyses were performed using MacVector 6.5 (Oxford Mo-
lecular, San Diego, Calif.) and Sequencer 3.0 (GeneCodes, Ann Arbor, Mich.).
PspA/TIGR4 sequence data (27) were obtained from The Institute for Genomic
Research website at http://www.tigr.org.

RESULTS

Construction of WU2 derivatives expressing family 2 PspA
from strain TIGR4. WU2 is a capsule type 3 strain that has a
family 1 pspA gene; it is in this background that the majority of
data regarding PspA’s effects on virulence and complement
activation have been previously obtained (23, 28; M. Abeyta,
G. G. Hardy, and J. Yother, submitted for publication). Be-
cause capsule and several non-PspA bacterial proteins are also
expected to affect complement deposition, it was important to
compare different PspA proteins in the same strain or genetic
background. TIGR4 has a family 2 PspA, and it is only 32%
identical to PspA/WU2 in the N-terminal alpha-helical region.

To determine if this family 2 PspA could function similarly to
the family 1 PspA, the pspA gene in WU2 was replaced with
the pspA gene from TIGR4 as follows: (i) the C-terminal
portion of PspA/TIGR4 was amplified and cloned into the
vector pJY4164 to make pREN4; (ii) pREN4 was inserted into
the chromosome of TIGR4 by the insertion-duplication pro-
cedure (32) to form strains BR81 and BR84, which carried an
erythromycin resistance marker downstream of pspA; (iii)
chromosomal DNA from strain BR81 or BR84 was used to
transform strain WU2, and erythromycin-resistant transfor-
mants (BR92.1 and BR93.1, respectively) were selected; (iv)
the transfer of pspA/TIGR4 was confirmed based on the size
and specificity of PCR amplicons produced using family-spe-
cific primers (29); (v) three additional backcrosses were per-
formed to remove unlinked genes that resulted from the orig-
inal transformation with chromosomal DNA from the TIGR4
genetic background.

The replacement of PspA was verified by Western blot anal-
ysis using rabbit antisera specific for family 1 and 2 PspA
proteins (Fig. 1). PspA proteins from WU2 and JY1123 were
recognized by anti-family 1 PspA serum, but not by anti-family
2 PspA serum. The band for cell-associated PspA/JY1123 was
very faint, since most of the PspA is secreted into the culture
supernatant (described below). PspA proteins from TIGR4,
BR81, BR84, BR93.1, and BR92.1 were recognized by anti-
family 2 PspA, but not by anti-family 1 PspA serum. PspA-
negative mutants JY1119 (WU2 background) and BR61.1
(TIGR4 background) were included as controls; neither of
these reacted with either anti-PspA family 1 serum or anti-
PspA family 2 serum (Fig. 1).

Characterization of a mutant family 2 PspA lacking six
choline-binding repeats. Taken together, the results above
demonstrated that the family 1 PspA of WU2 was replaced by
the family 2 PspA/TIGR4 in both BR93.1 and BR92.1. How-
ever, although PspA/BR93.1 and PspA/BR84 had the same

FIG. 1. Western blots reacted with rabbit antisera specific for fam-
ily 1 or 2 PspA. Bacterial cell lysates were separated on duplicate
SDS-PAGE gels and transferred onto nitrocellulose membranes. Blots
were reacted with anti-family 1 PspA serum (A) or anti-family 2 PspA
serum (B). Lanes: 1, WU2; 2, BR93.1; 3, BR92.1; 4, JY1123; 5,
JY11119; 6, TIGR4; 7, BR84; 8, BR81; 9, BR61.1.
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apparent molecular size as wild-type PspA/TIGR4, PspA/
BR92.1 and PspA/BR81 were smaller. Since BR92.1 was con-
structed by transforming WU2 with BR81, and BR81 was con-
structed by transforming TIGR4 with pREN4, it was
speculated that a deletion occurred when the plasmid incor-
porated into the TIGR4 chromosome to form BR81. By using
various primer pairs to amplify different regions of pspA, we
confirmed the presence of a deletion and demonstrated that
the deletion occurred in the 3� region of the gene (data not
shown). To further define the mutation, the pspA genes of
BR93.1 and BR92.1 were amplified with primer pair LSM12
and LSM2 and sequenced. The sequence of pspA/BR93.1
matched the sequence of pspA/TIGR4, but pspA/BR92.1 had
an internal deletion (Fig. 2). As a result, PspA/BR92.1 con-
tained only four choline-binding repeats in the C-terminal re-

gion instead of ten choline-binding repeats as in the wild-type
PspA/TIGR4. The six internal repeats had been deleted, in-
cluding all of the fourth to eighth repeats and complementary
portions of the third and ninth repeats. The third and the ninth
choline-binding repeats of pspA/TIGR4 are identical, making
it likely that the deletion occurred through recombination be-
tween the third repeat on the TIGR4 chromosome and the
ninth repeat on pREN4 when pREN4 was inserted into the
chromosome in TIGR4.

Surface expression of parental PspA proteins and the mu-
tant PspA lacking six choline-binding repeats. The choline-
binding repeats of PspA bind to phosphocholine residues of
the cell membrane lipoteichoic acid and attach PspA to the
pneumococcal cell surface (34). Accordingly, the pneumococ-
cal surface attached PspA can be released by washing with 2%

FIG. 3. Western blot analysis of the release of PspA proteins from the pneumococcal surface. Cultures taken at mid-exponential phase were
centrifuged, and the culture supernatants were filtered. The cell pellets were incubated with 2% choline chloride, the mixture was centrifuged, and
the supernatants were filtered. The pellets were lysed by incubation with lysis buffer. Equivalent amounts of all fractions, based on original culture
volume, were analyzed by Western blotting. Lanes: 1, whole-cell pellets; 2, cell pellets after 2% choline wash; 3, supernatant fluid of 2% choline
wash; 4, culture supernatant fluid.

FIG. 2. Comparison of sequences of PspA C-terminal regions from TIGR4 and BR92.1. The missing six choline-binding repeats in PspA/
BR92.1 are indicated as dashed lines. The sequences of the third and ninth repeats in PspA/TIGR4 are identical and are underlined. The
C-terminal hydrophobic stretch is indicated in boldface type.
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choline chloride (35). To determine whether the family 2 wild-
type and mutant PspA proteins were as strongly attached to
the WU2 surface as family 1 PspA, we examined the PspA
content of the intact bacteria, culture supernatant, and 2%
choline chloride wash of the bacteria (Fig. 3). As previously
described (7), 46-kDa truncated PspA of JY1123 only contain-
ing the N-terminal alpha-helical region was almost completely
secreted into culture supernatant. A residual amount of PspA/
JY1123 was present, however, in cell pellet of grown cells and
the pellet of the same cells washed with 2% choline chloride.
In the case of WU2, a trace amount of PspA was observed in
supernatant, and the majority of PspA was located in the pellet
of grown WU2 pneumococci. About half of the cell-associated
PspA was released from the cell surface when WU2 was
washed with 2% choline chloride.

Compared to the results with WU2, more PspA appeared in
the supernatant fractions of strains TIGR4, BR84, and

BR93.1. These results suggested that the family 2 PspA/TIGR4
was not attached on the cell surface as tightly as the family 1
PspA/WU2 and that the attachment of the two PspA proteins
was not affected by bacterial surface structure since the poorer
attachment of PspA/TIGR4 occurred with both the capsular
serotype 3 strain, BR93.1, and the serotype 4 strain, TIGR4.

When strain BR92.1 was examined, an even larger fraction
of PspA appeared in the supernatant and choline wash than
that observed for BR93.1. Earlier reports showed that trun-
cated PspA/Rx1 containing five choline-binding repeats, but
missing the 17-aa tail, was totally secreted into culture super-
natant. In contrast we observed that there was a significant
amount of the mutant family 2 PspA/BR92.1 associated with
the cell surface, even though this PspA contained only 4 of the
normal 10 choline-binding repeats.

To further verify the presence of PspA on the bacterial cell
surface in the newly constructed strains, flow cytometry was

FIG. 4. Binding of anti-PspA antibodies to the surface. Bacteria were incubated with rabbit anti-family 1 (B) or 2 (C) PspA serum and then
washed with PBS. Bacterium-bound anti-PspA antibodies were measured by flow cytometry using fluorescein isothiocyanate-labeled goat anti-
rabbit IgG as the probe. The intensity of the fluorescence associated with the different strains was registered. The value (M) represents the median
intensity of fluorescence for each sample. In each case, the data shown are representative of at lease three experiments.
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performed (Fig. 4). The median fluorescence intensities of
JY1119, JY1123, and BR61.1 were comparable to those of the
control sample incubated with Alexa Fluor 488-conjugated
streptavidin alone. This procedure verified a lack of PspA on
the surface of these strains. The median intensities of BR93.1
and BR92.1 were 51.40 and 10.55, respectively. The binding
intensity of BR92.1 was only 21% of that of BR93.1 but was
much greater than that of the TIGR4 PspA-negative strain,
BR61.1. These results support the conclusion based on the
results in Fig. 3 showing that PspA/BR92.1 is bound on the
bacterial surface even though its attachment is not as robust as
that of full-length family 2 PspA.

Binding of human lactoferrin to WU2 wild-type and mutant
strains. Previously, Hammerschmidt et al. reported that 88%
of the clinical S. pneumoniae isolates bound to lactoferrin and
that PspA was one of the lactoferrin ligands on the bacterial

surface (11). Later, Hakansson et al. observed that human
lactoferrin specifically bound to PspA and the primary binding
site resides in the C-terminal part of the alpha-helical domain
of PspA (10).

We compared the lactoferrin binding of the family 1 (PspA/
WU2) and family 2 (PspA/TIRG4) PspA proteins at three
different concentrations of lactoferrin (5, 10, and 50 �g/ml)
(Fig. 5). PspA-negative strains JY1119 and BR61.1 did not
bind lactoferrin at any of the three concentrations (data not
shown). At lactoferrin concentrations of 5 and 10 �g/ml, the
lactoferrin binding of WU2 was stronger than that of TIGR4.
BR93.1 showed the same result as TIGR4. The median fluo-
rescence intensity of WU2 at a concentration of 5 �g/ml was
36.9, almost nine times as much as the medians of BR93.1 and
TIGR4 (4.2 and 3.8, respectively).

However, when the concentration of lactoferrin increased to

FIG. 5. Binding of lactoferrin by full-length PspA proteins and internal deleted PspA in two genetic backgrounds. Bacteria were incubated with
biotin-labeled lactoferrin at concentrations of 5, 10, and 50 �g/ml (indicated as 5, 10, and 50). Samples treated with PBS instead of lactoferrin were
used as controls. With lactoferrin concentrations at 5, 10, and 50 �g/ml, the medians of fluorescence intensities of each strain were as follows: for
WU2, 36.9, 54.7, and 125.2; for BR93.1, 4.2, 6.9, and 121.9; for BR92.1, 1.6, 1.7, and 2.29; for TIGR4, 3.8, 10.5, and 83.5; for BR84, 2.9, 7.8, and
73.0; for BR81, 1.6, 1.4, and 1.4. The medians of control samples of WU2 and TIGR4 were 1.5 and 1.3, respectively.
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50 �g/ml, the binding of lactoferrin to BR93.1 and TIGR4 was
similar to that of WU2. BR84 showed the same result as
TIGR4. The difference in lactoferrin binding between WU2
and BR93.1 (or TIGR4) at low but not high concentrations of
lactoferrin suggested that family 1 PspA probably has higher
binding affinity to lactoferrin than family 2 PspA.

We were surprised to observe that the mutant PspA/BR92.1,
missing six choline-binding repeats, did not bind lactoferrin
even at a concentration of 50 �g/ml. The failure of this shorter
surface-anchored PspA to bind lactoferrin was not a property
of the genetic background of the strain, since both BR92.1 and
BR81 showed the same result. Lactoferrin’s inability to bind to
BR92.1 and BR81 could not be fully explained by a lack of
PspA on the cell surface, since the anti-PspA antibody de-
tected at least 20% as much of the mutant PspA on the surface
compared with the full-length family 2 PspA (Fig. 4).

C3 deposition on WU2 wild-type and mutant strains. After
incubation with NHS, the amount of C3 deposition was mon-
itored by measuring the percentage of fluorescence-positive
bacteria by flow cytometry (Fig. 6). As expected, the amount of
C3 that could be detected on PspA-negative strains JY1119
and JY1123 was substantially greater than the amount of C3
detected on PspA-positive strain WU2. The same amount of
C3 was detected on BR93.1 as on WU2, indicating that both
family 1 and family 2 PspA proteins can decrease complement
activation on the WU2 surface. Deposition of C3 on BR92.1
was higher than those on BR93.1 and WU2, but less than those
on JY1119 and JY1123. This observation was consistent with
the relative amount of surface-associated proteins as detected
by anti-PspA antibodies above (Fig. 4).

Evaluation of the virulence effects of family 1 and family 2

PspA proteins on the WU2 genetic background. When CBA/N
mice were challenged i.v. with 200 CFU of bacteria, it was
observed that wild-type WU2 and its derivative expressing fam-
ily 2 PspA, BR93.1, exhibited the same high levels of virulence.
The median time to death was 58 h in both cases (Fig. 7). In
contrast, the PspA-negative mutant, JY1119, and the mutant
JY1123 expressing secreted PspA, showed significant reduc-
tions in virulence as has been previously shown (1, 4). More
than half of the mice infected with JY1119 and JY1123 were
still alive at 528 h postinoculation when the experiment was
terminated. The family 2 PspA mutant, BR92.1, showed
slightly lower virulence than WU2 or BR93.1 and resulted in a
median time to death of 82 h. The result with BR92.1 was
different from those with WU2 and BR93.1, at P � 0.03 and
0.08, respectively (Fig. 7).

To obtain a better comparison of the difference in virulence
between BR92.1 and BR93.1, we challenged the CBA/N mice
i.v. separately with these two strains (2 � 105 CFU/mouse) as
well as JY1119 and assessed the changes in CFU per milliliter
of blood of the infected mice (Fig. 8A). During the first 4 h
after infection, the number of BR92.1 CFU continued to de-
crease and dropped to the lowest point at 4 h postinoculation.
In contrast, the number of BR93.1 CFU only decreased slightly
in the first 2 h and continued to increase after that. There was
a 10-fold difference between BR93.1 and BR92.1 at 4 h post-
inoculation. As expected, the PspA-negative strain JY1119
showed a marked attenuation of virulence, and was almost
cleared from mouse blood within four hours postinoculation.
An increase of the number of bacteria in the blood after first
few hours is commonly seen in mouse infection with pneumo-

FIG. 6. Comparison of complement deposition. Live bacteria were incubated with GVB (Control) or 10% NHS (all other panels) in GVB,
washed with PBS and then incubated with biotin-labeled goat anti-human C3 serum. The relative amount of C3 bound on cell surface was detected
by flow cytometry after staining with Alexa Fluor 488-conjugated streptavidin. Bacteria were then fixed prior to flow cytometry. The percentage
of bacteria with fluorescence intensity higher than 10 is shown for each strain. Data representative of at least three different experiments are shown.
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cocci and probably reflects some adaptation of the bacteria to
the host (21, 28).

To provide confirmation of the difference in bacteremia
caused by BR93.1 and BR92.1 and to compare these strains
directly with WU2, we preformed coinfection of CBA/N mice
with WU2 plus BR93.1 or BR92.1 (Fig. 8B and C). The CFU
of BR93.1 and BR92.1 could be differentiated from those of
WU2 due to antibiotic resistance marker in the former two
strains. A mixture of WU2 (105 CFU) and BR93.1 or BR92.1
(105 CFU) was injected into mice. The growth of BR93.1 in
mouse blood was comparable to that of WU2; the numbers of
CFU of both strains rose steadily, and the ratio of the number
of BR93.1 CFU to that of WU2 remained near 1 over the
period of observation. In contrast, the ratio of the number of
CFU of BR92.1 to that of WU2 decreased from 1 to 0.1 over
the period of observation. These results made it clear that both
family 1 and family 2 PspA proteins had the same effect on
virulence of WU2, but the mutant family 2 PspA which lacked
six choline-binding repeats caused a partial attenuation of vir-
ulence in capsular serotype 3 strain (WU2).

DISCUSSION

It has been previously shown that PspA binds to the pneu-
mococcal surface through the choline-binding domain on the C
terminus (35). From a molecular model of PspA, it has been
predicted that an antiparallel coiled-coil alpha-helical domain
extends into and through the capsular layer and is tethered by
the proline-rich region to the surface-attached choline-binding
domain (3, 14). In the present study, more family 2 PspA/
TIGR4 was observed in culture supernatant than family 1
PspA/WU2. The surface availability of family 2 PspA was the
same on both capsular serotype 3 strain, WU2, and capsular

serotype 4 strain, TIGR4, backgrounds. Sequence analysis of
the C-terminal region of PspA (including the choline-binding
repeats and the tail domain) from several strains has revealed
considerable conservation among different families of PspA
proteins (3, 18). Even so, we observed differences in the bind-
ing and/or release of PspA/WU2 and PspA/TIGR4, even when
both were expressed on the same genetic background. We
assume that this observation was due to small differences in the
structure of the choline-binding or proline-rich domains of the
proteins.

The original studies about the attachment mechanism of
PspA demonstrated that the anchoring of PspA to the bacterial
cell surface requires choline-mediated interactions between
the membrane-associated lipoteichoic acid and the C-terminal
repeat region (35). However, there is a short and weakly hy-
drophobic stretch containing 13 aa crossing the last half-repeat
and extending into the C-terminal 17-aa tail (Fig. 2). This
sequence is highly conserved (18). It appeared to be too short
to function as a membrane-spanning anchor, and Yother et al.
previously reported that the elimination of the last 20 aa, which
included more than half of this hydrophobic region, did not
result in loss of attachment of PspA in strain Rx1 (35). It was
also shown that PspA lacking the last five choline-binding
repeats plus the C-terminal tail was no longer bound to the cell
surface of Rx1 or WU2 (1, 34), indicating that the five remain-
ing repeats were not sufficient for surface attachment. These
results had suggested that more than five choline-binding re-
peats, but not the 17-aa tail, were required for surface attach-
ment of PspA.

Our results showed that PspA/BR92.1, with four repeats,
was still anchored on the cell surface of WU2 or TIGR4.
However, because the deletion occurred in the internal repeat

FIG. 7. Median time to death of CBA/N mice infected with WU2 and its derivatives. Ten to thirteen CBA/N mice for each group were infected
i.v. with 200 CFU of bacteria. Median time to death is indicated. Significance of the result with WU2 is indicated as follows: *, P � 0.05; **, P
� 0.01; ***. P � 0.001. Significance was assessed using the Mann-Whitney test.
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region instead of at the C-terminal end, the mutant PspA/
BR92.1 still contains the last repeat and the 17-aa C-terminal
tail with its hydrophobic stretch intact. Therefore, our data
considered in the light of the previous studies (1, 34, 35) sug-
gest that the C-terminal 17-aa tail can function together with
the repeat units to help anchor PspA to pneumococcal surface.

We also observed that family 1 and 2 PspA proteins showed
different binding activities for lactoferrin. These differences
were inherited in the PspA proteins themselves, since changing
genetic background did not affect the lactoferrin binding ac-
tivity of PspA/TIGR4. At low concentration (5 or 10 �g/ml),
family 1 PspA/WU2 binds more lactoferrin than family 2 PspA/
TIGR4. It is unlikely that the different binding is due to the
release of the PspA from cell surface, since both PspA proteins

bound similar amounts of lactoferrin at high concentration (50
�g/ml).

Using recombinant fragments of family 1 and family 2 PspA
proteins, Hankansson et al. showed that lactoferrin binds to
the C-terminal end of the PspA alpha-helical region (10), the
same region that elicits cross-protective immune responses
(19). Alignment of the whole alpha-helical regions of family 1
PspA/WU2 and family 2 PspA/TIGR4 revealed that this family
2 PspA (418 aa) is much longer than the family 1 PspA (278
aa), and they share 32% identity overall. At the C-terminal end
of the alpha-helical region where lactoferrin is thought to bind,
there is only 23% identity between PspA/WU2 and PspA/
TIGR4 (10, 13, 27). Thus, the disparate sequences in this
region probably contribute to the different binding activity to
lactoferrin. We suspect that a lactoferrin concentration of 50
�g/ml may be saturating, which therefore explains our inability
to detect differential binding of family 1 and 2 PspA proteins.

It was surprising to observe that no lactoferrin binding was
detected on the surfaces of BR92.1 and BR81, as the mutant
family 2 PspA is missing only six choline-binding repeats and
the alpha-helical region maintains intact. When the whole-cell
lysate of BR92.1 was analyzed by SDS-PAGE and transferred
onto nitrocellulose, the immobilized mutant PspA was found
to bind lactoferrin (data not shown). Thus, the lack of binding
by lactoferrin is probably not because of any change in the
linear sequence of lactoferrin-binding site. Our results suggest
that when PspA/BR92.1 is expressed on the cell surface, the
reduction in length caused by the 121-aa deletion in the repeat
region may prevent the binding site from being as accessible as
it is on wild-type full-length PspA.

By incubating S. pneumoniae with normal mouse serum in
vitro, both Tu et al. and Abeyta et al. observed, with Western
blot or enzyme-linked immunosorbent assay methodology, that
PspA-negative pneumococci bind more C3 than their isogenic
PspA-positive wild-type strains (1, 28; M. Abeyta, G. G. Hardy,
and J. Yother, submitted). Here, we have shown that PspA has
the same inhibiting effect on deposition of human complement
as was previously shown for mouse complement. In our studies,
complement deposition was quantified using FACS analysis
and intact living pneumococci, thus further increasing our con-
fidence in the relevance of these findings.

The surface attachment of PspA appears to be essential for
PspA to interfere with complement deposition onto pneumo-
cocci. Although PspA/JY1123 expresses the entire N-terminal
functional region, the PspA is secreted and does not remain on
the bacterial surface. The amount of C3 fixed on JY1123 was
comparable to that of PspA-negative strain, JY1119. The
amount of C3 on BR92.1 fell between the amount of C3 on
BR93.1 and that on JY1119, and the difference in C3 deposi-
tion between BR92.1 and BR93.1 correlated with the results of
anti-PspA antibody staining on the surface of these two strains
and with the differences in virulence of these two strains. The
latter observation provides the best evidence so far that the
ability of PspA to interfere with complement activation plays a
role in virulence.

Although the high diversity of PspA sequence would be
consistent with a hypothesis that different PspA families may
not have the same function, our results failed to support this
idea. Family 1 and family 2 PspA proteins only share approx-
imately 40% similarity overall, and the alpha-helical region of

FIG. 8. Growth of WU2 and/or its derivatives in mouse blood.
CBA/N mice (five mice per group) were infected i.v. with 2 � 105 CFU
and bled retro-orbitally at various time points postinoculation (A). In
coinfection experiments, CBA/N mice were challenged i.v. with WU2
(1 � 105 CFU) plus the same number of BR93.1 (B) or BR92.1
(C) CFU. The number of CFU per milliliter was determined by plating
the blood sample on blood agar. Error bars indicate standard errors.
All experiments were repeated three times with equivalent results.
Significance of the result compared to BR93.1 (A) or WU2 (B and C)
is indicated as follows: *, P � 0.05; **, P � 0.01 (Mann-Whitney test).
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family 2 PspA is much longer than that of family 1 PspA. In
spite of these differences, both exhibit the same virulence in a
mouse bacteremia model. These similarities of our in vivo
virulence results were in agreement with the virtually identical
levels of in vitro complement deposition on BR93.1 and WU2.

These results suggest that these two PspA proteins, repre-
senting the two major PspA families, exert the same negative
effects on complement deposition. Because of the sequence
variation in PspA, it is likely that the ability of PspA proteins
to interfere with complement deposition may depend upon a
shared area of conformations of family 1 and 2 PspA proteins
rather than upon the specific conservation of a linear amino
acid sequence. Our present findings are consistent with a hy-
pothesis that the major effect of different PspA proteins on
virulence is mediated by their common ability to inhibit com-
plement deposition on pneumococci.

Lactoferrin is a multifunctional protein which plays an im-
portant role in innate immunity. It is cytotoxic for bacteria and
inhibits bacterial adherence and colonization on mucosal sur-
faces (2, 8). Importantly, it was also reported that lactoferrin
affects the activation of the classical complement pathway (15,
16, 25). In our studies, family 1 and family 2 PspA proteins did
not show the same binding activity to lactoferrin at low con-
centrations (5 or 10 �g/ml), which are near the lactoferrin
concentrations in NHS. However, they showed the same effects
on complement activation. Moreover, the truncated PspA/
BR92.1 did not bind to lactoferrin but still maintained the
anticomplementary function in human serum and was still par-
tially virulent in mice. These results may indicate that the
function of inhibiting human complement deposition probably
does not depend on the PspA binding with serum lactoferrin.
The results suggest, but do not prove, that lactoferrin may not
play an important role in the pneumococcal bacteremia or
sepsis model. It must be remembered that our lactoferrin bind-
ing studies were done with human lactoferrin sharing only 69%
sequence identity with mouse lactoferrin. Thus, based on these
data, we cannot completely exclude an important role of the
PspA-human lactoferrin binding in bacteremia or sepsis in
humans. The PspA-lactoferrin interaction may play an impor-
tant role in nasopharyngeal colonization, which is important
for both pneumococcal acquisition and spread to other humans.
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