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The pneumococcal histidine triad (Pht) proteins PhtA, PhtB, PhtD, and PhtE form a group of conserved
pneumococcal surface proteins. Humans produce antibodies to Pht proteins upon exposure to pneumococcus,
and immunization of mice has provided protective immunity against sepsis and pneumonia and reduced
nasopharyngeal colonization. Pht proteins are candidates for inclusion in multicomponent pneumococcal
protein vaccines. Their biological function in pneumococcal infections is not clear, but a role in complement
inhibition has been suggested. We measured complement deposition on wild-type and Pht mutant strains in
four genetic backgrounds: Streptococcus pneumoniae D39 (serotype 2) and R36A (unencapsulated derivative of
D39) and strains of serotypes 3, 4, and 19F. PspA and PspC single and double mutants were compared to the
wild-type and Pht-deficient D39 strains. Factor H binding was measured to bacterial cells, lysates, and protein
antigens. Deletion of all four Pht proteins (Pht�) resulted in increased C3 deposition on the serotype 4 strain
but not on the other strains. Pht antigens did not bind factor H, and deletion of Pht proteins did not affect
factor H binding by bacterial lysates. The Pht� mutant serotype 4 strain bound slightly less factor H than the
wild-type strain when binding was measured by flow cytometry. Pht proteins may play a role in immune
evasion, but the mechanism of function is unlikely to be mediated by factor H binding. The relative contribution
of Pht proteins to the inhibition of complement deposition is likely to be affected by the presence of other
pneumococcal proteins and to depend on the genetic background.

Streptococcus pneumoniae heads the list of bacterial infec-
tions and deaths worldwide, causing bronchitis and ear and
sinus infections as well as life-threatening pneumonia, menin-
gitis, and septicemia. Pneumococcal virulence proteins play
important roles in evading the components of immune defense
and in the progression from nasopharyngeal colonization to
infection of the lungs and bloodstream (17, 28). Immunization
with a combination of proteins essential to the virulence of the
bacterium could provide protection against pneumococci re-
gardless of the capsular serotype (5, 36, 37).

The ability of pneumococci to evade complement attack is
one of the key factors contributing to the pathogenicity of the
bacterium (26, 51). Complement activation leads to opsoniza-
tion of the pneumococcal surface with C3 degradation products
C3b and iC3b, enabling intake of pneumococci by phagocytic cells
through complement receptor-mediated phagocytosis (13, 47).
Capsular polysaccharides mask the opsonins with the result
that they are not recognized by phagocytic cells (6). Several
pneumococcal proteins have been shown to inhibit comple-
ment deposition by interaction with complement components
(27). Pneumococcal surface protein C (PspC) inhibits the ac-
tivation of complement by binding factor H (9, 10), a serum
protein that modulates the function of the complement (25, 26,
41). Binding of functionally active factor H promotes cleavage

of C3b and decay of the alternative pathway C3 convertase on
the bacterial surface, impairing opsonization and phagocytosis
(26). Pneumococcal surface protein A (PspA) inhibits C3 depo-
sition (51) by interfering with the C1q initiation step of the
classical pathway (31), which is the dominant complement ac-
tivation pathway in the innate host defense against pneumo-
cocci (7). Pneumolysin depletes complement by activating the
classical pathway at a distance from the bacterium (56). In the
absence of both PspA and PspC, C3 deposition on pneumo-
cocci increases as a result of complement activation through
both the classical and alternative pathways (31). Nearly all
clinical isolates of pneumococci have either a PspA family 1 or
family 2 protein (19, 20). Members from PspA families 1 and
2 have the same inhibitory effect on deposition of human
complement C3, suggesting similar roles for both in virulence
(43). PspC is a highly polymorphic protein that is divided into
11 families based on variations in the outermost domain (23).
Contribution of PspC to pneumococcal virulence varies be-
tween strains (29).

Based on indirect evidence, some pneumococcal molecules
were reported to retain proteolytic activity against C3 and to
degrade both chains of C3 in the absence of serum components
(3, 22). The molecule was later found to belong to the open
reading frame of phpA, named after the characteristic histidine
triad motifs (58), presently known as the Pht protein family (2).
PhtA, PhtB, PhtD, and PhtE form a group of conserved pneu-
mococcal surface proteins (2). Humans produce antibodies to
PhtB and PhtE upon natural exposure to pneumococci (16),
and antibody concentrations to PhtA and PhtD increase during
invasive infection (2). Concentration of serum antibodies to
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PhtB, PhtD, and PhtE rises in early childhood (21, 48) and
declines in old age, with levels highest in young adults (21, 49).
Immunization with PhtB has been shown to reduce nasopha-
ryngeal colonization in mice after challenge with strain WU2
(serotype 3) and a serotype 14 strain (58), and PhtE and PhtB
protected mice from pneumonia after challenge with a sero-
type 3 strain P4241 (16). The ability of antibodies to Pht pro-
teins to protect from infection may depend on the character-
istics of the infective strain; mice were protected against lethal
sepsis induced by some but not all challenge strains when
immunized with PhtA (53), PhtB, or PhtD (2). Immunization
of mice with PhtB (53) or PhtE (16) conferred protection
against sepsis from strain WU2 but neither PhtB nor PhtE
protected mice from intravenous challenge with strain D39 or
a serotype 6A strain (37).

The genetic background (1) and capsular serotype (33) of
pneumococcal strains influence complement resistance, and
the importance of certain virulence factors to the strain may
vary depending on the genetic background. In this study we
analyzed the effect of Pht proteins on complement deposition
and factor H binding by comparing wild-type strains to Pht
mutants generated in four different genetic backgrounds rep-
resenting different capsular serotypes. The results suggest that
Pht proteins may play a role in the inhibition of complement
deposition, but the effect depends on the genetic background
of the pneumococci as increased C3 deposition was seen only
in one of the Pht mutant strains. The mechanism by which Pht
proteins mediate their virulence functions remains unclear as
factor H binding was not found to play a significant role in this
study.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The pneumococcal strains used in
this study are listed in Table 1. Pht mutants were prepared for this study.
Previously prepared PspA� and PspC� mutant D39 strains, kindly provided by
David Briles, were analyzed for comparison. Escherichia coli DH5� and JM109
(Gibco BRL Life Technology) strains were used for cloning.

For preparation of Pht mutants, pneumococci were cultured at 37°C with 5%
CO2 on blood agar plates or in Todd-Hewitt broth supplemented with 0.5% yeast
extract (THYE) and erythromycin (0.2 �g/ml) and/or spectinomycin (250 �g/ml)
when appropriate. E. coli strains were cultured at 37°C in Luria-Bertani broth
(LB; Difco-Becton Dickinson) with or without 1.5% (wt/vol) Bacto agar (Difco-
Becton Dickinson), supplemented with erythromycin and/or spectinomycin (both
at 100 �g/ml) when appropriate.

The S. pneumoniae strains were prepared for transformation by culturing in
CAT medium (40) to an optical density at 600 nm (OD600) of �0.28 (Genesys 20;
ThermoSpectronic). Bacteria were harvested by centrifugation, resuspended in
the complete transformation medium (CTM) of Smith et al. (50) to an OD600 of
�0.01, and cultured again to an OD600 of �0.1. The pellet from CTM culture
was resuspended in CTM supplemented with 15% glycerol, and aliquots were
frozen at �70°C. Frozen stocks were thawed and diluted in CTM medium with
2.5 to 5 �l of synthetic competence-stimulating peptide (CSP-1 or CSP-2; 100
ng/ml in CTM medium; Neosystem, Strasbourg, France). Competent pneumo-
cocci were produced by growing the cultures of recipient pneumococci at 37°C
and removing the cells at 5, 10, 15, and 20 min.

Fresh pneumococcal cultures were used in flow cytometric assays measuring
C3 deposition and factor H binding and in detection of Pht, PspA, and PspC on
the bacterial surface as described previously (33), with a minor modification.
Bacteria were cultured twice in THYE broth supplemented with 5% (wt/vol)
fetal bovine serum (FBS) to logarithmic phase to a defined turbidity (OD600 of
�0.26) (Spectronic Genesys spectrophotometer; Milton Roy). Bacterial concen-
trations of the samples were estimated from the OD620 versus viable count curve.

Construction of Pht mutants. Genes for Pht proteins are arranged in tandem
pairs in the chromosome, with phtA and phtB in the opposite orientation from
phtD and phtE (2). Upstream and downstream regions of the different pht genes

were amplified by PCR using the D39 genome as a template. Table 1 summarizes
all the plasmids used in this study. Primers are listed in Table 2. Mutator vectors
were constructed from plasmid pGEM-T (Promega Benelux, Leiden, Nether-
lands) that replicates in E. coli but not in S. pneumoniae. The mutator vectors
contain recombinant zones that correspond to the upstream and downstream
regions of the pht genes to be deleted surrounding an antibiotic resistance gene.
To prepare quadruple mutant strains deficient of all pht genes, two different
antibiotic resistance genes were used to combine deletions of the two different
loci (phtD-phtE and phtA-phtB). An erythromycin resistance gene (ermB), am-
plified from a derivative of the pJDC9 (8), was selected for the phtD-phtE locus.
For the phtA-phtB locus, a spectinomycin resistance gene (aad9), purified from
plasmid pR350, kindly provided by James Paton (12), was used. Wild-type strains
D39, 4-CDC, and 43 were first transformed using pRIT 15475. The resulting
phtD phtE double mutants were then transformed with pRIT 15473, leading to
the quadruple pht mutants. Wild-type strains 2737 and R36A were first trans-
formed using pRIT 15473, and the resulting phtA phtB double mutants were then
transformed with pRIT 15475, leading to the quadruple pht mutants.

Characterization of the Pht mutants. To assess the accuracy of the recombi-
nation, the genomic DNA of the mutant strains was purified, and the recombi-
nant regions were sequenced. Phenotypes of the mutants and wild-type strains
were confirmed by Western blot analysis of bacterial suspensions cultured to the
logarithmic growth phase using a rabbit polyclonal antiserum raised against PhtD
in detection. The rabbit anti-PhtD serum was tested by enzyme immunoassay
(EIA) to be reactive with all four Pht proteins (data not shown). Binding of
antibody to Pht on the membranes was detected with goat anti-rabbit IgG
conjugated to alkaline phosphatase and visualized with an NBT/BCIP (nitroblue
tetrazolium/5-bromo-4-chloro-3-indolylphosphate) substrate system (Bio-Rad
Immun-Blot assay kit 170-6460).

Detection of Pht, PspA, and PspC on the bacterial surface. Expression of Pht
proteins on bacteria was detected using polyclonal rabbit antiserum to PhtD.
Expression of specific Pht proteins was assessed using mouse monoclonal anti-
bodies (MAbs) reactive in the EIA with PhtB and PhtD (H112-10A2) and with
PhtE (HN1-10C12). The MAbs were prepared from fusions between spleen cells
from BALB/c mice (Charles River Laboratories, Montreal, Canada) immunized
with either PhtD (H112-10A2 MAb) or PhtE (HN1-10C12 MAb) proteins and
mouse myeloma cells (SP2/0) according a protocol previously described (15).

Two pools of polyclonal antisera specific for either PspA family 1 or family 2
were used for detecting PspA on the bacterial surface. The antiserum for detec-
tion of PspA family 1 proteins came from rabbits immunized with two different
family 1 PspA antigens, and the PspA family 2 antiserum was from rabbits
immunized with three family 2 antigens, as described previously (34, 52).

A pool of polyclonal antisera from rabbits immunized with a PspC antigen
(CbpA), received from GlaxoSmithKline Biologicals (Rixensart, Belgium), was
used for detection of PspC on pneumococci. The CbpA antigen used in immu-
nization was cloned from strain R6X, which is an unencapsulated derivative of
D39 (30). D39 and R6X have been reported to represent PspC family 3.1 (23).

Bacteria (2 � 108 cells) were incubated with rabbit antiserum to PhtD, PspA
family 1, PspA family 2, or PspC diluted in gelatin-Veronal (barbital) buffer
([GVB] 141 mM NaCl, 1.8 mM sodium barbital, 3.1 mM barbituric acid, pH 7.3
to 7.4, with 0.1% gelatin) for 45 min at 22°C in a horizontal shaker or with the
monoclonal antibodies to Pht proteins for 1 h at 4°C. Unbound antibody was
washed with Veronal-buffered saline ([VBS] 141 mM NaCl, 1.8 mM sodium
barbital, 3.1 mM barbituric acid, pH 7.3 to 7.4). Binding of polyclonal anti-PhtD,
anti-PspA, or anti-PspC and of monoclonal anti-Pht antibodies was detected by
incubating the bacteria for 30 min at 22°C with Alexa Fluor 488-labeled goat
anti-rabbit IgG or anti-mouse IgG (Molecular Probes, Invitrogen), respectively,
diluted in GVB. Bacteria were washed and resuspended in 1 ml of VBS. Ex-
pression of proteins on the bacterial surface was analyzed by flow cytometry
(FACSCalibur; Becton Dickinson), collecting data from 20,000 gated events. A
sample with bacteria incubated in buffer instead of antiserum or MAbs was used
as a negative control in setting the threshold. Each bacterial strain was analyzed
in three independent experiments.

Serum samples used in the complement assays. Normal human sera (NHS)
from unimmunized subjects were used as a source of complement in the C3
deposition assay. The ethics committee of the National Public Health Institute,
Helsinki, Finland, reviewed the protocol and approved the use of the sera.
Pht-deficient strains and their wild-type counterparts were analyzed with 20
different NHS. In addition, wild-type and mutant strains in the D39 genetic
background were analyzed with 6 of the 20 NHS. Sera were screened for anti-
bodies to the corresponding capsular antigens (2, 3, 4, and 19F) and protein
antigens PspA (family 1 and 2), PspC (CbpA), and PhtD as previously described
(49). NHS contained very low concentrations of antibodies to capsular polysac-
charides, whereas concentrations of antibodies to pneumococcal surface pro-

2090 MELIN ET AL. INFECT. IMMUN.



teins, especially to PhtD and PspC, were much higher (Table 3). Geometric
mean antibody concentrations in the six selected sera were similar to those in the
20 sera in general. Each strain was also analyzed twice with an agammaglobu-
linemic human serum (AGS) and once with a pooled serum from naïve mice
(NMS) (657BL/6JRccHsd) with nondetectable antibody concentrations to the
relevant protein and capsular antigens. All sera were divided into small volumes
and stored at �70°C to preserve intact complement activity. Once thawed, a
sample was used immediately as a source of complement for the C3 deposition
assay. For the factor H binding assay, NHS from a single donor was inactivated
by incubation at 56°C for 30 min, divided into small aliquots, and stored at �70°C
before use as a source of factor H.

Complement C3 deposition assay. Deposition of C3 on pneumococci was
measured by flow cytometry as previously described (33), with minor modifica-
tions. Bacteria (2 � 108 cells) were incubated with 20% serum diluted in GVB2�

(GVB with 0.5 mM MgCl2 and 0.15 mM CaCl2) in a horizontal shaker for 30 min

at 37°C. Bound C3 molecules (C3b and iC3b) were detected by incubating the
bacteria with anti-C3c-fluorescein isothiocyanate (FITC)-conjugated rabbit poly-
clonal anti-human complement C3c antibodies (Dako Immunoglobulins, Den-
mark) or with FITC-conjugated goat anti-mouse complement C3 (Cappel, MP
Biomedicals, Solon, OH) diluted in GVB for 30 min on ice. Binding of C3 on the
bacteria was detected by fluorescence-activated cell sorting; data from 20,000
gated events were collected. A sample with bacteria incubated with serum diluted
in GVB-EDTA (GVB with 10 mM EDTA), which blocks activation of both
alternative and classical pathways of complement activation, was used as a
negative control in each analysis.

Factor H binding to pneumococcal protein antigens. Microtiter plates (catalog
number 655061; Greiner Bio-One) were coated at concentration of 2 �g/ml with
recombinant Pht proteins (PhtA, PhtB, PhtD, and PhtE) consisting of the full-
length molecule as well as with truncated PspA family 1, PspA family 2, and PspC
antigens consisting of the surface-exposed domain by incubation at 4°C over-

TABLE 1. Bacterial strains and plasmids used in the study

Strain or plasmid Serotype Descriptiona Reference(s) or
source

Strains
S. pneumoniae

D39 2 Wild type 4
D39 PhtDE� 2 D39 derivative with phtD and phtE deletions (intermediate to quadruple

mutant); Emr
This study

D39 �Pht 2 D39 derivative with phtA, phtB, phtD, and phtE deletions; Emr Spr This study
D39 �PspA 2 JY182; D39 derivative with pspA deletion; Emr 55
D39 �PspC 2 TRE108; D39 derivative with pspC deletion; Emr 14
D39 �PspA �PspC 2 TRE121; D39 derivative with pspA and pspC deletions; Emr Tcr 14
R36A R Wild-type (ATCC 27336), unencapsulated derivative of D39 4, 24, 30, 39
R36A PhtAB� R R36A derivative with phtA and phtB deletions (intermediate to quadruple

mutant); Spr
This study

R36A �Pht R R36A derivative with phtA, phtB, phtD, and phtE deletions; Emr Spr This study
43 3 Clinical isolate; naturally lacks phtA Clinical isolate
43 PhtDE� 3 43 derivative with phtD and phtE deletions (intermediate to triple mutant); Emr This study
43 �Pht 3 43 derivative with phtB, phtD, and phtE deletions; Emr Spr This study
4-CDC 4 Wild-type (DS2382-94) 45
4-CDC PhtDE� 4 4-CDC derivative with phtD and phtE deletions (intermediate to quadruple

mutant); Emr
This study

4-CDC �Pht 4 4-CDC derivative with phtA, phtB, phtD, and phtE deletions; Emr Spr This study
2737 19F Clinical isolate; naturally lacks phtA Clinical isolate
2737 PhtB� 19F 2737 derivative with phtB deletion (intermediate to triple mutant); Spr This study
2737 �Pht 19F 2737 derivative with phtB, phtD, and phtE deletions; Emr Spr This study

E. coli
DH5� Cloning host strain
JM109 Cloning host strain 54

Plasmids
p-GEM-T Promega
pJDC9 Encoding ermB gene for erythromycin resistance 8
pR350 Encoding aad9 gene for spectinomycin resistance 12
pGEM-T/eryR Intermediate construct encoding ermB from pJDC9 This study
pGEM-T/ZR1 phtD Intermediate construct encoding �400 bp before phtD gene This study
pGEM-T/ZR2 phtE Intermediate construct encoding �200 bp after phtE gene This study
pGEM-T/ZR2 phtE-eryR Intermediate construct encoding ermB and �200 bp after phtE gene This study
pRIT 15475 Mutator vector encoding �400 bp before phtD gene, ermB, and �200 bp after

phtE gene
This study

pGEM-T/ZR1 phtA Intermediate construct encoding �400 bp before phtA gene This study
pGEM-T/ZR2 phtA Intermediate construct encoding �150 bp after phtA gene This study
pRIT 15472 Mutator vector encoding �400 bp before phtA gene, aad9, and �150 bp after

phtA gene
This study

pGEM-T/ZR1 phtB Intermediate construct encoding �640 bp before phtB gene This study
pGEM-T/ZR2 phtB Intermediate construct encoding �640 bp after phtB gene This study
pGEM-T/ZR1 phtB-specR Intermediate construct encoding �640 bp before phtB gene and aad9 This study
pRIT 15476 Mutator vector encoding �640 bp before phtB gene, aad9, and �640 bp after

phtB gene
This study

pRIT 15473 Mutator vector encoding �400-bp before phtA gene, aad9, and �640 bp after
phtB gene

This study

a Emr, erythromycin resistance; Tcr, tetracycline resistance; Spr, spectinomycin resistance.
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night. Wells were blocked with 10% fetal bovine serum (FBS) diluted in phos-
phate-buffered saline (PBS) and incubated at 37°C for 1 h. Purified human factor
H (Quidel) was added on the wells at two concentrations, 5 �g/ml and 15 �g/ml,
diluted in 10% FBS-PBS, and the samples were incubated at 37°C for 1 h.
Control wells coated with each of the protein antigens were incubated with 10%
FBS-PBS instead. Binding of factor H was detected with murine anti-human
factor H monoclonal antibody (Quidel) by incubation at 37°C for 1 h. Alkaline
phosphatase-conjugated rabbit anti-mouse IgG (Jackson ImmunoResearch) in-
cubated for 2 h at 37°C, followed with p-nitrophenyl phosphate substrate (Sigma
Immunochemicals) incubated for 1 h at 37°C, was used for detection. Optical
densities were measured at 405 nm with a photometer (Mithras; Berthold Tech-
nologies). The results were calculated from three separate analyses.

Factor H binding to bacterial cells. Binding of factor H to pneumococci was
measured by flow cytometry as previously described (33) with minor modifica-
tions. Pneumococci (2 � 108 cells) were incubated in 30% heat-inactivated serum
diluted in VBS–1% bovine serum albumin (BSA) for 40 min at 37°C with
shaking. Binding of factor H was detected by incubation for 30 min at 22°C with
monoclonal murine anti-human factor H antibody (Quidel) diluted in VBS-BSA
and secondary antibody Alexa Fluor 488-labeled goat anti-mouse IgG (Molec-
ular Probes, Invitrogen). Binding of factor H to bacteria was detected by flow
cytometry, collecting data from 20,000 gated events. Each bacterial strain was
analyzed in three separate experiments with the same serum. Binding of factor H
from serum was analyzed once in parallel with serum and purified human com-
plement factor H (Quidel). Purified factor H was used at a concentration of 90
�g/ml, roughly corresponding to the factor H concentration in 30% human
serum. Purified factor H and serum gave identical results (data not shown), as
has been reported previously (10).

Factor H binding to cell lysates. Binding of purified factor H to bacterial
suspensions cultured to the logarithmic growth phase was measured by Western
blot analysis. Samples were run in a nonreducing 10% SDS-PAGE gel and
transferred to a nitrocellulose membrane. The membrane was blocked with 3%
gelatin for 2 h and immersed in blotting buffer containing 10 �g/ml purified

human factor H (Quidel) overnight at room temperature. Binding was detected
with monoclonal murine anti-human factor H antibody (Quidel). Binding of the
antibody on the membrane was detected with goat anti-mouse IgG conjugated to
horseradish peroxidase (Bio-Rad Immun-Blot assay kit 170-6464).

Statistical methods. Geometric means of serum antibody concentrations
(GMC) and geometric mean intensities of fluorescence (GMF) for protein ex-
pression, C3 deposition, and factor H binding with 95% confidence intervals (CI)
were analyzed. A Student’s t test (two-tailed; paired) was applied on log-trans-
formed data in comparisons of wild-type and mutant pneumococci. Arithmetic
means and standard deviations were calculated from the ODs measured by EIA
for factor H binding to pneumococcal protein antigens. Binding of factor H to
the antigens was compared with the background ODs of wells not incubated with
factor H using a Student’s two-tailed t test for means. In all analyses P values of
less than 0.05 were considered to indicate a statistically significant difference. The
Pearson correlation was calculated from antibody concentrations measured by
EIA and geometric mean intensities of fluorescence for C3 deposition of indi-
vidual NHS.

RESULTS

Phenotypic characterization of the Pht mutant strains.
Wild-type and mutant strains were phenotypically character-
ized by immunoblotting. Lysates of pneumococci were blotted
with a rabbit polyclonal anti-PhtD antibody, which recognized
all four Pht isotypes (Fig. 1). PhtE bands were detectable in all
strains but they were fainter in 2737. PhtA was detected in
wild-type R36A, D39, and 4-CDC but not in strains 43 and
2737, which naturally lack PhtA. Deletion of PspA and/or
PspC had no effect on the expression of Pht proteins on the
D39 background. The quadruple mutants did not express any
Pht proteins.

TABLE 2. Primers used in the study

Primer name Sequence Amplification

EPDMI112 5�-CCAAGCTTGAAAAGAAAAACGAAATGATAC-3� ermB
EPDMI113 5�-ATAGAATTCCAAATTCCCCGTAGGCGCTAG-3�
EPDMI99 5�-AAAGGATCCCAAGCCTTTATCAAAAAAGCTCAG-3� �400 bp before phtD
EPDMI100 5�-GGGAAGCTTTCTTTCCTCACTTTAATTCTTCTG-3�
LT53 5�-CCGGAATTCGGAATAGCAGTAGAAAAAGTC-3� �200 bp after phtE
LT54 5�-GCTCTAGATTATTTATATGATGTCTTCATTATT-3�
EPDMI181 5�-AAGCTTCTTCTTGTCGGAATGGGCTTG-3� �400 bp before phtA
EPDMI182 5�-TCTAGAGGATCCTCATTTCTAAATTGCAGAAAC-3�
EPDMI183 5�-CCCGAATTCTGAAAAATGAAAGTCTCGATA-3� �150 bp after phtA
EPDMI184 5�-CTCGAGTCTAGACCTTTCCTCTTTTCTTAAGTA-3�
LT9 5�-GGAATTCATTACCATAATATTAAATTTGC-3� �640 bp before phtB
LT10 5�-CGGGATCCTCTTTCCTCTTTTCTTAAG-3�
LT11 5�-CCCAAGCTTAGGTAGCAGCATTTTCTAAC-3� �640 bp after phtB
LT12 5�-GCTCTAGATTAGCAAAACCTAGGTCAAAAAAG-3�

TABLE 3. Antibody concentrations to pneumococcal antigens
in NHS

Antigen Serum IgG concn
(�g/ml)a

Capsular polysaccharide
2.................................................................................... 0.25 (0.14–0.44)
3 .................................................................................... 0.49 (0.27–0.87)
4 .................................................................................... 0.11 (0.05–0.23)
19F ............................................................................... 1.75 (0.85–3.60)

Protein
PhtD.............................................................................20.1 (14.0–28.8)
PspC.............................................................................11.7 (6.87–19.9)
PspA family 1.............................................................. 2.03 (1.14–3.64)
PspA family 2.............................................................. 2.08 (1.40–3.08)

a Geometric mean antibody concentrations with 95% CI.

FIG. 1. Western blot analysis of wild-type and mutant pneumococ-
cal strains. Anti-PhtD antibody was used to probe extracts from the
wild-type (wt) and PhtABDE� quadruple mutant (Pht�) strains
(R36A, D39, 43, 4-CDC, and 2737) as well as PspA� and/or PspC�

mutant derivatives of D39. The molecular sizes of the Pht proteins
have previously been reported to range from 92 to 115 kDa (2). The
positions of the different Pht bands are indicated on the right in the
figure, and molecular mass markers are indicated on the left (kDa).
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Expression of surface proteins. Surface expression of Pht
proteins on wild-type and mutant pneumococci was compared
using the rabbit polyclonal anti-PhtD antiserum. Expression of
Pht proteins was readily detectable on the surface of all wild-
type strains but not on the Pht-deficient mutants with deletions
in all pht genes, as expected (Fig. 2A). Reactivity with the
antiserum to PhtD was reduced in the D39 PspA and PspC
mutants compared to the D39 wild type. To get an idea of the
expression of specific Pht proteins on the surface of wild-type
pneumococcal strains, binding of murine monoclonal antibod-
ies was assessed. All wild-type strains bound PhtB/PhtD and
PhtE (Fig. 2B). The monoclonal antibodies were not as reac-
tive as the polyclonal serum, probably because the polyclonal
anti-PhtD serum contains antibodies which detect a larger
repertoire of epitopes on the Pht molecules. The unencapsu-
lated R36A bound more of both PhtB/PhtD and PhtE anti-
bodies than the encapsulated strains, indicating that the cap-
sule masks some of the epitopes recognized by the monoclonal
antibodies.

Pneumococcal surface proteins PspA and PspC were de-

tected with rabbit polyclonal antiserum on the wild-type and
Pht mutant strains using D39 PspA and PspC deletion mutants
as negative controls. The rabbit antisera for PspA families 1
and 2 react more strongly with the homologous PspA family
(34). Strains R36A and D39 reacted more with the PspA family
1 than with the family 2 antiserum (Fig. 3A), which is consis-
tent with the D39 parent strain’s having a family 1 PspA (1).
Strain 4-CDC reacted more with family 2 antiserum, suggest-
ing that it has a family 2 PspA. Strains 43 and 2737 reacted
equally with both anti-PspA sera: their PspAs are highly cross-
reactive or the strains have two PspAs. All strains were positive
with the antiserum to PspC (Fig. 3B) although the PspC pro-
tein in serotype 3 diverges from the CbpA antigen used in
immunization (23). No significant differences were observed in
the reactivity of the wild-type and Pht mutant strains with PspA
or PspC antiserum, suggesting that the deletion of Pht proteins
had not affected the expression of PspA and PspC (Fig. 3).
However, the expression of PspA was reduced in the D39
�pspC mutant compared to the wild-type D39 (Fig. 3A).

Deposition of C3 on pneumococci. The effect of Pht proteins
on the deposition of complement component C3 was assessed
by flow cytometry by comparing C3 binding on the surface of

FIG. 2. Expression of pneumococcal histidine triad proteins de-
tected with polyclonal antiserum to PhtD (A) and monoclonal anti-
bodies to PhtB/PhtD and PhtE (B) on the pneumococcal surface.
GMF from three separate analyses with 95% CI are shown. Panel A
shows mutants with the corresponding wild type, and panel B shows a
comparison of PhtB/PhtD with PhtE expression by a Student’s paired
t test (two-tailed). �, P 	 0.05; ��, P 	 0.01.

FIG. 3. Expression of surface proteins PspA and PspC on the sur-
face of pneumococcal strains. Expression of PspA family 1 and PspA
family 2 proteins was detected with two different sera. GMF from three
separate analyses with 95% CI are shown. �, P 	 0.05; ��, P 	 0.01
(comparison of mutant with the corresponding wild type by a Student’s
two-tailed paired t test).

VOL. 78, 2010 ROLE OF Pht PROTEINS IN COMPLEMENT INHIBITION 2093



wild-type and Pht-deficient mutant strains. The mutant 4-CDC
strain lacking all Pht proteins bound significantly more C3
from NHS than the wild-type strain (Fig. 4A). No significant
differences were found in C3 deposition between the wild-type
and Pht mutant in any of the other genetic backgrounds. In-
dividual NHS resulted in higher (or lower) C3 deposition on
the Pht mutant, but on average similar amounts of C3 were
deposited on wild-type and Pht mutant R36A, D39, 43, and
2737 strains. The relative influence of Pht deletion on C3
deposition compared to the deletion of PspA, PspC, or both
was assessed by analyzing the D39 wild-type strain in parallel
with the different mutants, each with six NHS, the AGS, and
NMS. Deposition of C3 from NHS was significantly increased
in the PspA� PspC� mutant compared to the wild-type D39,
whereas only slightly (not significantly) more C3 was measured
on the PspA� and PspC� single mutants (Fig. 4B). Deposition
of C3 from AGS was 2-fold on the Pht� mutant compared to
deposition on the wild-type 4-CDC, but no differences were
observed between other Pht� mutants and their wild-type
counterparts (Fig. 5A). C3 deposition from AGS was 3-fold on

the PspA� mutant, 6-fold on the PspC� mutant, and 48-fold
on the PspA� PspC� double mutant compared to deposition
on the wild-type, whereas the amounts of C3 measured on the
Pht� mutant D39 and on the wild-type were equally as small
(Fig. 5A). C3 deposition from the NMS was 7-fold on the
Pht-deficient 4-CDC and on the D39 PspA� PspC� double
mutant compared to the corresponding wild-type strains, but
deposition on the PspA� and PspC� single mutants was not
increased (Fig. 5B). Encapsulated wild-type strains D39, 43,
4-CDC, and 2737 were clearly more resistant to complement
deposition than the rough strain R36A when NHS (Fig. 4A),
AGS (Fig. 5A), or NMS (Fig. 5B) was used as the source of
complement.

Correlation of C3 deposition with serum antibody concen-
tration. The concentrations of antibodies in the NHS to the
capsular polysaccharides and protein antigens relevant for this
study were measured by EIA (Table 3). The concentration of
antibodies to pneumococcal protein antigens correlated posi-
tively with complement deposition on the encapsulated wild-
type pneumococci. Serum concentration of antibody to PspA
family 1 correlated with complement deposition on strains
D39, 43, and 2737 (Table 4). Positive correlations were also

FIG. 4. Deposition of complement C3 on the pneumococcal sur-
face of wild-type and mutant strains. (A) GMF with 95% CI from the
analysis of wild-type and mutant pneumococci with 20 different NHS
are shown. (B) GMF and 95% CI from the analysis of D39 wild type
and mutants with six different NHS. Serum with 10 mM EDTA, which
inhibits activation of complement via classical and alternative path-
ways, was used as a negative control. ���, P 	 0.001 (comparison of
mutant with the corresponding wild type by a Student’s two-tailed
paired t test).

FIG. 5. Deposition of complement C3 on the pneumococcal sur-
face from AGS and NMS. GMF from analysis of wild-type and mutant
pneumococci are shown. The average fluorescence results of two sep-
arate analyses with AGS are shown in panel A, whereas analysis with
the NMS was only performed once.
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found between the concentration of antibody to PspA family 2
and C3 deposition on these strains, but they were not statisti-
cally significant. 4-CDC was the only encapsulated strain with
no correlation between anti-PspA concentration and C3 depo-
sition. Instead, a weak positive correlation was found with this
strain, unlike with the other strains, between the concentration
of antibody to PhtD and C3 deposition (Table 4). No correla-
tion between antibody concentration and C3 deposition was
observed for R36A, probably because the unencapsulated
strain is highly susceptible to complement even in the absence
of antibodies (data not shown). The concentrations of polysac-
charide-specific antibodies in the NHS were very low for sero-
types other than 19F. Concentrations of antibody to serotype
19F correlated positively with C3 deposition on the serotype
19F strain (r 
 0.56; P 
 0.011, Pearson correlation).

Factor H binding. In our preliminary analyses direct binding
of Pht antigens PhtB, PhtD, and PhtE to a number of human
complement proteins (C3, C3b, C4BP, and factor H) was mea-
sured using Biacore surface plasmon resonance technology.
PhtD showed weak binding to factor H, whereas no binding
was observed to any of the other complement proteins tested
(data not shown). Because data from a previous study sug-
gested that Pht proteins could bind factor H with low affinity
(38), binding of purified human factor H to pneumococcal
protein antigens was measured by a similar EIA methodology
using two different concentrations of factor H. Binding of fac-
tor H to the protein antigens was compared with the back-
ground ODs of wells coated with the same antigen not incu-
bated with factor H. PspC bound factor H very strongly (P 	
0.001, Student’s t test for means), whereas no significant bind-
ing of factor H was observed to PhtA, PhtB, PhtD, or PhtE nor
to the PspA antigens used as controls (Fig. 6A).

To assess the possible impact of Pht proteins expressed on
the surface of bacterial cells, factor H binding was measured by
flow cytometry on wild-type and Pht-deficient mutant strains
R36A, D39, 3-43, 4-CDC, and 2737. Because PspC is to date
the only pneumococcal protein shown to bind factor H, as a
control factor H binding to the PspC� mutant D39 was ana-
lyzed. All wild-type strains bound factor H, and the lack of Pht
proteins did not abolish this interaction (Fig. 6B). The PspC-
deficient control strain bound no factor H at all. The Pht
mutant 4-CDC strain bound factor H slightly less than the
parent strain, whereas the D39 Pht mutant bound slightly more
than the wild type.

Since it is possible that the polysaccharide capsule hinders
factor H binding to pneumococcal surface proteins, binding of
human factor H was measured by Western blotting using cell

FIG. 6. Binding of factor H to pneumococcal protein antigens and
to pneumococcal wild-type (wt), PhtABDE� quadruple mutant (Pht�)
and PspA� and PspC� mutant bacteria and cell lysates. (A) Binding of
factor H to pneumococcal protein antigens measured by EIA. The
average ODs of three separate experiments are given with standard
deviations. Two different concentrations of purified human factor H
were used. Average ODs of wells not incubated with factor H (no fH)
were calculated from three separate experiments using each antigen;
the different antigens had similar, low backgrounds. ���, P 	 0.001
(comparison with the background ODs of the corresponding antigen
by a Student’s two-tailed t test). (B) Flow cytometric analysis of factor
H binding to pneumococcal cells. GMF from three repeated analyses
with 95% CI are shown. �, P 	 0.05; ��, P 	 0.01 (comparison with the
corresponding wild-type by a Student’s two-tailed paired t test).
(C) Western blot analysis of factor H binding to cell lysates. Mutants
lacking Pht proteins exhibited binding patterns identical to those of the
wild-type strains, whereas mutants lacking PspC bound no factor H.
Molecular mass markers are indicated on the left (kDa). Binding was
strongest on single bands corresponding to the molecular sizes of PspC
proteins, which range from 59 to 105 kDa (46).

TABLE 4. Correlation of serum antibody concentration with
C3 deposition

Strain
Correlation with concn of antibody to:a

PhtD PspC PspA1b PspA2

D39 �0.071 0.065 0.813** 0.385
43 0.040 0.156 0.493* 0.436
4-CDC 0.164 0.042 �0.007 0.005
2737 �0.004 0.063 0.543* 0.244

a Pearson correlation coefficient.
b �, P 	 0.05; ��, P 	 0.001.
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lysates of wild-type and Pht-deficient mutants. Lysates of
PspA� and PspC� mutant strains were included as controls.
Deletion of PspA or Pht proteins had no effect on factor H
binding, whereas the PspC� strain and the PspA� PspC� dou-
ble mutant strain bound no factor H (Fig. 6C). The samples
were also blotted with rabbit antiserum to PspC, which reacted
strongly with the bands of proteins that bound factor H (data
not shown).

DISCUSSION

In this study we report increased C3 deposition on the Pht-
deficient mutant 4-CDC strain compared to its wild-type coun-
terpart. This suggests a role for Pht proteins in immune eva-
sion. However, we did not observe any significant differences in
complement deposition between wild-type and Pht mutant
strains in genetic backgrounds of strains 43, 2737, or D39 or its
unencapsulated derivative R36A. The influence of Pht on com-
plement deposition may be affected by the presence of other
pneumococcal proteins and could thus depend on the genetic
background. The possible impact of Pht proteins on comple-
ment deposition is likely to be mediated by a mechanism other
than what has been described for PspC since none of the Pht
proteins bound factor H and since deletion of Pht proteins had
no effect on factor H binding to cell lysates. Except for the
slight reduction in factor H binding by the 4-CDC strain, de-
letion of Pht proteins had no effect on factor H binding to
bacterial cells either. The major role of Pht proteins in infec-
tion may also be other than inhibition of complement at the C3
level.

Surface expression levels of PspA and PspC were similar in
all Pht-deficient strains and their wild-type counterparts. This
suggests that the increased C3 deposition on the mutant
4-CDC resulted from deletion of Pht proteins, not from re-
duced expression of PspA or PspC, which are known to play
important roles in complement evasion. Increased deposition
on the Pht-deficient 4-CDC strain was evident with NHS, AGS,
and NMS. We did not observe differences between the wild
type and the D39 Pht� mutant strain with any serum source.
This is in contrast to a previous study, where significantly more
C3 from NMS was deposited on the surface of D39 lacking all
Pht proteins than on the wild-type strain (38).

Differences in methodology and the statistics used to de-
scribe the data are likely to explain why the influence of a
single protein on complement deposition has been larger in
some and smaller in other studies. Previous studies assessing
the effects of loss of PspA, PspC, or pneumolysin in D39 have
compared the arithmetic mean intensities and percentages of
fluorescent bacteria, with inconsistent results (31, 42, 56). We
compared the geometric mean intensities of fluorescence be-
cause the fluorescence axis is logarithmic, and the geometric
mean describes the data better than the arithmetic mean. The
percentage of fluorescently labeled bacteria correlated well
with geometric mean intensity (r 
 0.97), whereas the corre-
lation with arithmetic mean fluorescence intensity was less
perfect (r 
 0.52, Pearson correlation) (data not shown).

Although the Pht genes are conserved (2, 16), it is likely that
the genetic background of the strains partly explains why the
lack of Pht proteins affected complement resistance of one but
not all strains. Lack of PspA resulted in increased C3 deposi-

tion in the genetic backgrounds of D39 (51) and WU2 (43).
Comparison of several pneumococcal strains with different ge-
netic backgrounds indicated that the effects of loss of PspC on
C3 deposition are strikingly varied; allelic variation in PspC
structure may affect its interaction with the complement system
(57). In previous studies PspC alone seemed to have little (42)
or no effect (31) on complement deposition on D39, while
deletion of both PspA and PspC resulted in stronger C3 depo-
sition than when only one of the proteins was missing (31, 42).
Comparison of PspA� and pneumolysin-deficient single and
double mutants in D39 showed that the two proteins work in
concert; the lack of both PspA and pneumolysin resulted in
higher C3 deposition than either single mutation (56). Depo-
sition of C3 was further increased when all three proteins were
deleted; compared to the double and triple mutants of PspA,
PspC, and Ply, deletion of a single protein had little effect on
C3 deposition (42, 56). It is possible that the lack of Pht
proteins combined with deletion of PspA, PspC, or pneumo-
lysin would have a similar, synergistic effect on complement
deposition.

In our previous studies we observed that high concentrations
of polysaccharide-specific antibodies to 6B and 19F present in
immune serum resulted in increased C3 deposition on these
serotypes (33). The serum concentration of antibodies to PspA
from immunized adults has been shown to correlate with C3
deposition on pneumococci (35). A similar correlation be-
tween the concentration of antibody to pneumococcal surface
proteins and C3 deposition was observed in this study when
NHS was the source of complement. The level of correlation
reflected the genetic background of the strain; C3 deposition
on D39, which possesses a family 1 PspA (1), correlated more
strongly with family 1 than with family 2 antibodies, and the
concentration of antibody to serotype 19F correlated positively
with C3 deposition on the serotype 19F strain 2737. Antibody
to either PspA family 1 or family 2 or both correlated positively
with C3 deposition on all the encapsulated wild-type strains
except 4-CDC, whereas antibody to PhtD correlated positively,
although weakly, with only 4-CDC deposition. The efficacy of
antibody-mediated protection has been shown to depend on
the genetic background of the challenge strains (2, 18, 44).
Interestingly, immunization with PspA from serotype 4 strain
EF5668 protected mice better from WU2 expressing the same
PspA than from EF5668 itself (18), whereas passive immuni-
zation of mice with rabbit anti-PhtA antiserum protected mice
efficiently against EF5668, which could indicate that Pht pro-
teins are more important than PspA to the EF5668 strain (2).
Since immunization with Pht proteins failed to protect mice
from sepsis caused by D39 (37) and since neither antibody to
Pht proteins nor deletion of Pht proteins from D39 affected C3
deposition on D39, it is possible that the importance of Pht
proteins in the genetic background of D39 is not as significant
as it seems to be for 4-CDC.

Recombinant Pht proteins, and PhtD most importantly,
were shown to bind human factor H in a previous study, al-
though to a much lesser extent than PspC (38). The interaction
of PspC with factor H has been shown to be species specific:
clinical isolates bound only human factor H, not murine or any
other factor H that was tested (32). Accordingly, we observed
increased C3 deposition on the PspC mutant D39 when NHS
or AGS was the sources of complement but not when NMS was
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used. If Pht proteins inhibited complement activation by a
similar manner as PspC, increased complement activation
would be expected with NHS but not with NMS, which was the
source of complement in a previous study where Pht proteins
were suggested to inhibit complement activation by recruit-
ment of factor H (38). The results of a more recent study
comparing the effects of PspC deletion in several different
genetic backgrounds indicated that factor H binding is almost
completely dependent on PspC as no detectable factor H bind-
ing was observed to any of six PspC-deficient strains and as
only a low level of binding was detected to the seventh strain
that was analyzed. The results suggest that Pht proteins could
not contribute significantly to factor H binding (57). In this
study the Pht-deficient 4-CDC strain bound less factor H than
the wild type, but the difference was very small compared to
the effect of deletion of PspC from strain D39, which com-
pletely abolished binding of factor H. Pht-deficient D39 bound
slightly more factor H than the wild type. Because Pht protein
antigens did not bind factor H and because binding of factor H
to cell lysates was dependent on the presence of PspC but not
Pht proteins, it is highly unlikely that Pht proteins would have any
biological significance in factor H binding. It is possible, however,
that the Pht proteins inhibit complement by interacting with other
complement proteins. A recent study described the interaction of
PspC of clinical isolates with complement protein C4bp, an in-
hibitor of the classical pathway; the interaction was allele specific
and restricted to particular serotypes (11).

In conclusion, the results of this study suggest that Pht pro-
teins may have a role in complement evasion, but the impor-
tance of Pht proteins most likely depends on the genetic back-
ground of the strain. In contrast with a previous report (38),
deletion of Pht proteins did not result in increased C3 depo-
sition on D39. Deletion of PspA or PspC in the D39 back-
ground resulted in only a small increase in C3 deposition,
whereas C3 deposition increased significantly when both pro-
teins were deleted, as reported in previous studies (31, 42).
Other virulence proteins involved in inhibition of complement
deposition may compensate the lack of a single protein. Be-
cause the genetic background of the pneumococcal strain can
have a significant influence on its virulence, both in vivo and in
vitro, it is important to study the effects of virulence factors
using several different strains. Taken together with earlier
studies, these studies strongly make the point that the protec-
tion of pneumococci against complement deposition involves
the coordinated efforts of many different surface proteins.
Combining several antigens which play a role in complement
evasion could provide a vaccine formula effective against pneu-
mococci of various genetic backgrounds.
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