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conjugates. Pneumococcal adherence in the nasopharynx is
presumably mediated by N-acetyl-D-glucosamine b1-3 galactose (GlcNAcb1-3Gal) glycoconjugate receptors (5). Work
from our laboratory suggests that adherence to both human
LC and vascular EC involves three classes of receptors. On
resting host cells, pneumococci bind to N-acetyl-D-galactosamine b1-3 galactose (GalNAcb1-3Gal)- or N-acetyl-Dgalactosamine b1-4 galactose (GalNAcb1-4Gal)-containing receptors (13). We have also shown that vascular EC and LC
respond to host inflammatory stimuli with the induction of a
third class of glycoconjugate receptor which contains a GlcNAc
specificity (11, 14). Human vascular EC express this new receptor following preincubation with the proinflammatory cytokines tumor necrosis factor (TNF) and interleukin-1 (IL-1)
and the chemokine thrombin (11). In contrast, induction of LC
occurs following exposure to IL-1. This new receptor promotes
a 70% increase in pneumococcal adherence to TNF- and
thrombin-stimulated EC and a 30% increase in adherence to
both EC and LC stimulated with IL-1.
For many pathogenic bacteria, exported proteins are determinants of virulence that participate in the process of adherence to eucaryotic cells. To determine a molecular basis for the
interaction between pneumococci and target host cells from
the perspective of the bacteria, we developed a genetic strategy
that generates mutants with defects in exported proteins (26).
These pneumococcal strains were then screened for loss of
function in assays that represent adherence to (i) target cells of
the nasopharynx, (ii) cultured LC, and (iii) vascular EC.

Streptococcus pneumoniae is a gram-positive pathogen that
adapts to several different niches within the eucaryotic host,
causing a variety of diseases (for a recent review, see reference
42). As for most bacteria, the dynamic interaction between
pneumococci and resident host cells at the site of infection is
the basis for bacterial survival and the development and progression of disease. Therefore, identification of the molecular
elements that participate in this association is essential for
describing pneumococcal disease.
A common resident of the nasopharynx, pneumococci can
be cultured from 40 to 60% of the healthy nasal flora of the
general population at any given time (9). Several studies suggest pneumococcal binding to glycoconjugate receptors
present on the surfaces of resident epithelial cells (EC) (5, 6).
With infection, pneumococci will invade the alveoli of the
lower respiratory tract to cause lobar pneumonia. Early stages
of disease are characterized by the appearance of bacteria
closely lining the alveolar epithelium (28, 43). In vitro studies
from our laboratory suggest preferential attachment to type II
pneumocytes (lung cells [LC]) (13). Pneumococci can also
invade the bloodstream by crossing the alveolar capillaries,
leading to bacteremia, and in certain instances will cross the
vascular cell layer of the blood-brain barrier to cause meningitis. Therefore, attachment and migration across EC barriers
is a critical aspect for the progression of systemic infection.
Bacterial adherence to host cells commonly involves the
recognition of eucaryotic surface receptors that contain glyco* Corresponding author. Mailing address: Laboratory of Molecular
Infectious Diseases, Rockefeller University, Box 104, 1230 York Ave.,
New York, NY 10021. Phone: (212) 327-7283. Fax: (212) 327-7428.
Electronic mail (Internet) address: masure@hcx.rockefeller.edu.

MATERIALS AND METHODS
Strains and media. The pneumococcal strains used in this study and their
relevant characteristics are summarized in Table 1. Libraries of pneumococcal
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To gain access to tissues within the human host, Streptococcus pneumoniae initially colonizes the nasopharynx
and then interacts with glycoconjugates on the surfaces of target cells at various sites of infection. Although
pneumococcal adhesins are currently unknown, exported proteins on the bacterial surface are potential
candidates. To identify bacterial elements involved in this process, mutants of S. pneumoniae with defects in
exported proteins were screened for the inability to adhere to cells representative of three in vivo niches: (i)
agglutination of bovine erythrocytes, which reflects adherence to cells which reside in the nasopharynx; (ii)
human type II pneumocytes (lung cells [LC]), representing the alveolar site of infection; and (iii) human
vascular endothelial cells (EC), representing the endovascular site. The capacity of the mutants to adhere
during the course of pneumococcal disease was also assessed by using cytokine-activated LC and EC. All of the
30 mutants analyzed produced hemagglutination values comparable with those of the parent strain. Four
independent mutants demonstrated a greater than 50% decrease in adherence to both LC and EC. Sequence
analysis of the altered alleles from these strains showed that mutations had occurred in two previously
identified loci, plpA and ami, which belong to the family of genes encoding protein-dependent peptide permeases. Mutations in the ami locus resulted in an inability to recognize the GalNAcb1-4Gal glycoconjugate
receptor present on resting LC and EC, whereas mutations in plpA resulted in a failure to recognize a
GalNAcb1-3Gal glycoconjugate receptor also present on resting cells. Mutations in neither allele affected
recognition of GlcNAc receptors present on cytokine-activated LC and EC. These results suggest that peptide
permeases modulate pneumococcal adherence to epithelial and endothelial cells either by acting directly as
adhesins or by modulating the expression of adhesins on the pneumococcal surface during the initial stages of
colonization of the lung or the vascular endothelium.
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TABLE 1. S. pneumoniae strains used in this study
Strain

Relevant
characteristic(s)

Integrated
plasmid

Reference or
source

R6x
SPRU16
SPRU30
SPRU58b
SPRU98
SPRU121
SPRU148
LM34

hex, parent strain
spxB-phoA fusion
glpD-phoA fusion
plpA-phoA fusion
plpA-phoA fusion
amiA-phoA fusion
amiC-phoA fusion
pspA

None
spxB::pHRM104
glpD::pHRM100
plpA::pHRM104
plpA::pHRM104
amiA::pHRM104
amiC::pHRM104
pspA::pVA891

41
37
25
25
25
25
25
Larry S. McDaniel

RESULTS
Generation of pneumococcal mutants with defects in exported proteins. To alter the surface of the pneumococcus,
insertion duplication mutagenesis coupled to translational
phoA (alkaline phosphatase) fusions was used to identify and
generate a bank of mutants with defects in exported proteins
(26). PhoA1 mutants were then assessed in three different in
vitro assays that measure adherence to eucaryotic cells.
Identification of pneumococci deficient in adhesion to LC
and EC. Work from our laboratory has previously described an
in vitro adherence assay based on the binding of fluorescencelabeled pneumococci to both LC and EC (13). The binding of
pneumococci was dose dependent and not affected by the presence or absence of capsules from a variety of serotypes. A bank
of 30 PhoA1 mutants was screened for a decrease in adherence to both resting LC and EC. We identified three mutants,
SPRU58b, SPRU98, and SPRU121, which consistently adhered 50 to 60% less avidly than the R6x parent or a strain with
a deletion in PspA, which is another pneumococcal surface
protein (44, 45) (Fig. 1B). Identical results were obtained with
adherence to EC (data not shown). The mutations associated
with each allele were genetically transferred to the parent
strain by targeted mutagenesis with a vector (pJCD9) that
altered the alleles but did not synthesize a productive PhoA
fusion. These strains were also adhesion deficient to the same
degree as their ancestors, which shows that a mutation in each
allele was responsible for the loss of function and that the
expression of a PhoA fusion protein did not contribute to the
phenotype. At an input concentration of 107 CFU/ml, levels of
adherence to EC of the PhoA1 and PhoA2 mutants created
with the allele recovered from SPRU121 were 106 6 17 and
118 6 10, respectively, bacteria per 100 eucaryotic cells, and
levels of adherence to LC were 103 6 10 and 123 6 9, respectively, bacteria per 100 eucaryotic cells. A value of 290 6 12
adherent bacteria per 100 eucaryotic cells was obtained with
the parent strain. Similar decreases in adherence were observed for corresponding strains created with the alleles recovered from SPRU98 and SPRU58b (data not shown).
Pneumococcus-induced hemagglutination mediated by Glc
NAcb1-3Gal glycoconjugates. It has previously been shown
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mutants containing random insertions of the shuttle vector pHRM100 or
pHRM104 were from a previously described work (26). S. pneumoniae was
routinely grown on plates of tryptic soy agar supplemented with 3% sheep blood
and in a semisynthetic liquid medium as described elsewhere (25, 26).
Mutagenesis and pneumococcal transformation. Allelic disruption in pneumococci was achieved by insertional inactivation with the pneumococcusEscherichia coli shuttle vectors pJDC9, pHRM100, and pHRM104 (10, 26). The
vectors pHRM100 and pHRM104 were used to create translational fusions to a
truncated version of the gene for a bacterial alkaline phosphatase (phoA), while
pJDC9 was used for targeted mutagenesis without a productive gene fusion. The
details for using these vectors and the transformation of homologous DNA into
pneumococci have been previously described (10, 25, 26). The nature of the
insertions in most of the mutants was confirmed by PCR with chromosomal DNA
from each of the mutants and oligonucleotides directed toward the vector and
flanking DNA. These results were described previously (25, 26).
Recombinant DNA techniques. Techniques for manipulating DNA, including
plasmid preparations, restriction endonuclease digestions, sequencing, ligations,
transformation into E. coli, and gel electrophoresis, were performed according to
standard protocols (34).
Hemagglutination of neuraminidase-treated bovine erythrocytes. Neuraminidase-treated bovine erythrocytes which had exposed GlcNAcb1-3Gal glycoconjugates were prepared as described previously (5). Bovine erythrocytes were
suspended in 10 ml of Dulbecco’s phosphate-buffered saline (DPBS) and incubated with an equal volume of neuraminidase (1 U/ml) for 30 min at 378C,
washed twice by centrifugation (for 3 min at 13,000 3 g), resuspended in albumin-containing DPBS, and diluted 100-fold from a 5% (vol/vol) stock. Hemagglutination was assessed by light microscopy following incubation of equal volumes (10 ml) of erythrocytes with pneumococci (109 CFU/ml) for 5 min at room
temperature. Hemagglutination was visually scored in a range from 11 (,5% of
the erythrocytes aggregated, considered negative) to 41 (instant aggregation).
Each strain was tested on at least six separate occasions.
Culture of LC and vascular EC. The LC line A549 (American Type Culture
Collection) was cultured in the nutrient mixture Ham F12 medium supplemented with 10% fetal calf serum, while primary cultures of human umbilical
vein EC (passage 1; Clonetics Corp., San Diego, Calif.) were grown in medium
199 as previously described (13, 17). At confluence, the cells were prepared for
subculture with trypsin–0.05% EDTA. For adherence assays, cells were transferred to 60-well Terasaki culture dishes coated with fibronectin (50 mg/ml) and
cultured for another 24 to 48 h to form confluent monolayers, which were
subsequently washed twice with medium 199 before incubation with bacteria.
FITC labeling of pneumococci. Pneumococci were harvested from tryptic soy
agar–3% sheep blood plates, resuspended in 1 ml of DPBS, and incubated with
fluorescein isothiocyanate (FITC; 1 mg/ml) as previously described (13, 18). The
bacteria were washed twice by centrifugation (for 3 min at 13,000 3 g), resuspended in 1 ml of an albumin-containing buffer, and diluted to concentrations
that ranged between 105 and 107 CFU/ml. Labeling with FITC had no significant
effect on viable counts.
Adherence of FITC-labeled pneumococci to resting and activated eucaryotic
cells. Adherence of pneumococci to LC and EC was assessed as previously
described (13, 18). For adherence to cells activated by proinflammatory molecules, monolayers of LC were preincubated with 5 ng of IL-1 per ml for 4 h at
378C and EC were preincubated with 5 ng of TNF per ml for 3 h at 378C (11).
Prior to the adherence assay, the monolayers were washed twice in medium 199.
FITC-labeled bacteria (105 to 107 CFU/ml, 10 ml per well) were incubated with
either resting or activated EC or LC monolayers for 30 min at 378C. For experiments that define the ability of sugars to inhibit adherence, FITC-labeled pneumococci (2 3 107 CFU/ml) were preincubated for 15 min at room temperature
with the monosaccharide GlcNAc at a final concentration of 50 mM, the glycoconjugate asialo-GM2, which has the terminal sugar GalNAcb1-4Gal, or globoside, which has the terminal sugar GalNAcb1-3Gal, at a final concentration of 0.1
mM, or an albumin-containing buffer as a control (11, 13). It has previously been
determined that these sugars best represent glycoconjugate receptor populations
for pneumococci on resting (asialo-GM2 and globoside) and activated (GlcNAc)
human vascular EC and LC (11, 13). Bacteria were centrifuged (for 3 min at
13,000 3 g) to remove excess sugar, resuspended to a concentration of 107

CFU/ml in albumin-containing DPBS, and added to the eucaryotic cells. Nonadherent bacteria were removed by washing the monolayers three to five times
with medium 199. All monolayers were then fixed in 2.5% glutaraldehyde. Adherent bacteria were counted visually with an inverted microscope (DiaphotTMD; Nikon Inc., Melville, N.Y.) equipped for fluorescence with an IF DM-510
filter. Adherence is expressed as the number of attached bacteria per 100 eucaryotic cells counted in a 403 field (13, 18). Multiple values were averaged, and
each experiment was performed on at least six separate occasions. Inter- and
intra-assay coefficients of variation for the adherence assay were 18 and 15%,
respectively.
Adherence of pneumococci to immobilized sugars. Pneumococci were tested
for adherence to a number of sugars which have been identified as effective
analogs of glycoconjugate-containing receptors present on eucaryotic cells. Solidphase binding assays were carried out as previously described (13). The monosaccharide GlcNAc and two complex glycoconjugates (asialo-GM2 [GalNAcb14Gal] and globoside [GalNAcb1-3Gal]) were tested. Stock solutions of the
monosaccharide (100 mM) and the glycoconjugates (2 mM) were prepared in
10% (vol/vol) chloroform in methanol. Solutions of monosaccharide (50 mM)
and the glycoconjugates (0.1 mM) were made in methanol. Methanol alone
served as a control. Terasaki 60-well culture dishes were coated with 10 ml per
well and allowed to evaporate to dryness at 48C. The wells of the microtiter plate
were then blocked by incubation (overnight, 378C) with 5% (wt/vol) bovine
serum albumin (BSA) in DPBS. The excess BSA-containing buffer was decanted,
and the wells were washed once with 0.05% BSA in DPBS. Fluorescein-labeled
pneumococci (107 CFU/ml) were allowed to adhere to the plates for 30 min at
378C, and adherence was quantified visually with an inverted fluorescence microscope. Glycoconjugates were purchased from Sigma (St. Louis, Mo.).
Statistics. Differences between groups of adherence assays were evaluated by
the Wilcoxon signed ranks test. All results are expressed as means and standard
deviations from at least six experiments.
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TABLE 2. Effects of glycoconjugates on adherence of pneumococci
to human vascular ECa
No. of adherent bacteria/100 eucaryotic cellsb

Bacterial strain
(defective allele)

No addition

GalNAcb1-4Gal

GalNAcb1-3Gal

SPRU98 (plpA)
SPRU121 (amiA)
SPRU148 (amiC)
R6x (none [parent])

130 6 15
100 6 8
114 6 1
240 6 10

77 6 10*
104 6 10
109 6 11
157 6 10*

132 6 11
53 6 9*
63 6 7*
130 6 9*

a

Similar values were obtained when cultured LC were used.
Carbohydrates chosen were those which best represent receptor populations
recognizing pneumococci on resting LC and vascular EC: asialo-GM2 with a
terminal GalNAcb1-4Gal moiety and globoside with a terminal GalNAcb1-3Gal
moiety (11, 12, 14). Pneumococcal strains (2 3 107 CFU/ml) were incubated with
an equal volume of either an albumin-containing buffer (no addition), asialoGM2 (100 mM), or globoside (100 mM). Values are the means 6 standard
deviations of six experiments, with the value for each experiment being the mean
of results for two replicate wells. p, significantly less (P , 0.05) than adherence
of the corresponding control.
b

that neuraminidase treatment of bovine erythrocytes exposes
GlcNAcb1-3Gal glycoconjugates which represent the proposed nasopharyngeal cell receptor (5). Therefore, we developed a bacterium-induced hemagglutination assay to test these
mutants for loss of function. In six separate experiments, at an
input concentration of 109 CFU/ml, SPRU58b, SPRU98, and
SPRU121 gave agglutination values of between 21 and 31,
which are comparable to values obtained with the parent strain
(data not shown). Another PhoA1 strain, SPRU16 (37), was
hemagglutination negative (11) and served as a control. This
finding shows that these mutants had not lost the ability to bind
the putative glycoconjugate receptor for target cells of the
nasopharynx.
Molecular analysis of the loci associated with the adherence-deficient mutants. Molecular analysis of the altered loci
from the three adhesion-deficient strains showed that gene
disruption had occurred in two previously identified alleles,
plpA (25) and ami (3, 4). Sequence analysis revealed that
vector insertion in SPRU58b and SPRU98 had occurred in two
separate sites for plpA (26), while mutant SPRU121 contained
an insertion in amiA (Fig. 1A). These loci encode members of
the family of bacterial permeases, which usually consist of an
exported, lipid-anchored, substrate-binding protein and a complex of membrane proteins required for substrate transport
across the bacterial membrane (32). By sequence similarity,
both plpA and ami encode members of the family of permeases
responsible for the binding and transport of small peptides (3,
4, 25).
The ami locus contains five elements that encode a substrate-binding protein (AmiA) and membrane-associated proteins (AmiC, AmiD, AmiE, and AmiF) that function as the
substrate transport machinery (2–4). In contrast, plpA does not
contain these adjacent downstream elements (2, 25). To determine if the expression of AmiA and deletion of the trans-
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FIG. 1. Adherence of pneumococcal mutants to cultured cells. (A) Genetic
maps of the recovered loci of adhesion-deficient mutants of S. pneumoniae. (B)
Adherence of pneumococcal mutants with defects in amiA, amiC, plpA, and pspA
to cultured human vascular EC. Adherent bacteria were determined as the
number of attached bacteria per 100 cells. Results are presented as the means 6
standard deviations for duplicate wells in at least six independent experiments.
Similar results were obtained for cultured LC (data not shown).

port machinery would restore adherence, we constructed a
mutant (SPRU148) with an insertion in amiC just downstream
of amiA (25). This mutant was adhesion deficient to the same
extent as SPRU121, which contains an insertion in amiA (Fig.
1B). Finally, we cannot formally rule out the possibility that the
phenotypes observed with these mutants are due to a polar
effect of the insertions on elements downstream of the disrupted loci.
Mutants with defects in plpA and ami bind to different
classes of glycoconjugate receptors. We have previously described three classes of sugar receptors present on LC and EC
that mediate pneumococcal adherence (11, 13). Two glycoconjugate receptors with GalNAcb1-4Gal and GalNAcb1-3Gal
specificity combine to mediate the adherence of pneumococci
to these eucaryotic cells in a resting state (11, 13). A third
GlcNAc-specific glycoconjugate receptor is expressed following cytokine stimulation (11). In competition experiments, the
adherence to LC and EC of a mutant with a disruption in plpA
was further decreased by asialo-GM2 (GalNAcb1-4Gal) but
not by globoside (GalNAcb1-3Gal) (Table 2). This finding
shows that the effect of the mutation altered the expression of
the GalNAcb1-3Gal-specific ligand. In a parallel experiment,
a mutant with a disruption in amiA showed no decrease in
adherence to LC and EC with the addition of asialo-GM2
(GalNAcb1-4Gal), whereas adherence was diminished in the
presence of globoside (GalNAcb1-3Gal) (Table 2). This result
shows that a mutation in ami does not alter the expression of
the bacterial ligand specific for the GalNAcb1-3Gal receptor
but does reduce the expression of the GalNAcb1-4Gal-specific
ligand. All pneumococcal strains tested demonstrated similar
percentage increases in adherence following activation of EC
by TNF (;70%) and LC by IL-1a (;30%) (Fig. 2). As a
positive control, SPRU30, which has a defined mutation (glpD)
in a trisaccharide transporter with sequence similarity to the
glycerol transporter from Bacillus subtilis (26), does not bind to
the cytokine-induced receptor and presumably has a defect in
the expression of this pneumococcal ligand (unpublished data).
In competition experiments, the increased adherence observed
with the ami- and plpA-defective mutants was abrogated by the
addition of GlcNAc. At an input concentration of 107 CFU/ml,
levels of adherence to TNF-stimulated EC with an amiA-defective mutant were 141 6 13 and 224 6 16 adherent bacteria
per 100 eucaryotic cells in the presence and absence of 50 mM
GlcNAc, respectively. Similar results were obtained with a
plpA-defective mutant (data not shown). Therefore, the cyto-
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DISCUSSION

kine-stimulated GlcNAc-specific ligand remained intact in
these strains.
Direct binding of adherence-deficient mutants to immobilized glycoconjugates. To determine if mutations in the permeases decreased pneumococcal binding to the cell-specific
sugars, a direct bacterium-glycoconjugate adherence assay was
designed. Mutants with defects in plpA showed a 60% decrease
in adherence to globoside (GalNAcb1-3Gal), while the strains
with defects in amiA and amiC showed decreased adherence to
asialo-GM2 (GalNAcb1-4Gal) of 56 and 66%, respectively
(Table 3). All mutants adhered to GlcNAc with the same
avidity as the parent strain. These results confirm a distinct role
for each allele in affecting the expression of different pneumococcal ligands.

TABLE 3. Direct adherence of pneumococci to immobilized glycoconjugates
No. of adherent bacteria in a 403 microscope fielda

Bacterial strain
(altered allele)

No sugar

GalNAcb1-4Gal

GalNAcb1-3Gal

GlcNAc

SPRU98 (plpA)
SPRU121 (amiA)
SPRU148 (amiC)
R6x (none [parent])

54 6 15
40 6 8
54 6 12
60 6 10

384 6 12
140 6 13*
124 6 10*
370 6 10

70 6 11*
180 6 11
164 6 7
175 6 9

123 6 10
124 6 11
131 6 13
118 6 12

a
Pneumococci (107 CFU/ml) were incubated with immobilized asialo-GM2 (100 mM), globoside (100 mM), or GlcNAc (50 mM) for 30 min at 378C. Values are the
means 6 standard deviations of six experiments, with the value for each experiment being the mean of results for two replicate wells. Carbohydrates chosen were those
which best represent receptor populations recognizing pneumococci on either resting (GalNAcb1-4Gal [asialo-GM2] and GalNAcb1-3Gal [globoside]) or cytokineactivated (GlcNAc) LC and vascular EC (11, 12, 14). p, significantly less (P , 0.05) than the value obtained with the parent strain R6 and the corresponding sugar.

Downloaded from http://iai.asm.org/ on September 22, 2020 by guest

FIG. 2. Adherence of amiA-, amiC-, and plpA-defective mutants to cytokinestimulated and resting EC and LC. EC monolayers (A) were stimulated with
TNF (10 ng/ml, 3 h at 378C), and LC (B) were incubated with IL-1 (5 ng/ml, 4 h
at 378C). Cytokine-stimulated and resting monolayers were incubated with 108
CFU of pneumococci per ml for 30 min at 378C. Permease mutants with defects
in amiA, amiC, or plpA were compared with the control strains, R6 (parent) and
a mutant with a defect in glpD which encodes a putative trisaccharide transporter
(26) and does not express the cytokine-induced receptor. Bacteria adherent to
resting (open bars) and activated (shaded bars) EC and LC were determined as
the number of attached bacteria per 100 eucaryotic cells. The input concentration of bacteria was 107 CFU/ml. Results are the means 6 standard deviations
for duplicate wells in at least six independent experiments. The decreased values
obtained for the permease mutants were statistically significant (P , 0.05) compared with values for the resting cells or the glpD-defective mutant.

As for all bacterial pathogens, pneumococcal adherence to
target eucaryotic cells is critical for survival and infection in the
human host. Cumulative work from our laboratory and others
suggests that at least one class of bacterial ligand is required
for nasopharyngeal colonization and that at least three classes
of pneumococcal ligands are required for adherence to glycoconjugate receptors on LC and EC (7, 8, 11, 13, 23). Two types
of glycoconjugate receptors with specificities for GalNAcb13Gal and GalNAcb1-4Gal are present on resting cells, while a
third glycoconjugate receptor with a specificity for GlcNAc is
induced following cytokine stimulation (11, 13). On the basis of
these studies, we have proposed a two-step molecular model
for pneumococcal adherence to eucaryotic cells during infection (12). The initial encounter between pneumococci and
naive host cells is mediated by resting eucaryotic cell receptors.
With increasing numbers of bacteria, an induced inflammatory
response up regulates new eucaryotic cell receptors that promote additional bacterial adherence. The increased numbers
of bound bacteria at this stage may be responsible for the
localized tissue damage observed with pneumococcal infection.
Results from our laboratory have shown that cytokine activation of both LC and EC leads to the de novo appearance of the
platelet-activating factor receptor, which serves as the induced
receptor for the pneumococci with a specificity for GlcNAc
(11). The up regulation of this new receptor is corroborated by
another recent study that demonstrated increased pneumococcal adherence to LC following infection with adenovirus (19).
Exported proteins, important to the survival of bacterial
pathogens, not only maintain normal cellular functions but also
serve as determinants of virulence, mediating adherence and
colonization of cell surfaces or protecting the bacteria against
the host’s immune response. Recently our laboratory developed a genetic strategy based on translational fusions to a
bacterial gene for alkaline phosphatase to create pneumococcal mutants with defects in exported proteins (26). By assessing
these mutants for loss of function in in vitro adherence assays,
we have identified bacterial elements that affect this process
and potentially reflect similar requirements in vivo during infection. With this strategy, three independent mutants with
alterations in either of two previously described loci, plpA and
ami, demonstrated a 50 to 60% decrease in adherence to the
GalNAcb1-3Gal and GalNAcb1-4Gal receptors, respectively,
present on resting LC and EC. Compared with the parent
strain, these mutants agglutinated neuraminidase-treated erythrocytes in a process mediated by sugar receptors (GlcNAcb14Gal) similar to those found on human buccal epithelial
cells. These mutants also bound the GlcNAc-specific receptor
present on cytokine-stimulated cells. These results were confirmed with the decreased binding of each mutant to ana-
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gregation (20, 21). A sugar-binding permease (MsmE) may
mediate the adherence properties of Streptococcus mutans (31,
38). Members of a family of putative permeases of unknown
substrate specificity from Streptococcus parasanguis (FimA
[15]), Streptococcus sanguis (SsaB [16]), and S. gordonii (ScaA
[22]) have been shown either to mediate adherence or to be
adhesins associated with these bacteria. Sequence analysis of
the corresponding genetic loci of these permeases predicts
lipid-anchored 35-kDa substrate-binding proteins with greater
than 80% sequence identity with a typical complement of
membrane-associated proteins that serve a transport machinery. A homolog of these permeases, PsaA, has been identified
in pneumococci (35), but a function associated with adherence
has yet to be determined. These cumulative data suggest that
distinct permeases in related streptococcal species affect, either directly or indirectly, bacterial attachment to various substrates within the target host. Therefore, at least three diverse
functions have now been ascribed to the peptide-binding permeases in pneumococci. From the results of targeted mutagenesis and in vitro bioassays, we conclude that these permeases
modulate the process of natural transformation (2, 25), adherence to eucaryotic cells (this study), and the binding and transport of small peptides presumably for metabolic utilization (2).
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