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Group B streptococci (GBS) adhere to surface receptors present on epithelial cells; these receptors include
fibronectin and laminin. To identify other possible receptors, plasma membranes from A549 cells, a respiratory
tract epithelial cell line, were prepared. These plasma membranes were tested in a protein blot analysis using
radiolabeled GBS as a probe. GBS adhered to two species, with molecular masses of 50 kDa (p50) and 57 kDa
(p57). We concluded that p50 and p57 correspond to two forms of cytokeratin 8 (CK8) on the basis of the
following results: (i) protein blot results demonstrated that p50 and p57 exactly comigrated with two forms of
CK8 after separation by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (PAGE); (ii) p50 and p57
exactly comigrated with CK8 after separation by two-dimensional PAGE; (iii) CK8 in solution bound to GBS,
as demonstrated by immunoblot analysis of proteins from A549 lysates that bound to GBS in a liquid-phase
assay; and (iv) radiolabeled GBS bound to A549 lysate-derived CK8 that had been captured in anti-CK8-coated
microtiter wells. CK8 bound to COH1-13, an acapsular mutant of COH1, demonstrating that adherence is not
mediated by capsular polysaccharide. Trypsin-treated GBS did not bind to CK8, indicating that adherence is
mediated via a protein on the surface of GBS. Soluble CK8 bound to six of six GBS strains tested. Soluble CK8
also bound to Staphylococcus aureus, Lactococcus lactis, Enterococcus faecalis, and Streptococcus pyogenes. We
hypothesize that adherence of GBS to cytokeratin may be important for maintenance of colonization at sites
of keratinized epithelium, such as the vagina, or for adherence of these bacteria to damaged epithelial cells at
other sites.

Group B streptococci (GBS) are a leading cause of sepsis
and meningitis in the United States and Western Europe, as
well as a leading cause of infectious morbidity and mortality in
neonates (1). GBS infection generally occurs by passage of
bacteria from colonized mothers to their newborns. Mothers
are colonized in the rectum and/or vagina. Following maternal
colonization, infection of the infant occurs either through as-
cent of bacteria to the amniotic sac or following aspiration of
vaginal contents during parturition. Pneumonia is the primary
presentation of early-onset GBS disease, implicating the neo-
natal lung as the site of initial infection.

The ability to adhere to epithelial surfaces has been dem-
onstrated to be an important virulence factor for many bacte-
rial pathogens (12, 16). Adherence of GBS to epithelial cells in
the lung, the urogenital tract, and the gastrointestinal tract may
play an important role in preventing these bacteria from being
cleared by bulk-flow host defense mechanisms. Studies of GBS
adherence to epithelial cells have implicated a number of bac-
terial factors, including surface proteins and lipoteichoic acid
(19). However, relatively little is known about the adhesin
receptors that are present on host epithelial cells to which GBS
adhere. Previous studies have demonstrated that GBS bind to
fibronectin (18) and laminin, and the laminin receptor has
recently been cloned (15). However, a role for these interac-
tions in either adherence to epithelial cells or pathogenesis of
infection of the neonate has yet to be demonstrated.

Many bacterial pathogens express multiple adhesins that
adhere to numerous adhesin receptors present on epithelial
surfaces. We have focused on the adhesin receptors which

might be present in the lung of the neonate and which might
allow bacteria to avoid clearance by pulmonary defense mech-
anisms, such as the mucociliary ladder. In previous studies, we
have studied adherence with the A549 cell line, a well-differ-
entiated pulmonary epithelial cell line with many of the char-
acteristics of type I alveolar pneumocytes (19). We hypothe-
sized that adhesin receptors which mediate attachment of GBS
to pulmonary epithelial cells would be present in plasma mem-
brane preparations from A549 cells and that identification of
these adhesin receptors could be accomplished by allowing
GBS to adhere to individual proteins from these plasma mem-
brane preparations. In this study, we demonstrated that GBS
adhere to two proteins, with molecular masses of approxi-
mately 50 and 57 kDa, which are present in plasma membrane
preparations of A549 epithelial cells, and that these proteins
correspond to two forms of cytokeratin 8 (CK8).

MATERIALS AND METHODS

Bacterial strains, epithelial cell lines, and growth conditions. All GBS strains
were obtained from Craig Rubens, who maintains a bank of GBS isolates as part
of the National Institutes of Health Initiative on the Prevention of Group B
Streptococcal Infections in Neonatal and Infant Populations (RFP-NIH-NIAID-
DMID-92-13). COH1 is a virulent type III GBS isolate from a septic neonate,
and COH1-13 is an acapsular mutant of COH1 (14). Strains CS101 (Streptococ-
cus pyogenes), RH110 (Enterococcus faecalis), LM0230 (Lactococcus lactis), and
SA25923 (Staphylococcus aureus) were obtained from the American Type Cul-
ture Collection (Manassas, Va.). All bacterial strains were grown in Todd-Hewitt
broth (Difco Laboratories, Detroit, Mich.) at 37°C in a shaking incubator except
for CS101, which was grown in stationary tubes. A549, an epithelial cell line from
a human lung carcinoma, which has many characteristics of type I alveolar
pneumocytes, was obtained from the American Type Culture Collection and was
grown as described previously (19).

Purification of plasma membranes. For a single membrane preparation, three
150-cm2 flasks of A549 cells were grown to confluence, and cells were loosened
by incubation for 30 min at 25°C with 50 ml of phosphate-buffered saline (PBS)
containing 10 mM EDTA. The cells were removed by vigorous pipetting, cen-
trifuged at 800 3 g for 10 min, and washed with 50-ml volumes of PBS by
centrifugation three times. Cells were then resuspended in lysis buffer consisting
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of 5 mM HEPES (pH 7.4), 50 mM mannitol, and 40 mg of soybean trypsin
inhibitor (Sigma, St. Louis, Mo.)/ml. Nuclei were then removed by low-speed
centrifugation at 200 3 g for 10 min. The pellet was resuspended in lysis buffer,
and the centrifugation repeated. The supernatants, containing crude membranes,
were pooled. Plasma membranes were then isolated by sucrose density gradient
centrifugation. Sucrose (10.8 g) was added to pooled crude membranes along
with lysis buffer for a final volume of 20 ml (54% sucrose). The membrane
preparation was placed in a centrifuge tube for an SW28 swinging-bucket rotor
(Beckman Instruments, Palo Alto, Calif.) and overlaid with 8 ml of 40% sucrose
in lysis buffer, then 8 ml of 33% sucrose in lysis buffer, and then 3 ml of lysis
buffer. The tube was centrifuged at 4°C and 100,000 3 g for 18 h. Membranes at
the 33%/40% sucrose interface were recovered, brought to 40 ml with lysis
buffer, and recovered by centrifugation at 100,000 3 g for 1 h. The final pellet was
resuspended in 1 ml of lysis buffer without mannitol and stored at 220°C.
Purification was monitored by determining alkaline phosphatase activity with an
alkaline phosphatase kit from Sigma. Protein content was analyzed by using the
Bio-Rad protein assay reagent. In all plasma membrane preparations, a 10- to
20-fold relative purification of plasma membrane proteins, as determined by
assay of alkaline phosphatase activity, was achieved.

Protein blot analysis of adhesin receptors, using radiolabeled bacteria as a
probe. A 5- 20-mg quantity of plasma membrane proteins was separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), trans-
ferred to a polyvinylidene difluoride (PVDF) membrane (Immobilon P; Milli-
pore, Burlington, Mass.), and probed with 35S-labeled COH1 as previously de-
scribed (18). For two-dimensional analysis, proteins were separated as described
previously (11) and then transferred and probed as described above.

Immunoblot analysis. Immunoblot analysis was carried out as previously de-
scribed (20). Briefly, blots were prepared as described above, blocked with 1%
bovine serum albumin (BSA) in PBS for 2 h, and then probed with monoclonal
antibody diluted 1:200 in immunoblot-blocking solution (PBS containing 5%
nonfat dry milk and 0.1% Tween 20) overnight at 4°C. The blot was washed
briefly and then incubated with an anti-mouse immunoglobulin–horseradish per-
oxidase conjugate diluted 1:1,000 in immunoblot-blocking solution for 1 h at
room temperature. The blot was washed and then developed by the use of an
enhanced chemiluminescence system (Pierce, Rockford, Ill.) per the manufac-
turer’s protocol. Anti-CK8 (M20) and anti-CD14 (uchm-1) are monoclonal an-
tibodies and were obtained from Sigma.

Adherence of CK8 from A549 epithelial cell lysates to GBS. A549 cells from
one 150-cm2 flask were removed and washed as described above. Cells were
pelleted and then resuspended on 5 ml of phosphate lysis buffer (PLB; PBS with
1% Triton X-100 and 0.1% SDS). Cells were allowed to lyse for 30 min on a
rocking platform, and nuclei and other insoluble material were pelleted for 30
min in a refrigerated microcentrifuge (model 5417R; Eppendorf, Hamburg,
Germany). The supernatant was aliquoted and stored at 270°C for later use.
Bacterial strains were grown overnight as described above, diluted 1:10 in fresh
Todd-Hewitt broth, and grown to an optical density at 600 nm of 0.4 to 0.5. A
1-ml volume of bacterial culture was centrifuged, and the pelleted cells were
washed twice with PBS, resuspended in 0.5 ml of PBS with 5% BSA (Sigma), and
incubated for 2 h on ice to prevent nonspecific binding of proteins. BSA was
added to A549 lysates to a concentration of 5% (wt/vol). Bacteria were pelleted,
resuspended in 100 ml of A549 lysate, and incubated on a rocking platform for
2 to 4 h at 4°C. Bacteria were pelleted and then washed four times with 1-ml
volumes of PLB, and bound proteins were eluted with 50 ml of 23 SDS-PAGE
sample buffer at 100°C for 5 min. Eluted proteins were separated by SDS-PAGE,
transferred to a PVDF membrane, and blocked with immunoblot blocking so-
lution. The blot was probed overnight at 4°C with 5 ml of M20 (anti-CK8; Sigma)
ascites fluid diluted 1:500 in immunoblot-blocking solution. The blot was washed
briefly and then incubated for 1 h at 4°C with a goat anti-mouse immunoglobu-
lin–horseradish peroxidase conjugate (Sigma) diluted 1:1,000 in immunoblot-
blocking solution.

Adherence of GBS to CK8 captured via a monoclonal antibody. U-bottom
microtiter plates (Becton Dickinson, Franklin Lakes, N.J.) were coated with 50
ml of a goat anti-mouse immunoglobulin solution (100 mg/ml; Sigma) overnight
at 4°C. This solution was aspirated and saved for reuse in subsequent experi-
ments. The plate was then washed three times with PBS. A 50-ml volume of
monoclonal antibody (ascites fluid diluted 1:100 in PBS) was then added, and the
plate was incubated overnight at 4°C. It was then washed three times with PBS
containing 5% nonfat dry milk and then three times with PBS. The plate was
blocked with 90 ml of 5% BSA in PBS for 4 h at 4°C. A549 lysate (50 ml) prepared
as described above was then added to each well and allowed to bind overnight at
4°C. The plate was then washed three times with PLB and three times with PBS
containing 5% nonfat dry milk. The plate was again blocked with 5% BSA in PBS
for 1 h at 4°C, and adherence of radiolabeled GBS was determined as previously
described (18).

Determination of candidates for use in identification of p50 and p57. A list of
potential candidates for use in identifying p50 and p57 was obtained by using
GuessProt. This site has now been renamed TagIdent (http://www.expasy.ch/
tools/tagident.html). A pI range of from 4.6 to 6.1 and a molecular weight range
of from 43,000 to 63,000 were used. The search was limited to proteins from
humans.

RESULTS

GBS adhere to a 57-kDa and a 50-kDa protein present in
A549 epithelial cell plasma membranes. To identify additional
receptors by which GBS might adhere to epithelial cells, we
isolated plasma membrane proteins from A549 epithelial cells.
We hypothesized that the plasma membrane would contain
adhesin receptors. We further hypothesized that these adhesin
receptors might retain their ability to bind to GBS after sepa-
ration by SDS-PAGE and transfer to a PVDF membrane, thus
allowing us to identify the molecular masses of proteins that
bind to GBS. A549 epithelial cell plasma membranes were
isolated as described in Materials and Methods, with sucrose
density gradient centrifugation being used to separate plasma
membranes from other cellular membranes. Alkaline phospha-
tase was used as a marker for the presence of plasma mem-
branes. We achieved between 10- and 20-fold purification of
plasma membrane proteins (data not shown). Potential adhe-
sin receptors were then identified by protein blot analysis with
radiolabeled GBS as a probe. A549 plasma membrane proteins
were separated by SDS-PAGE and transferred to a PVDF
membrane, which was then blocked and probed with 35S-la-
beled COH1. The results of this protein blot analysis are shown
in Fig. 1 (lane 1). COH1 adhered to two proteins, with molec-
ular masses of 50 kDa (p50) and 57kDa (p57). We concluded
that p50 and p57 bound to immobilized GBS and were poten-
tial adhesin receptors.

p50 and p57 comigrate with two forms of CK8 on SDS-
PAGE gels. We then undertook identification of these pro-
teins. By two-dimensional protein blot analysis (data not
shown), we demonstrated that the pI of p50 and p57 was
approximately 5.1. We then searched the Swiss-Prot database
for candidates whose apparent molecular weights and pIs were
close to those of p50 and p57, using GuessProt, as described in
Materials and Methods. Several candidates were identified.
We performed an immunoblot analysis (Fig. 1) of A549 plasma
membrane proteins, using monoclonal antibodies to two of
these candidate proteins, CK8 and CD14. M20 (anti-CK8)
bound to two proteins that comigrated exactly with p50 and
p57 (lane 2). The anti-CD14 antibody did not react with A549
plasma membrane proteins (lane 3). No signal was seen when
primary antibody was not added (lane 4). These results dem-
onstrate that a monoclonal antibody to CK8 recognized two
distinct proteins from A549 cell membranes. The larger pro-
tein, p57, appears to be intact CK8, while the 50-kDa protein
appears to be a degradation product of p57. Consistent with
this interpretation, multiple degradation products of CK8 have
been previously found in A549 cells (7) and colorectal carci-
noma cells (9).

We considered the possibility that one of the two peptides
recognized by M20 was not CK8 but a peptide unrelated to
CK8 that spuriously binds to M20. To eliminate this possibility,
we performed immunoblot analysis with a second, indepen-
dently derived monoclonal antibody, 35bH-11. 35bH-11 and

FIG. 1. Protein blot analysis of A549 membranes. A549 membrane proteins
were separated by SDS-PAGE, transferred to a PVDF membrane, and probed as
follows: lane 1, 35S-labeled COH1; lane 2, M20 (anti-CK8); lane 3, uchm-1
(anti-CD14); and lane 4, no primary antibody. (Lanes 2 to 4 are immunoblots.)
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M20 react with the same two peptides (data not shown), con-
firming that the two peptides seen in the immunoblot analysis
correspond to two forms of CK8.

p50 and p57 comigrate with CK8 in two-dimensional elec-
trophoresis. We considered the possibility that the comigration
of p50 and p57 with CK8 seen on SDS-PAGE was coincidental
and that p50 and p57 are unrelated to CK8. To test this pos-
sibility, we performed a two-dimensional protein blot analysis
to test whether CK8 comigrates with p50 and p57 in both
SDS-PAGE and isoelectric focusing. If p50 and p57 are unre-
lated to CK8, they should not comigrate with CK8 in isoelectric
focusing. Alternatively, comigration of p50 and p57 with CK8
after two-dimensional electrophoresis would provide strong
support for the hypothesis that p50 and p57 are CK8. Figure 2
shows the results of a two-dimensional protein blot analysis of
A549 membranes probed with both M20 (anti-CK8) (Fig. 2A)
and radiolabeled GBS (Fig. 2B). There are two isoelectric
forms of the 57-kDa CK8 protein, and they exactly comigrate
with the corresponding isoelectric forms of the p50 and p57
GBS adhesin receptors. There are three isoelectric forms of
the 50-kDa CK8 protein, one major and two minor. Although
the forms on the two blots differ in relative intensity, they do
comigrate. We presume that the differences in intensity of the
spots are due to differences in the affinities of the different
degradation products of CK8 for the M20 antibody and for
GBS. Thus, p50 and p57 comigrate with CK8 in both SDS-
PAGE and isoelectric focusing, confirming that GBS adhere to
CK8.

GBS bind to p50 and p57 in solution. It remained formally
possible that GBS were adhering to a molecule that comigrates
with CK8 after both isoelectric focusing and SDS-PAGE. We
hypothesized that if GBS bound to CK8 on a protein blot, they
might also bind to CK8 in solution. Alternatively, if GBS
bound to a molecule that comigrated with CK8, but not to CK8
itself, then we would not expect GBS to bind to CK8 in solu-
tion. To distinguish between these two possibilities, we tested
the ability of GBS to bind CK8 in solution. However, we have
previously demonstrated that GBS will only bind fibronectin
when it is attached to a solid substrate, and we first sought to
confirm that p50 and p57 would bind to GBS both when at-
tached to a solid substrate and when in solution. We incubated

COH1 with detergent-solubilized A549 proteins to allow p50
and p57 to bind to COH1, then washed away nonadherent
proteins and eluted bound proteins with SDS-PAGE sample
buffer. Proteins that eluted from COH1 were subjected to a
protein blot analysis and probed with radiolabeled GBS. As
shown in Fig. 3, two peptides that bound to 35S-labeled GBS
were eluted from COH1. These peptides exactly comigrated
with the p57 and p50 present in plasma membranes. These
results demonstrate that GBS bind the p57 and p50 adhesin
receptors in solution. Proteins eluted from COH1 were also
analyzed by SDS-PAGE and stained with Coomassie blue; the
only bands visualized corresponded to p50 and p57 (data not
shown), suggesting that these are the major A549 cell proteins
that bind to COH1. We attempted to confirm the identities of
these peptides by performing amino acid sequence analysis,
but these attempts were unsuccessful as the N termini appear
to be blocked (data not shown).

GBS bind CK8 in solution. Since the p50 and p57 adhesins
bind to COH1 in solution, we hypothesized that CK8 would
also bind to COH1 in solution, thereby confirming that p50 and
p57 are two forms of CK8. To test this hypothesis, the protein
blot described above, containing A549 lysate proteins that
bound to COH1, was probed with M20 (anti-CK8). Two M20-
reactive peptides, with molecular masses of 57 and 50 kDa,
were eluted from COH1 (Fig. 3). No such peptides were eluted
from COH1 that had not been incubated with A549 lysates,
demonstrating that the immunoreactive proteins originated in
the A549 lysates and were not from COH1. These data dem-
onstrate that CK8 binds to COH1 and confirm that the p50 and
p57 adhesin receptors are both forms of CK8.

GBS bind to immunoaffinity-purified CK8. As further proof
that GBS bind to CK8, we also tested the ability of GBS to bind
to purified CK8. To perform this experiment, CK8 was immu-
noaffinity purified directly in microtiter wells (17). M20 was
captured in microtiter wells coated with goat anti-mouse im-
munoglobulin G. CK8 from A549 lysates was then captured in
the microtiter wells containing the bound M20 antibody. Ra-
diolabeled COH1 was allowed to adhere to the CK8-coated
microtiter wells, and adherent bacteria were assayed as de-
scribed in Materials and Methods. As shown in Fig. 4, approx-
imately 60% of the input COH1 bound to wells containing
captured CK8. Adherence was dependent on addition of A549
lysate, demonstrating that the binding was not due to adher-
ence of GBS to the M20 antibody itself. Minimal adherence
was seen when no monoclonal antibody or MOPC21 (an iso-
type-matched control antibody) was used, demonstrating that
binding was not due to Fc receptors contained in the A549
lysates but was dependent on the antigen-binding portion of
M20. Together, these data demonstrate that COH1 binds to
immunoaffinity-purified CK8.

FIG. 2. Two-dimensional protein blot analysis of A549 membranes. A549
membranes were separated by the method of O’Farrell (11), transferred to a
PVDF membrane, and probed. (A) Immunoblot probed with M20 (anti-CK8).
(B) Protein blot probed with 35S-labeled COH1.

FIG. 3. Protein blot analysis of A549 proteins that bind to COH1 in solution.
Lanes: 1 to 3, protein blots probed with 35S-labeled COH1; 4 to 6, immunoblots
probed with M20 (anti-CK8). Lanes 1 and 4 contain proteins eluted from COH1
alone; lanes 2 and 5 contain proteins eluted from COH1 incubated with A549
lysates, and lanes 3 and 6 contain whole A549 membranes.
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Role of capsular polysaccharide and surface proteins in
mediating adherence of GBS to CK8. A number of compo-
nents are present on the surface of GBS, including capsular
polysaccharide, lipoteichoic acid, surface proteins, and group
antigen. We tested the role of surface proteins and capsular
polysaccharide in adherence of GBS to CK8. Previous studies
had demonstrated that adherence of GBS to both epithelial
cells and fibronectin is mediated by surface proteins (18, 19).
We tested the role of surface proteins in adherence of GBS to
CK8 by treating GBS with trypsin. As shown in Fig. 5, binding
of CK8 to GBS (lane 1) was eliminated by trypsin treatment
(lane 2). To ensure that this was not due to a contaminant in
the trypsin, soybean trypsin inhibitor, a specific trypsin inhib-
itor, was added concomitantly with the trypsin, and adherence
to CK8 was then tested. As shown in lane 3, soybean trypsin
inhibitor restored adherence of GBS to CK8, demonstrating
that the effect of trypsin was due to the proteolytic activity of
trypsin and not to a contaminant in the trypsin preparation.
Radiolabeled GBS also did not bind to p50 or p57 in protein
blot assays when these bacteria were pretreated with trypsin
(data not shown). These data demonstrate that adherence of
GBS to CK8 is mediated by surface proteins.

To determine whether the capsule mediates binding of GBS

to CK8, we tested the ability of an acapsular mutant (COH1-
13) to bind to CK8 in solution. As shown in Fig. 6, both COH1
(lane 6) and COH1-13 (lane 7) bound CK8. COH1-13 ap-
peared to bind somewhat more CK8 than did COH1. These
data indicate that adherence to CK8 is not mediated by cap-
sular polysaccharide but that capsular polysaccharide may, in
fact, slightly inhibit the binding of GBS to CK8.

CK8 binds to six of six GBS strains tested. We also tested
the possibility that GBS adherence to CK8 might be restricted
to a small subset of GBS strains. Six GBS strains of different
serotypes were tested for their ability to bind CK8 in solution
(Fig. 6). GBS strains were incubated with A549 cell lysates, and
after the bacteria were washed, adherent CK8 was eluted with
SDS-PAGE sample buffer. Eluted CK8 was detected by im-
munoblot analysis. As shown in Fig. 6, all six strains tested
bound CK8, although their levels of binding differed. NCTC
10/84 bound significantly more CK8 than did the other strains,
while A909 bound significantly less than any of the other
strains. These results demonstrate that adherence of GBS to
CK8 is widespread among GBS strains of different serotypes
and is not a peculiar property of COH1.

CK8 binds to four other species of mammalian-associated
gram-positive cocci. We also wished to know whether adher-
ence to CK8 is unique to GBS or is a common property of
gram-positive cocci which colonize mammalian hosts. We thus
tested binding of four other gram-positive cocci to CK8 in
solution. Three of these species (Streptococcus pyogenes, E.
faecalis, and Staphylococcus aureus) are human pathogens. We
also tested CK8 binding by L. lactis, which is considered a
commensal of both humans and bovines. Binding of bacteria to
CK8 present in A549 cell lysates was assayed as described
above. As shown in Fig. 7, the four gram-positive species
bound to CK8 to various degrees. Of note, Streptococcus pyo-
genes CS101 (lane 5) bound much higher levels of CK8 than
did any of the other species tested, including GBS. These data

FIG. 4. COH1 adherence to CK8 captured by anti-CK8. 3H-labeled COH1
was allowed to bind to wells coated with anti-immunoglobulin; then no specific
antibody (none), MOPC21 (an isotype control antibody), or M20 (anti-CK8) was
added, followed by A549 lysate (1). Negative-control wells (2) did not have
lysate added. Percent adherence was calculated as described in Materials and
Methods.

FIG. 5. CK8 binding to trypsin-treated COH1. COH1 was treated as indi-
cated below and then incubated with A549 lysates. Bound proteins were eluted
and analyzed by immunoblotting with M20 (anti-CK8). Lane 1, PBS-treated
COH1; lane 2, trypsin-treated COH1; lane 3, trypsin- and soybean trypsin inhib-
itor-treated COH1; lane 4, A549 whole-cell lysate.

FIG. 6. CK8 binding to different GBS strains. Various GBS strains were
incubated with A549 lysate, and bound proteins were eluted and analyzed by
immunoblotting with M20 (anti-CK8). Strains used were as follows: lane 1, A909
(type Ia); lane 2, DK14 (type Ib); lane 3, DK23 (type II); lane 4, NT6 (type VI);
lane 5, NCTC 10/84 (type V); lane 6, COH1 (type III); and lane 7, COH1-13
(acapsular mutant of COH1). Lane 8 contained A549 whole-cell lysate.

FIG. 7. CK8 binding to five species of gram-positive cocci. Various strains
were incubated with A549 lysates, and bound proteins were eluted and analyzed
by immunoblotting with M20 (anti-CK8). Lane 1, COH1 (Streptococcus agalac-
tiae); lane 2, RH110 (E. faecalis); lane 3, LM0230 (L. lactis); lane 4, SA25923
(Staphylococcus aureus); lane 5, CS101 (Streptococcus pyogenes); lane 6, A549
whole-cell lysate.
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indicate that binding to CK8 is not limited to GBS but may be
a general property of gram-positive cocci whose ecological
niches are associated with mammalian hosts.

DISCUSSION

Adherence of GBS to epithelial cells may play an important
role in multiple stages in the pathogenesis of GBS disease,
including colonization of rectal, vaginal, and pulmonary epi-
thelial surfaces, and as a first step in the invasion of pulmonary
epithelial cells. In our efforts to identify additional adhesin
receptors on epithelial cell surfaces, we used respiratory epi-
thelial cell plasma membranes to which GBS adhered in a
protein blot analysis. Adhesin receptors on epithelial cells in-
clude fibronectin (18). Binding to fibronectin was not consis-
tently observed because of the low levels of fibronectin in the
membrane preparation (data not shown). Laminin may also be
an adhesin receptor (15), although radiolabeled GBS do not
appear to bind to purified laminin (18); we did not detect
binding to laminin in our blots.

GBS did bind to two specific proteins present in A549 mem-
branes. We have identified these proteins as two forms of CK8.
Adherence is mediated by a surface protein; capsular polysac-
charide does not appear to be involved. Adherence of GBS to
CK8 appears to be a general phenomenon, since six of six GBS
strains tested all bound CK8, to various degrees. Furthermore,
all other gram-positive cocci tested (Staphylococcus aureus,
Streptococcus pyogenes, E. faecalis, and L. lactis) all bound
CK8, to various degrees. Streptococcus pyogenes exhibited the
highest degree of binding among all strains tested.

Because of the promiscuous binding of CK8 to all bacteria
tested, we also considered the possibility that CK8 was binding
nonspecifically to COH1. This is unlikely for four reasons.
First, GBS did not bind to any of the other proteins present in
the plasma membrane preparation, demonstrating that the
GBS were not interacting nonspecifically with all membrane
proteins but were specifically reacting only with CK8. Second,
the lack of CK8 binding to bacterial cells treated with trypsin
demonstrates that GBS binding to CK8 is mediated by a pro-
tein or proteins that interact with CK8. Third, the lack of
binding to trypsinized GBS also provides a negative control for
CK8 binding to GBS, demonstrating that the apparent binding
of GBS to CK8 in solution is not a result of carryover of CK8
due to inadequate washing during the assay procedure. Fourth,
a large proportion of the CK8 present in A549 cell lysates (on
the order of 1/10) bound to the bacteria, suggesting that this is
a high-capacity, high-affinity interaction. Finally, in all experi-
ments, GBS were pretreated with 5% BSA to block nonspecific
interactions. We concluded that binding of GBS to CK8 was
unlikely to be due to nonspecific interactions but appeared to
be due to an interaction between CK8 and specific protein
receptors on GBS. However, a definitive demonstration of this
will require identification of GBS mutants that lack specific
surface proteins which mediate the interaction of GBS with
CK8.

The role, if any, of GBS adherence to CK8 in the pathogen-
esis of GBS disease is unclear. In general, adhesin receptors
must be present on the surface of epithelial cells to interact
with bacterial adhesins. CK8 is present, in general, on the
cytoplasmic side of plasma membranes of simple epithelia,
such as the respiratory epithelium, where it plays a role in
anchoring the cytoskeleton to the plasma membrane (8). CK8
is generally not believed to be present on the surface of epi-
thelial cells. There are several mechanisms by which adherence
of GBS to CK8 may play a role in pathogenesis, including GBS
binding to CK8 that may be present on simple epithelial sur-

faces, binding of GBS to other cytokeratins present on kera-
tinized epithelial surfaces, binding of GBS to cytoplasmic CK8
after invasion of epithelial cells, or host recognition of CK8
receptors as part of host defense mechanisms. These possible
mechanisms are described in further detail below.

First, CK8 may be present on the surface of some epithelial
cells. Hembrough and colleagues found that CK8 is on the
surface of hepatocytes (5, 6) and some malignant epithelial
cells (4). The latter finding may be an artifact of the malignant
transformation process, although nonmalignant epithelial cells
have not, to our knowledge, been tested for surface CK8 ex-
pression. Thus, it is possible that GBS adhere to CK8 which
may be present on the surface of some normal epithelial cells.

Second, GBS may adhere to CK8 present on the surface of
damaged respiratory epithelial cells. GBS secrete a hemolysin/
cytolysin which damages the surface of epithelial cells (10).
Interactions between GBS and CK8 may take place after epi-
thelial cells are damaged by hemolysin or other factors elicited
by GBS. In preliminary experiments, we have demonstrated
that damaged epithelial cells do have high levels of exposed
CK8, as evidenced by the high-level binding of anti-CK8 to
damaged A549 epithelial cells (data not shown). Alternatively,
GBS may adhere preferentially to mucosal surfaces damaged
by other mechanisms.

Third, GBS may adhere to damaged keratinized epithelia
through CK8 receptors. Although CK8 is not felt to be present
in the keratinized upper layers of the dermis (2), it does appear
to be expressed in basal layers of the human skin. GBS could
potentially interact with CK8 on squamous epithelial surfaces
which have been damaged by trauma, exposing the CK8 that is
present in the more basal elements of these surfaces.

Fourth, GBS may bind to keratinized epithelia through in-
teractions with cytokeratins other than CK8. Many cytokera-
tins (not including CK8) are exposed on the surface of kera-
tinized squamous epithelia such as the skin and vagina (8).
These cytokeratins are exposed after the plasma membrane
dissolves in the final stages of differentiation. In preliminary
experiments, we found that GBS do appear to bind to at least
two cytokeratins (with molecular masses of approximately 60
and 75 kDa) present in a cytokeratin preparation from human
skin. We are presently performing experiments to identify
these dermal cytokeratins, and we hypothesize that adherence
of GBS to squamous epithelial cytokeratins plays an important
role in colonization at these sites.

Fifth, GBS may also interact with cytoskeletal components
during the invasion process. GBS are able to invade epithelial
cells and enter the cytoplasm (13). We postulate that adher-
ence of GBS to cytoplasmic CK8 plays a role in either the
invasion process or transcytosis, the process by which GBS
translocate across epithelial barriers. Cytoskeletal components
are an important part of the cellular systems for cytoplasmic
transport of vessicles and other organelles. GBS may take
advantage of these systems by adhering to cytoskeletal com-
ponents such as CK8.

Sixth, adherence of GBS to cytokeratins may not be a viru-
lence factor but may in fact play a role in host defense. GBS
may adhere to keratin exposed on squamous epithelial sur-
faces. When keratinized cells are exfoliated, GBS may then be
eliminated. Studies of mastitis-producing GBS strains have
demonstrated that keratin in the teat canal inhibits the ability
of GBS to cause infection (3). These data are consistent with a
role for adherence of GBS to teat canal keratin in host defense.

In summary, we demonstrate here that GBS bind to CK8
both in solution and when attached to a solid phase. This
binding is independent of serotype and is not restricted to
GBS, since the four other gram-positive cocci tested also bind
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to CK8. Binding appears to be mediated by a protein and not
by the capsule. This interaction may play an important role in
the pathogenesis of GBS disease.
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