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Aggregation substance (AS), a surface protein encoded on the pheromone-inducible plasmids of Enterococcus
faecalis, has been shown to increase adherence and internalization into a number of different cell types,
presumably through integrin binding mediated by the N-terminal RGD motif of AS. Here, defined mutations
constructed in Asc10, the AS encoded by the plasmid pCF10, are analyzed for their ability to promote increased
internalization levels into HT-29 enterocytes. The results clearly show that the previously identified Asc10
functional domain, not the RGD motifs, is critical for Asc10-directed internalization of E. faecalis into HT-29
enterocytes. Also, expression of Asc10 in the nonaggregating E. faecalis strain INY3000 is unable to mediate
HT-29 internalization. However, Asc10-expressing E. faecalis cells are not internalized as bacterial aggregates,
suggesting bacterial aggregation is not a prerequisite for HT-29 internalization. These data show that Asc10
directs internalization of E. faecalis into HT-29 enterocytes through a non-RGD-dependent mechanism.

Enterococcus faecalis is a growing health concern due to its
increased incidence as a causative agent of nosocomial infec-
tions, its high levels of antibiotic resistance, and the ability of
enterococci to genetically mobilize these resistance elements
(for review, see reference 15). A major class of mobilizable
DNA in enterococci is the pheromone-inducible plasmid fam-
ily. Upon exposure to a 7- to 8-amino-acid peptide pheromone
secreted by the plasmid-free recipient cell, plasmid-containing
donor cells induce expression of conjugation machinery lead-
ing to DNA transfer (24). Approximately 20 pheromone plas-
mids have been identified (40), and they have been found to be
more prevalent in clinical enterococcal strains (4). The in-
creased prevalence of pheromone plasmids in clinical strains is
likely due to the various antibiotic resistance genes and viru-
lence factors encoded on the plasmids (40). One such factor, a
surface protein known as aggregation substance (AS), appears
to be encoded on most if not all pheromone plasmids (14) and
serves to promote both conjugation of the plasmids and patho-
genesis of E. faecalis. Interestingly, a gene encoding AS was
recently identified on a pathogenicity island of E. faecalis (31).

With the exception of Asa373 (22), the genes encoding AS
proteins are highly conserved (approximately 90% identity).
The three most studied AS proteins, Asa1, Asp1, and Asc10,
all encode two Arg-Gly-Asp (RGD) integrin binding motifs
(28, 40) and are induced in serum without addition of their
cognate pheromone (13, 19). These observations initiated studies
that found AS promotes adhesion to and invasion of E. faecalis
in eukaryotic cells. Asa1 increased adherence to cultured por-
cine renal tubular cells (19) and adherence to and survival in
human macrophages (32). Asc10 was shown to increase inter-
nalization into polymorphonuclear leukocytes (PMNs) (34)

and led to increased intracellular survival in PMNs (26). AS
also increases invasion into the cell lines HT-29, HT-29/1, T84,
and Hutu 80 derived from the duodenum and colon, but not
the HCT-8 cell line derived from the ileum (23, 29, 38). Im-
portantly, translocation of the intestine by E. faecalis has been
hypothesized to be a focal point of more systemic infections
(37). Asc10 and Asa1 have both been shown to promote bind-
ing of E. faecalis to extracellular matrix molecules (12, 27), and
adherence to colon cells mediated by Asa1 has been predicted
to occur through fibronectin binding (18). Both Asa1- and
Asc10-expressing enterococci have been shown to increase the
pathogenicity of E. faecalis in a rabbit infective endocarditis
model (3, 13, 30).

The RGD motifs of AS are thought to direct binding of
E. faecalis to eukaryotic cell surface integrins, as adherence
to renal cells (19), PMNs (34), and macrophages (32) was
reduced when the eukaryotic cells were preincubated with
RGDS peptide inhibitors. Also, monoclonal antibodies to
CR3, CD47, and L-selectin have been shown to reduce AS-
mediated adherence to PMNs (34) and macrophages (32).
However, no studies have conclusively shown that either RGD
motif is necessary for adherence via disruption of these do-
mains using site-directed mutagenesis.

Previously, our investigators described identification of an
aggregation domain in Asc10 located between amino acids 473
and 683 by using a collection of 23 31-codon insertion mutants
in prgB, the gene encoding Asc10 on the plasmid pCF10 (35,
36). These results were in general agreement with the aggre-
gation domain identified in Asa1 by using in-frame deletion
mutations and purified protein fragments (22). In the present
study, examination of HT-29 internalization mediated by the
Asc10 insertion mutant proteins revealed that the previously
identified aggregation functional domain is essential for in-
creased internalization levels. Also, disruption of the RGD
motifs by site-directed mutagenesis showed no significant de-
crease in internalization levels. Expression of Asc10 in the
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nonaggregating strain INY3000 showed very low levels of in-
ternalization. However, the internalization of non-Asc10-ex-
pressing E. faecalis is not increased in the presence of Asc10-
expressing strains, suggesting that E. faecalis cells were not
being internalized as aggregates. These results show that Asc10
promotes internalization of E. faecalis into HT-29 enterocytes
through a non-RGD-dependent mechanism.

MATERIALS AND METHODS

Bacterial culture conditions and nisin induction. E. faecalis was grown at 37°C
with gentle shaking in Todd-Hewitt broth (THB; Difco). For DNA isolation and
manipulation, Escherichia coli (CC118) was grown at 37°C with shaking in Luria-
Bertani medium or brain heart infusion broth (Difco) for erythromycin selection.
The antibiotics and concentrations used for E. faecalis were erythromycin (10
�g/ml), rifampin (200 �g/ml), and streptomycin (1 mg/ml), while the antibiotic
and concentration used for E. coli was erythromycin (100 �g/ml in brain heart
infusion broth) or carbenicillin (50 �g/ml). All antibiotics were obtained from
Sigma. prgB and its derivatives were expressed using the nisin-inducible expres-
sion plasmid pMSP3535 (2). In this plasmid, transcription of genes is driven from
the nisA promoter by using nisin, a small antimicrobial peptide produced by
Lactococcus lactis. For induction, nisin was added to a final concentration of 25
ng/ml, which had no observable effects on the growth of E. faecalis.

DNA manipulation and construction of RGD mutations. Plasmids were iso-
lated with a Qiagen midi or mini kit as recommended by the manufacturer.
Restriction enzymes were purchased from Promega, Gibco-BRL, and New En-
gland Biolabs. PCR was performed with a Perkin-Elmer Gene Amp PCR system
or an Eppendorf Mastercycler using BioXact DNA polymerase (Bioline). The
ligation reaction utilized T4 DNA ligase (Gibco-BRL) either overnight at 17°C
or for 1 to 2 h at room temperature. All sequencing and primer synthesis were
done by the Microchemical Facility at the University of Minnesota. The site-
directed RGD mutations in prgB were constructed in the following manner. For
the RADS mutation (G607 to A607), two PCR products were generated using
BioXact DNA polymerase (Bioline) from the prgB gene in the vector pMSP7517,
using the following primer sets: BsrGIf (5�-AGAGATCTACTGATAATGTAC
AAGC-3�) and RADSr (GTAAAGAGTCGGCACGTTTCAC-3�) and RADSf
(5�-GTGAAACGTGCCGACTATTTAC-3�) and BtrI/r (5�-TAGGCTTAAGAA
GCAGTCACGTCTTTCGC-3�) with amplification for 20 cycles. The two prod-
ucts were combined and amplified for five PCR cycles using BioXact. The BsrGIf
and BtrI/r primers were then added, and amplification was carried out for an-
other 20 cycles. The resulting product was cloned into pGEM-T Easy (Promega).
The final nisin-inducible construct, pMSP3607, was generated by digesting and

ligating the BsrGI/PshAI fragment from pGEM-T Easy/RADS into a BsrGI-cut
PshAI-partial cut pMSP7517 vector backbone to yield a full-length, nisin-induc-
ible prgB gene with the RADS mutation (Table 1). The RADV mutation (G940
to A940) was constructed in the same manner, utilizing the primer sets BsrGIf
and RADVr (5�-GAAAGAACATCAGCACGAGCCA-3�) and RADVf (5�-TG
GCTCGTGCTGATGTTCTTC-3�) and B3247r (5�-TGACTTTGTTTGTCAC
C-3�). The RADV mutation was moved to the prgB gene by exchanging the
PshAI fragments of pGEM-T Easy/RADV and pMSP7517 to create pMSP3608.
Both constructs were sequenced and had the correct G3A mutation. pMSP3607
had no extra additional mutations generated by PCR, while pMSP3608 had a
T2112-to-C2112 mutation; however, this mutation is in the wobble position of a
valine codon, and the amino acid sequence of the resulting protein is not altered.
The double RGD mutant, pMSP3609, was constructed by cloning the PshAI
fragment of pMSP3608 into pMSP3607. After electroporation of the plasmids
into E. faecalis OG1RF, all of the mutations were again confirmed by sequencing
the PCR product derived from the mutant prgB gene.

Quantification of aggregation. Aggregation of induced cultures was measured
as previously described (36). Briefly, 1 ml of a nisin-induced overnight culture
was allowed to settle in a plastic cuvette for 1 h, and the optical density at 600 nm
was measured using a Beckman DU-70 spectrophotometer.

Western blot analysis. Proteins expressed on the cell surface of E. faecalis cells
were harvested using lysozyme as previously described (8). The lysozyme extrac-
tion buffer was slightly modified to include 25 mM EDTA and 5 mg of lysozyme/
ml. An equivalent volume (12 �l out of a 200-�l total lysis extraction) was loaded
onto a sodium dodecyl sulfate–7.5% polyacrylamide gel electrophoresis (SDS-
PAGE). Western blot analysis was performed with an antibody constructed
against an N-terminal domain of Asc10 (21) at a dilution of 1/2,500. Detection
was performed with the enhanced chemiluminescence protocol (Pierce).

Bacterial internalization into HT-29 enterocytes. Internalization of E. faecalis
strains was determined as previously described (38). Overnight cultures induced
with nisin were used for all internalization assays with the exception of the
experiment reported below in Fig. 1B. For this experiment, overnight cultures
washed twice with 0.9% saline to remove extracellular proteases were inoculated
1/100 in fresh THB with erythromycin and nisin and grown for 3 h with shaking
at 37°C. Prior to addition of the bacteria to the HT-29 enterocytes, the cultures
were washed twice with 0.9% saline and sonicated at 20 W for 10 s on a 40-W
high-intensity ultrasonic processor (Sonics and Materials, Danbury, Conn.) to
disperse aggregates. It should be noted that the cultures reaggregated during the
assay, as determined by visible observation. The density of each culture was
adjusted to 109 CFU/ml by addition of 0.9% saline, using densitometry, and
confirmed by dilution plating. One hundred microliters of bacteria was then
added to a confluent layer of 105.7 to 106 HT-29 enterocytes (cultured in Dul-
becco’s modified Eagle’s medium supplemented with 15% dialyzed fetal bovine

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Description Source or reference

E. coli strain
CC118 C. Manoil

E. faecalis strains
OG1RF Rifampin, fucidic acid resistant 6
OG1SSp Streptomycin, spectinomycin resistant 6
INY3000 Streptomycin, spectinomycin resistant, aggregation mutant 33

Plasmids
pMSP3535 Nisin-inducible cloning shuttle vector 2
pMSP7517 Nisin-inducible Asc10 in pMSP3535 12
pMSP3607 N-terminal RGD3RAD in prgB This study
pMSP3608 C-terminal RGD3RAD in prgB This study
pMSP3609 Double RGD3RAD in prgB This study
pCW�258 31-amino-acid insertion at base 258 in prgB gene of pMSP7517 36
pCW�438 31-amino-acid insertion at base 438 in prgB gene of pMSP7517 36
pCW�468 31-amino-acid insertion at base 468 in prgB gene of pMSP7517 36
pCW�1419 31-amino-acid insertion at base 1419 in prgB gene of pMSP7517 36
pCW�1551 31-amino-acid insertion at base 1551 in prgB gene of pMSP7517 36
pCW�1638 31-amino-acid insertion at base 1638 in prgB gene of pMSP7517 36
pCW�2064 31-amino-acid insertion at base 2064 in prgB gene of pMSP7517 36
pCW�2601 31-amino-acid insertion at base 2601 in prgB gene of pMSP7517 36
pCW�2979 31-amino-acid insertion at base 2979 in prgB gene of pMSP7517 36
pCW�3414 31-amino-acid insertion at base 3414 in prgB gene of pMSP7517 36
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serum, 4 mmol of L-glutamine per liter, and 5 mM galactose for at least 21 days).
After 1 h of incubation at 37°C, the enterocytes were washed five times with
Hanks’ balanced salt solution (HBSS) to remove nonadherent bacteria. The
remaining extracellular bacteria were killed by addition of 1 ml of tissue culture
medium containing 50 �g of penicillin G (Sigma)/ml and 10 �g of gentamicin/ml
and incubating for 2.5 h at 37°C. The effectiveness of the antibiotic treatment was
confirmed by plating 50 �l of medium from each well. The enterocytes were then
washed three times with HBSS and incubated for 5 min at 37°C with 1 ml of 1%
Triton X-100. Invasive bacteria were quantified by serial dilution and plating on
THB with erythromycin. In the protocol described above (designated as standard
conditions in this report), the HT-29 enterocytes form monolayers with tight
junctions. To disrupt the HT-29 monolayers and expose the lateral surface of the
enterocytes, calcium-dependent junctional complexes were disrupted by pre-
treatment of the enterocytes with 1 ml of Krebs Ringer’s solution (Sigma) for 1 h
at 37°C immediately prior to addition of the bacteria, as previously described (38,
39). When indicated, bacteria were pelleted onto the HT-29 monolayer at 182 �
g for 10 min as previously described (5). For the cointernalization experiment
described below in Fig. 6, overnight cultures of OG1RF(7517), OG1SSp(3535),
and INY3000(3535) were washed and adjusted to 109 CFU/ml as described
above. The cultures were then mixed at a ratio of 4:1, 1:1, or 1:4, and 100 �l of
the mixed culture was added to each well. Internalization of OG1RF was dif-
ferentiated from internalized OG1SSp or INY3000 by plating on THB supple-
mented with rifampin-erythromycin or streptomycin-erythromycin, respectively.
For all internalization assays, each strain was examined in three wells for each
experiment. The mean of at least three experiments performed on separate days
is reported. The number of invasive organisms was converted to a log10 value.
The lower limit of detection of this assay is 50 bacteria or 1.7 log10 units, and
wells with no detectable viable internalized bacteria were given this value.

Confirmation of mixed aggregates. To confirm that OG1RF(7517) expressing
Asc10 was forming mixed aggregates with OG1SSp(3535), overnight cultures of
OG1SSp(3535) and INY3000(3535) were washed twice with 0.9% saline and

labeled with 0.1% fluorescein isothiocyanate (FITC) (Sigma) in 50 mM carbon-
ate buffer at pH 9.5 for 30 min at 37°C. This treatment has no effect on cell
viability. The labeled bacteria were then washed three times with HBSS to
removed unbound FITC and incubated at the indicated ratio with overnight
nisin-induced cultures of OG1RF(7517) that had been washed twice with HBSS.
After 1 h of incubation, the mixture was examined by fluorescence-activated cell
sorter (FACS) analysis on a Becton Dickinson FACScan. The data were analyzed
using the software CellQuest, version 3.3 (Becton Dickinson). Mixed aggregates
were indicated by high FL-1 and forward scatter (FSC) profiles. The experiment
was also duplicated with unlabeled OG1SSp(3535) and INY3000(3535) as con-
trols, and no FL-1 high events were observed (data not shown).

Statistical analysis. Statistical significance was determined by an analysis of
variance performed with the program StatView version 4.5 (Abacus Concepts,
Inc.). Differences with P values of �0.05 were considered significant.

RESULTS

The aggregation domain is essential for efficient HT-29 in-
ternalization. In a previous manuscript, we reported the con-
struction of a library of 23 31-codon, nonpolar insertions in
Asc10, the AS of pCF10 (36) generated with the transposons
TnLacZ/in and TnPhoA/in (20). Analysis of the Asc10 mutant
proteins identified an aggregation functional domain from
amino acids 473 to 683 (35, 36). The nomenclature used to des-
ignate the mutations refers to the base number of prgB pre-
ceding the insertion site.

To measure HT-29 internalization, Asc10 and its mutant
derivatives were expressed in the E. faecalis strain OG1RF
grown to stationary phase using the nisin-inducible construct
pMSP3535(3535). pMSP7517(7517) is a pMSP3535 derivative
that expresses wild-type Asc10. The log10 value of internalized
Asc10-expressing OG1RF(7517) under standard assay condi-
tions was 4.5, while the corresponding levels for OG1RF(3535)
were barely detectable at 1.8 (Fig. 1A) (1.7 is the minimum
value). Ten Asc10 insertion mutant proteins were examined
for the ability to promote increased internalization of OG1RF
into HT-29 enterocytes. Seven insertions promoted internal-
ization levels that were not significantly different from that of
the wild-type protein, while three insertions, �1419, �1551,
and �1638, showed levels similar to the vector control (Fig.
1A). To confirm expression of �1419, �1551, and �1638 on
the cell surface from the stationary-phase cultures, a lysozyme
surface extract was Western blotted with an anti-Asc10 poly-
clonal antibody (Fig. 2, lanes 3 to 7). Although Asc10-specific
degradation products were visualized, almost no full-length
Asc10 was observed. The lack of full-length Asc10 on the cell
surface in these cultures is likely due to degradation by GelE,
a secreted protease of E. faecalis expressed in high-density
cultures (25), as our investigators have shown that some of the
31-amino-acid insertions increase susceptibility to GelE prote-
olysis (35). Thus, to further examine if �1419, �1551, and
�1638 can direct HT-29 internalization, mid-exponential-
phase cultures were utilized. Under these conditions, the ag-
gregation insertion mutants were shown to express full-length
protein at levels equivalent to that of wild-type Asc10 (Fig. 2,
lanes 8 to 12) but were unable to direct efficient internalization
of E. faecalis cells into HT-29 enterocytes (Fig. 1B). These
results indicate that the previously identified aggregation do-
main is critical for Asc10-mediated HT-29 internalization.

RGD mutations in Asc10 do not affect aggregation. Previous
analyses of E. faecalis cell adhesion suggested that AS may
mediate increased cell adhesion through integrin binding di-

FIG. 1. The aggregation domain of Asc10 is required for efficient
HT-29 internalization. (A) The numbers of viable, internalized OG1RF
cells expressing wild-type Asc10 (7517), the vector control (3535), or
10 different insertion mutants from stationary-phase cultures into HT-
29 enterocytes under standard conditions is plotted on a log10 scale.
Note that log10 1.7 is the minimum number of bacteria that can be
measured in this assay. (B) Internalization of the Asc10 insertion mu-
tants �1419, �1551, and �1638 grown to exponential phase is shown,
as described for panel A. Error bars indicate the standard errors of the
means.
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rected by the RGD motifs (19, 32, 34). To directly examine the
role of the RGD motifs, three site-specific RGD mutant prgB
genes were constructed: pMSP3607 (3607) has a mutation in
the N-terminal RGD motif (G607 to A607), pMSP3608 (3608)
has a mutation in the C-terminal RGD motif (G940 to A940),
and pMSP3609 (3609) has mutations in both RGD motifs. As
RGD motifs serve as cell adhesion domains in eukaryotic sys-
tems, it was possible the RGD motifs of AS mediate bacterial
aggregation through a similar mechanism. However, analysis
of E. faecalis cells expressing the Asc10 RGD mutant proteins
clearly showed that aggregation is unaffected by the disruption
of these motifs (Fig. 3).

The RGD motifs are not required for HT-29 internalization.
OG1RF strains expressing the Asc10 RGD mutant proteins
showed no reduction in internalization levels into HT-29 en-
terocytes under standard conditions (Fig. 4). Under these con-
ditions, HT-29 cells form monolayers with tight junctions.
However, integrin expression is thought to be more prominent
on the apical surface of epithelial cells (17). Thus, to expose
the lateral surface of the enterocytes, the monolayers were

pretreated for 1 h with calcium-free medium. Under these
conditions, the calcium-dependent junctions of the HT-29 ep-
ithelial cells loosen, exposing more of the basolateral surface of
the enterocytes without affecting enterocyte viability (38, 39).
However, even under calcium-free conditions, no statistically
significant difference (P � 0.05) could be seen in the uptake
levels of wild-type Asc10 versus those of the RGD mutant
proteins (Fig. 4).

INY3000 expressing Asc10 shows low internalization levels.
Analysis of the Asc10 insertion and RGD mutations suggested
the following possibilities: that bacterial aggregation is re-
quired for increased internalization, that the functional do-
mains that promote aggregation and HT-29 internalization
overlap, or that one domain mediates both processes. To fur-
ther examine the role of bacterial aggregation, the internaliza-
tion of the E. faecalis strain INY3000 expressing wild-type
Asc10 was measured. INY3000 contains four Tn916 insertions
that abolish its ability to aggregate (33). As shown in Fig. 5A,
expression of Asc10 in INY3000 did not lead to efficient inter-
nalization of E. faecalis into HT-29 enterocytes. To confirm
expression of Asc10 in INY3000(7517), a lysozyme surface
extraction of this strain was Western blotted with an anti-
Asc10 polyclonal antibody, and it showed high levels of full-
length Asc10 on the cell surface (Fig. 2, lane 1). Interestingly,
Asc10 purified from the cell surface of INY3000 consistently
migrated slower on an SDS-PAGE gel than Asc10 purified
from OG1RF (Fig. 2, lane 1 versus lane 3) (see Discussion).
These results supported the hypothesis that bacterial aggrega-
tion is required for efficient HT-29 internalization. However, it
must be noted that the four transposon insertions in INY3000
likely lead to uncharacterized pleiotropic effects outside of a
disruption in the Asc10 receptor (see Discussion).

FIG. 2. Asc10 expression in strains used in this study. Lysozyme
surface extractions were electrophoresed in an SDS–7.5% PAGE gel
and Western blotted with an anti-Asc10 polyclonal antibody. Lanes 1
to 7 are from stationary-phase cultures grown overnight, while lanes 8
to 12 are exponential-phase cultures as indicated in Materials and
Methods. Lanes: 1 � INY3000(7517); 2 � INY3000(3535); 3 and 8 �
OG1RF(7517); 4 and 9 � OG1RF(3535); 5 and 10 � OG1RF(�1419);
6 and 11 � OG1RF(�1551); 7 and 12 � OG1RF(�1638). Molecular
mass markers are indicated to the left of the blot. The arrow indicates
full-length Asc10.

FIG. 3. Mutation of the RGD motifs had no effect on aggregation.
Overnight nisin-induced cultures of OG1RF expressing wild-type
Asc10 (7517), the vector control (3535), the N-terminal RGD3RAD
(3607) mutation, C-terminal RGD3RAD (3608) mutation, or the
double RGD3RAD mutations (3609) allowed to settle for 1 min are
shown. The numbers below the pictures indicate the optical density
readings at 600 nm of the settled cultures.

FIG. 4. Mutations in the RGD motifs of Asc10 did not affect in-
ternalization into HT-29 enterocytes. Overnight cultures of OG1RF
expressing wild-type Asc10 (7517), the vector control (3535), the N-
terminal RGD3RAD (3607) mutation, C-terminal RGD3RAD
(3608) mutation, or the double RGD3RAD mutations (3609) were
analyzed for the ability to promote internalization into HT-29 entero-
cytes under both standard and calcium-free conditions. Invasion levels
mediated by the RGD mutant proteins did not show any significant
reduction in HT-29 internalization under either condition. The data
are plotted as the log10 value of internalized E. faecalis (1.7 is the
minimum value of the assay). The error bars indicate the standard
errors of the means.
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Increased HT-29 contact does not account for Asc10-medi-
ated internalization. Visual observation indicated that OG1RF
(7517) reaggregates during the course of the internalization
assay. Thus, the increased internalization mediated by Asc10
could be due to settling of bacterial aggregates onto the HT-29
monolayers, increasing the contact of the bacteria with the
enterocytes. To examine this potential artifact, OG1RF(7517),
OG1RF(3535), INY3000(7517), and INY3000(3535) were pel-
leted onto the monolayer before performing an internalization
assay. The centrifugation protocol utilized has been shown to
enhance the internalization of Streptococcus pyogenes into dif-
ferent cell lines, presumably through increased contact with
the eukaryotic cells (P. P. Cleary, personal communication).
However, even with centrifugation, no increase in the internal-
ization levels of any of the four strains examined was observed
(Fig. 5B), suggesting that the increased internalization directed
by Asc10 is not simply due to increased bacterial contact with
the HT-29 enterocytes.

E. faecalis cells were not internalized as aggregates. If bac-
terial aggregation is required for efficient internalization of E.
faecalis into HT-29 enterocytes, one would predict that Asc10-
expressing E. faecalis cells would be internalized as aggregates.
To directly test if aggregates are internalized, the Asc10-ex-

pressing strain OG1RF(7517) was mixed in an internalization
assay with the non-Asc10-expressing strains OG1SSp(3535)
and INY3000(3535). OG1RF(7517) can form mixed aggre-
gates with OG1SSp(3535) but not with INY3000(3535) (see
below), as this strain is unable to aggregate (33). If Asc10-ex-
pressing E. faecalis cells were internalized as aggregates,
OG1SSp(3535) would be predicted to have higher internaliza-
tion levels in the presence of OG1RF(7517) due to the forma-
tion of mixed aggregates, while INY3000(3535) internalization
would be unaffected by OG1RF(7517). Internalized OG1RF
(7517) can be differentiated from internalized OG1SSp(3535)
or INY3000(3535) by selection on rifampin or spectinomycin,
respectively. As previously described, when assayed alone
OG1RF(7517) showed high internalization (log10 of 4.1), while
internalization of OG1SSp(3535) or INY3000(3535) alone was
barely detectable (both log10 of 1.9) (Fig. 6A). Mixing of
OG1RF(7517) with OG1SSp(3535) at any ratio examined (4:1,
1:1, or 1:4) did not increase the number of internalized OG1SSp
(3535). As expected, this result was also observed when
OG1RF(7517) was mixed with INY3000(3535) (Fig. 6A).

To confirm that mixed aggregates were formed, both
OG1SSp(3535) and INY3000(3535) were labeled with FITC
prior to mixing with unlabeled OG1RF(7517) at the ratios ex-
amined in the internalization assay. After 1 h, the mixed cul-
tures were examined using FACS analysis. Representative
FACS quadrant analyses are shown in Fig. 6B [OG1SSp(3535)
alone] and 6C [OG1SSp(3535)-OG1RF(7517) mixed 1:1]. The
percentage of each mixed population that was high FL-1, FSC
(upper right quadrant) for all mixed cultures is graphed in Fig.
6D. As shown in Fig. 6B, FITC labeling increased the intensity
of OG1SSp(3535) in the FL-1 spectrum. Unlabeled OG1SSp
(3535) had a mean FL-1 value of only 1.06 at these settings
(data not shown). However, the FSC profile, which measures
particle size, of OG1SSp(3535) was low due to a lack of bac-
terial aggregation. However, when FITC-labeled OG1SSp
(3535) was mixed with OG1RF(7517) at all ratios examined, an
increase of FL-1 and FSC high events was observed (Fig. 6C
and D), indicating mixed aggregate formation. Also, it is of
note that when OG1SSp(3535) and OG1RF(7517) were mixed
at a ratio of 1:1 (Fig. 6C), 73.4% of the FSC high events were
also FL-1 high, indicating most aggregates consisted of both
strains at this ratio. As previously described, this technique
only gives a relative level of aggregation, as the aggregates are
likely sheared during the analysis (36). As expected, mixing of
FITC-labeled INY3000(3535) with OG1RF(7517) only showed
modest increases in the FL-1, FSC high population versus
FITC-labeled INY3000(3535) (Fig. 6D). In the absence of
FITC labeling, no FL-1 high events under any mixing condi-
tions were observed (data not shown). Thus, although OG1RF
(7517) reaggregates during the internalization assay, these data
indicate that Asc10-expressing E. faecalis cells are not being
internalized into HT-29 enterocytes as bacterial aggregates.

DISCUSSION

In this report, examination of a collection of specific muta-
tions in Asc10, the AS protein encoded by the E. faecalis
plasmid pCF10, showed that the aggregation domain, not the
RGD motifs, is critical for efficient internalization into HT-29
enterocytes. Also, expression of Asc10 in the nonaggregating

FIG. 5. Expression of Asc10 in INY3000 did not promote internal-
ization into HT-29 enterocytes. (A) Asc10 was expressed in the wild-
type E. faecalis strain OG1RF or the nonaggregating E. faecalis mutant
strain INY3000 and analyzed for internalization into HT-29 entero-
cytes grown under standard conditions. The data are plotted as the
log10 value of viable internalized E. faecalis (1.7 is the minimum value
of the assay). (B) The same four strains shown in panel A were pelleted
onto HT-29 monolayers (182 � g for 10 min), and a standard inter-
nalization assay was performed. Error bars for both graphs represent
the standard errors of the means.
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strain INY3000 resulted in very low internalization levels.
However, E. faecalis cells were not internalized as aggregates,
suggesting that aggregation itself is not required.

Previous studies in renal cells, PMNs, and macrophages by
using RGDS peptide inhibitors and antibodies that bound spe-
cific integrin receptors had implicated the RGD motifs of AS
as critical functional regions for eukaryotic cell adherence (19,
32, 34). However, in none of these works was the contribution
of the RGD motifs directly examined by site-directed mu-
tagenesis. Analyses of the RGD mutations constructed in
Asc10 in this study conclusively showed that they play no role
in Asc10-mediated internalization into HT-29 enterocytes. It
will be interesting to analyze if these RGD mutations affect cell
association in neutrophils or macrophages as previously pre-
dicted.

Only one other report has attempted to define important
regions of AS that mediate eukaryotic cell adherence by anal-
ysis of defined mutations (32). In that study, the authors ex-
amined the macrophage internalization of E. faecalis cells ex-
pressing a collection of Asa1 in-frame deletion mutants and
concluded that the N-terminal RGD is necessary for adher-
ence. This conclusion was based on the observation that three
deletion mutants that removed the N-terminal RGD motif
showed reduced internalization. However, another deletion,
located about 33 amino acids to the N terminus of the RGD
motif, maintained the motif but also showed reduced internal-
ization levels. The authors hypothesized that this deletion dis-
rupted correct presentation of the motif. However, all four
deletion constructs that showed lower macrophage internaliza-
tion levels also had lost the ability to reproducibly aggregate
(22). In light of the data presented here, another interpretation
of these data is that the loss of aggregation, and not the loss or
disruption of the N-terminal RGD motif, led to decreased
internalization.

Even though efficient internalization was only observed
when an Asc10 protein with a functional aggregation domain
was expressed in an E. faecalis strain capable of aggregation,
the data suggest that bacterial aggregation itself is not re-
quired. One interpretation of these data is that efficient HT-29
internalization of E. faecalis requires both Asc10 with a func-
tional aggregation domain and an additional factor that is
absent or altered in INY3000. Previous characterization of the
INY3000 strain found that it had four Tn916 transposon in-
sertions that abolished its ability to act as a receptor for Asc10,
and all of these insertions were required for the aggregation-
deficient phenotype (33). Biochemical analysis of the cell sur-
face of INY3000 showed alterations in its lipoteichoic acid
(LTA), an immunostimulatory, amphiphilic surface molecule
ubiquitous in gram-positive bacteria (7), suggesting that LTA
my be part of the AS bacterial receptor (33).

Interestingly, the LTA of S. pyogenes has also been impli-
cated as an adhesin (for review, see references 10 and 11). The
current model of LTA-mediated adhesion predicts that LTA
binds to positively charged surface proteins and is presented
with its hydrophobic tails extruding from the cell. These hy-
drophobic tails then mediate attachment of the bacteria to the
eukaryotic cells (11). A similar mechanism could be occurring
in Asc10-mediated internalization of E. faecalis into HT-29
enterocytes. Thus, Asc10 mutants defective in LTA binding
would be pleiotropic for loss of bacterial aggregation and eu-

karyotic cell adherence. Thus, one functional domain would
mediate both processes. Low internalization levels of INY3000
(Asc10�) would be due to the inability of functional Asc10 to
bind the altered LTA of INY3000 on the bacterial cell surface.

Alternatively, LTA and Asc10 could function independently,
as alterations in the LTA of Listeria monocytogenes and Staph-
ylococcus aureus disrupted adhesion to different cell lines and
artificial surfaces, respectively (1, 9). Also, Hyyrylçäinen et al.
described altered folding properties of surface proteins in a
Bacillus subtilis strain that had an altered LTA (16). In light
of the differential migration pattern of Asc10 purified from
INY3000 and OG1RF (Fig. 2, lane 1 versus 3), it is possible
that the folding of Asc10 may be altered in INY3000. However,
INY3000 expressing Asc10 is proficient as a donor strain for
conjugative plasmid transfer (33), indicating that the bacterial
binding properties of Asc10 expressed from this strain remain
unaltered. Therefore, Asc10 expressed in INY3000 must main-
tain, at the very least, a partial native folding conformation.

It is also possible that an as-yet-unidentified factor missing
or altered in INY3000 is required for high levels of Asc10-
mediated internalization into HT-29 cells. For example, a 100-
kDa surface protein observed on the surface of OG1SSp was
not observed on the surface of INY3000 (33). Also, expression
of Asc10 heterologously in Lactococcus lactis did not result in
elevated HT-29 internalization levels under standard condi-
tions (38), further supporting that multiple E. faecalis factors
may be required for HT-29 internalization.

E. faecalis has become a leading cause of nosocomial infec-
tions. Entry into the host through the intestinal mucosal bar-
rier has been shown to occur in mice and is likely in humans
(37), suggesting it could be a focal point of infection. In vitro
evidence suggests that AS-expressing enterococci would have a
higher rate of epithelial cell internalization. The data pre-
sented here suggest a novel, non-RGD-dependent pathway of
Asc10-mediated eukaryotic cell internalization.
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