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Increasing multidrug resistance in Enterococcus faecalis, a nosocomial opportunist and common cause of bac-
terial endocarditis, emphasizes the need for alternative therapeutic approaches such as immunotherapy or
immunoprophylaxis. In an earlier study, we demonstrated the presence of antibodies in E. faecalis endocar-
ditis patient sera to recombinant forms of 9 E. faecalis cell wall-anchored proteins; of these, we have now
characterized an in vivo-expressed locus of 3 genes and an associated sortase gene (encoding sortase C; SrtC).
Here, using mutation analyses and complementation, we demonstrated that both the ebp (encoding endocar-
ditis and biofilm-associated pili) operon and srtC are important for biofilm production of E. faecalis strain
OGI1RF. In addition, immunogold electron microscopy using antisera against EbpA-EbpC proteins as well
as patient serum demonstrated that E. faecalis produces pleomorphic surface pili. Assembly of pili and their
cell wall attachment appeared to occur via a mechanism of cross-linking of the Ebp proteins by the designated
SrtC. Importantly, a nonpiliated, allelic replacement mutant was significantly attenuated in an endocarditis
model. These biologically important surface pili, which are antigenic in humans during endocarditis and
encoded by a ubiquitous E. faecalis operon, may be a useful immunotarget for studies aimed at prevention

and/or treatment of this pathogen.

Introduction

Enterococci, generally considered as normal bowel commensals,
are also recognized as opportunistic pathogens (1) and rank among
the top 3 causes of nosocomial bloodstream, surgical site, and uri-
nary tract infections (2). Among enterococci, the most clinically
abundant species, Enterococcus faecalis, accounts for approximately
5%-8% of hospital-associated bacteremia and approximately 5%-
20% of all cases of endocarditis (3). Endocarditis is an infection of
the heart’s valves or inner lining that leads to valvular destruction
and death without effective antibiotic therapy. The acquisition of
resistance to multiple antibiotics has made enterococcal endocar-
ditis a life-threatening clinical challenge, and this highlights the
need for alternatives to current antibiotic strategies (4). In this
regard, alternative approaches that might be considered include
immunoprophylaxis or immunotherapy targeting proteins that
are expressed in vivo and that are important for virulence.

The first step in the infection process of extracellular patho-
gens like E. faecalis is generally considered to be attachment to
and colonization of host tissue surfaces. Evidence from other
gram-positive pathogens suggests that proteins from the micro-
bial surface component recognizing adhesive matrix molecules
(MSCRAMM) family may serve as potential antigenic candidates
for the development of novel immunotherapies (5). We have

Nonstandard abbreviations used: BHI, brain/heart infusion broth; Ebp, endocardi-
tis and biofilm-associated pili; HMW, high-molecular weight; MSCRAMM, microbial
surface component recognizing adhesive matrix molecules; ORF, open reading frame;
SEM, scanning electron microscope, scanning electron microscopy; SrtC, sortase C;
TEM, transmission electron microscope, transmission electron microscopy; TSBG,
tryptic soy broth with glucose.
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recently identified 17 proteins with cell wall-anchoring motifs
having MSCRAMM-like structural features (6) from the E. faecalis
V583 genome (7). These proteins consist of 1 or more regions of’
150- to 500-aa segments containing Ig-like fold(s) characteristic
of the Ig family of Staphylococcus aureus MSCRAMMs (6, 8). The
demonstration of the presence of antibodies in sera from patients
with E. faecalis endocarditis to at least some of these proteins indi-
cates that they are indeed expressed in vivo during infection; most
E. faecalis patient sera showed particularly high titers against 3 of
these proteins, namely EbpA, EbpB, and EbpC (endocarditis and
biofilm-associated pili; previously referred to as EF1091, EF1092,
and EF1093, respectively; ref. 6).

Besides MSCRAMM-mediated colonization, another factor that
is predicted to be important in E. faecalis infection is the ability of
strains to form biofilm (9-11). Our recent systematic study that
analyzed biofilm formation by a large number of E. faecalis isolates
found that endocarditis isolates produced biofilm significantly
more often and also to a greater degree than nonendocarditis iso-
lates (12). To date, at least 7 genes or gene clusters have been impli-
cated in biofilm formation by E. faecalis (12-17).

Among gram-negative bacteria (e.g., uropathogenic E. coli and
Neisseria spp.), it has long been known that some accomplish adhe-
sion through the use of fibrous protein organelle(s) present on the
bacterial surface, named pili or fimbriae (18), but only recently has
limited information on gram-positive surface organelles such as
pili been reported (19-22). However, the physiological role of these
gram-positive pili in infectious processes such as endocarditis has
yet to be demonstrated. Based on recent publications of pilus-like
structures on Corynebacterium diphtheriae and Streptococcus spp., it
appears that these gram-positive pili are formed by ordered cross-
linking of multiple different classes of precursor proteins that are
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Biofilm formation and the ebpA-srtC operon. (A) lllustration of the ebpA—srtC operon of E. faecalis OG1RF. (B)
Comparison of biofilm production of wild-type OG1RF and ebpA deletion (TX5475), ebpB disruption (TX5460),
ebpC disruption (TX5448), and srtC deletion (TX5470) mutants. (C) Biofilm formation after complementing the
ebpC disruption mutant with ebpC (TX5476) and ebpC plus srtC (TX5479) cloned under control of the nisin-induc-
ible promoter of pMSP3545. The ebp disruption mutant electroporated with vector only (TX5482) served as a con-
trol. Median and interquartile range values are shown. Values are from at least 3 independent experiments, each
performed in quadruplicate. *P = 0.0079, **P < 0.001, ***P < 0.0001; Kruskal-Wallis test (ANOVA) for comparing
WT with mutants and Mann-Whitney U test for comparing complemented strains with vector-only control.

tethered by designated sortases (19-22). Sortases were previously
recognized as transamidases that covalently anchored proteins
with a C-terminal, LPXTG-like motif to the peptidoglycan of
gram-positive bacteria (23). Using a bioinformatics approach, Ton-
Thatetal. (19, 24) predicted pilin-associated motifs in other gram-
positive bacteria, including a single protein, EbpC, of E. faecalis.
Among E. faecalis electron microscopy studies, a single study — in
1981 — reported fimbriae-like structures on the surface of E. faecalis
strain JH2 (25) using negative staining.

Since our previous study found high titers of antibodies against
3 proteins (encoded by contiguous genes) in sera obtained from
patients with E. faecalis infections (6), in this study, we charac-
terized ef1091-ef1093 at the molecular level. We introduced
mutations into each of the ef1091-ef1094 loci and analyzed the
importance of these genes for virulence. Our results demonstrat-
ed that the products of the cotranscribed ef1091-¢f1093 genes
form surface pili that are dependent on sortase (also referred to
as EF1094) and that these structures play a role in biofilm forma-
tion as well as in endocarditis.

Results
A disruption mutant of ebpA is defective in biofilm formation. In an
attempt to assign a phenotype to ef1091, ef1092, and ef1093 loci
(6), shown to be antigenic during serious E. faecalis infections
such as endocarditis, we first constructed an insertion disrup-
tion mutation in the ef1091 locus of E. faecalis strain OG1RF
(a medium-biofilm producer; biofilm density [ODsyo], 1-2)
and, using a polystyrene microtiter plate assay, found that an
ef1091 disruption mutant of OG1RF showed significant reduc-
tion (P < 0.0001) in biofilm formation (Supplemental Figure 1)
to below our cutoff (12) for a non-biofilm producer. We sub-
sequently designated this gene ebpA based on the functions
identified herein. The growth pattern of the ebpA disruption
mutant (TX5421; see Supplemental Table 1; supplemental mate-
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disruption mutant may be
due to interruption of the
ebpA gene and/or polar
effects on the expression
of gene(s) downstream of
ebpA. Hence, we analyzed
this region from E. faecalis
OGIRF.

Organization of the ebp locus
of E. faecalis OGIRF. Analysis
of the 8,694-bp nucleotide region of OG1RF spanning ebpA-ebpC
and s7tC plus 500 bp on each side predicted the presence of 4
complete open reading frames (ORFs) similar to the published
sequence of E. faecalis V583 (Figure 1A). Just 3 bp downstream
of the 3,432-bp ebpA gene is the 1,431-bp ebpB gene. The 1,884-
bp ebpC gene, encoding a 627-aa protein, overlaps the ebpB gene
by 4 bp. Downstream of ebpC, separated by 93 bp, is an 855-bp
predicted sortase gene, sortase C (srtC). Comparison of ebpA-ebpC
and s7tC sequences from strain OG1RF with the sequences from
strain V583 revealed 99.0%-99.4% identity at the DNA level and
98.7%-99.4% identity at the protein level. Within the 8,694-
bp region there were 65 nucleotide differences, of which many
were silent. All 3 Ebp proteins contain features characteristic of
MSCRAMMs (26) and in silico structural predictions as well as
far-UV circular dichroism measurements suggest that these pro-
teins are likely to adopt Ig-like fold(s) such as those found in the
characterized MSCRAMMs of S. aureus (6, 8).

The genes ebpA to srtC are transcribed as a polycistronic operon.
Besides our prediction of ebpA-ebpC cotranscription due to short
or overlapping intergenic regions, we were unable to identify tran-
scriptional terminator-like sequences in the region from ebpA to
srtC. RT-PCR analysis using intergenic bridging primer sets ampli-
fied transcripts for the regions between ebpA and ebpB, ebpB and
ebpC, and ebpC and srtC (Supplemental Figure 2, lanes 4, 7, and
10), indicating that these genes are linked and cotranscribed as a
polycistronic mRNA. Thus, these data indicate that the ebp locus
represents a 4-gene operon.

RT-PCR analysis of the ebpA disruption mutant showed highly
reduced transcripts of downstream ebpB and ebpC genes; however,
transcripts for s7tC were only moderately reduced compared with
wild-type OG1RF, which suggests that there is an independent srtC
transcript in addition to the srtC present on an ebpA-ebpC transcript
(Supplemental Figure 3A). The incomplete polar effect observed in
the ebpA disruption mutant was likely due to the presence of weak
October 2006
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promoter activity in the truncated ebpA gene or in the vector. RNA
analysis of a subsequently made ebpB disruption mutant (TX5460;
see Supplemental Table 1) showed complete absence of transcripts
of ebpC, but only a moderate reduction in transcripts for s7C com-
pared with wild-type OG1RF (seen also with the ebpC disruption
mutant), supporting this conclusion (Supplemental Figure 3, B-D).
Consistent with this result, transcriptional start site and promoter
analysis identified candidate promoter sequences upstream of ebpA
and s7tC start codons (Supplemental Figure 4). Of note, no effect
on ebpA transcript levels was found in ebpB, ebpC, or srtC mutants,
indicating that these genes were not involved in autoregulation
under our testing conditions.

The role of the ebp locus in biofilm formation of OGIRF. Polar disrup-
tion mutants of ebpB as well as ebpC (TX5448; see Supplemental
Table 1) were found to be stable, while insertion in s7#C exhibit-
ed some instability. To overcome this problem, we subsequently
deleted the complete s7C gene from OG1RF (TX5470; see Supple-
mental Methods and Supplemental Table 1). We also constructed
a polar ebpA deletion mutant of OGIRF (TX5475; see Supple-
mental Table 1) by substituting a kanamycin resistance cassette.
All ebp and srtC mutant strains and the parental strain OG1RF
demonstrated equivalent growth kinetics as well as similar gross
morphology and chain length in both BHI and TSBG (data not
shown). Examination of the biofilm-forming capacity of these
mutants revealed that the ebpA deletion mutant, the ebpB disrup-
tion mutant, the ebpC disruption mutant, and the srtC deletion
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Figure 2

Ebp proteins form an SrtC-
dependent HMW ladder.
(A-D) Immunoblots of muta-
nolysin extracts of wild-type
E. faecalis OG1RF; ebpA
disruption (TX5421), ebpB
disruption (TX5460), ebpC
disruption (TX5448), and srtC
deletion (TX5470) mutants;
and ebpC disruption mutants
complemented with ebpC
(TX5476) or ebpC plus srtC
(TX5479) probed with anti-
Ebp antibodies. rec-, recom-
binant. (E) OG1RF muta-
nolysin extracts, either left
untreated or treated with peri-
odate, were probed with anti-
Ebp sera. (F) Immunoblots of
varying amounts of mutanoly-
sin extracts (ME) of OG1RF
grown in either TSBG or 40%
horse serum and probed with
anti-Ebp antibodies. The
affinity-purified anti-Ebp Igs
or anti-Ebp sera used in each
Western blot are indicated.
The srtC deletion mutant
sample in A and the ebpB
disruption mutant sample in B
are from different gels.
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mutant were markedly attenuated in their ability to form a bio-
film (P < 0.001), similar to the ebpA disruption mutant (Figure 1B).
Taken together, these results indicate that biofilm formation by
E. faecalis OG1RF is affected by the ebpA-srtC operon.

Since biofilm formation is a multistep procedure (27), with the
first step being attachment to biotic and abiotic surfaces, the wild-
type and mutant strains were scored for differences in primary
attachment using phase-contrast microscopy. Significant differ-
ences were seen in initial attachment step of biofilm formation of
ebpA, ebpB, ebpC, and srtC mutants (Supplemental Figure 5).

An intact ebp locus is required for optimal biofilm formation of
OGIRF. To confirm that the ebpA-ebpC mutations were respon-
sible for the reduced biofilm formation and to exclude a pos-
sible independent effect due only to SrtC, we introduced a wild-
type copy of ebpC or of ebpC plus srtC (cloned into shuttle vector
pMSP3545 with a nisin-inducible promoter; ref. 28) into each
of the ebpA-ebpC and srtC mutants. As vector-only controls,
mutants were electroporated with pMSP3545. Introduction
of ebpC into the ebpC disruption mutant (TX5476; see Supple-
mental Table 1) showed a small increase in biofilm formation,
whereas complementation with ebpC plus srtC (TX5479; see
Supplemental Table 1) substantially restored biofilm. The ebpC
disruption mutant electroporated with pMSP3545 (TX5482; see
Supplemental Table 1) retained its reduced biofilm phenotype
(Figure 1C). Complementation of the s7tC deletion mutant with
ebpC plus srtC completely restored biofilm formation (Supple-
Volume 116 ~ Number 10
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mental Figure 6A). On the other hand, introduction of these
constructs into both the ebpA deletion mutant and the ebpB
disruption mutant did not restore biofilm formation (Supple-
mental Figure 6, B and C). Taken together, these results indicate
that biofilm formation by E. faecalis OG1RF requires expression
of both the ebpA-ebpC operon and the srtC gene.

Ebp proteins form a SrtC-dependent, heteromeric, high—molecular weight
complex. Muramidase-derived surface protein extracts of OG1RF
analyzed using gradient polyacrylamide gels and probed with
anti-EbpA antiserum detected a ladder of high-molecular weight
(HMW) bands (EbpAmuww) with masses greater than 200 kDa, in
addition to a faintimmunoreactive band of approximately 140 kDa,
slightlylarger than the calculated EbpA mass of 120.4 kDa (Figure 2A).
No bands were seen with the ebpA disruption mutant (Figure 2A).
Probing surface extracts of the ebpB and ebpC disruption mutants
as well as the srtC deletion mutant with anti-EbpA serum detected
a single band (~140 kDa) likely representing monomeric EbpA,
indicating that multiple proteins are required for formation of
EbpAnmvw (Figure 2A). Anti-EbpB and anti-EbpC sera as well as
recombinant EbpB and EbpC affinity-purified antibodies also
revealed HMW species with surface protein extracts of OG1RF
(Figure 2, B and C). Probing of extracts from the 4 mutants with
either anti-EbpB or anti-EbpC antibodies also showed absence of
HMW species and reaction with monomeric bands representing
upstream genes, as anticipated; the complemented strain, with
partial to largely restored biofilm, also showed partial restoration
of HMW bands (Figure 2D). We observed strong cross-reactivity
between anti-EbpB-specific Igs and EbpC, and some cross-reac-
tivity between anti-EbpC-specific Igs and EbpB, likely due to
the homology between these proteins (Supplemental Figure 7).
Since we observed similar HMW laddering with Epa-associated
polysaccharides of E. faecalis OG1RF (29), we also analyzed these
muramidase-derived surface preparations for the presence of car-
bohydrates by periodate treatment, and results indicated that this
HMW ladder was not caused by carbohydrates (Figure 2E).
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Figure 3

Ebp proteins form SrtC-depen-
dent pili. (A) Pili on the surface of
E. faecalis. Strain OG1RF grown
in BHI was negatively stained
with uranyl acetate and viewed
A by TEM. (B-G) Immunogold
: labeling and TEM of OG1RF pili
stained with anti-Ebp antibod-
ies. (H) Immunogold labeling
and TEM of the ebpC disruption
mutant stained with anti-EbpC
antibodies. (I) Immunogold label-
ing and TEM of OG1RF stained
with endocarditis patient serum.
(J-L) Immunogold labeling and
SEM of OG1RF pili stained with
anti-Ebp antibodies. The anti-Ebp
antisera used in each micrograph
is indicated. The mixture of the 3
preimmune sera is shown as SEM
control. Scale bars: 200 nm.

Anti-EbpC

Mixture of preimmune sera

When grown in biofilm medium (TSBG), HMW Ebp bands
were produced at levels detectable with Western blot even after
%100 concentration of surface extracts by lyophilization. Growth
in routine medium (BHI) produced much lower levels of HMW
Ebp bands. However, semiquantitative RT-PCR failed to detect
significant differences among ebp transcript levels. Among other
conditions tested, one that enhanced levels of HMW Ebp bands
in Western blots was growth in serum (Figure 2F), a biological
cue with in vivo relevance. RT-PCR after growth in serum showed
elevated levels of the independent srtC transcript without an
apparent increase in ebp mRNA levels (S.R. Nallapareddy et al.,
unpublished observations).

We next sought to determine whether other sortases play a role
in the formation of HMW Ebp bands. Analysis of the preliminary
genomic sequence of OG1RF generated by our collaboration with
the Human Genome Sequencing Center at Baylor College of Medi-
cine (G. Weinstock, B.E. Murray, D.A. Garsin, et al., unpublished
genome) and hybridization studies indicate that only 2 of the 3
sortases of strain V583 are present in strain OG1RF. Disruption of
the gene encoding the other sortase (SrtA; also known as EF3056)
of OG1RF had no effect on the production of HMW Ebp bands
(data not shown). Taken together, our results indicate that the
associated SrtC polymerizes monomers of EbpA, EbpB, and EbpC
to generate HMW Ebp bands.

Identification of conserved motifs in Ebp proteins. The spectrum of
HMW bands and the reported pilin motif-like sequence and E-box
of C. diphtheriae pilin proteins in EbpC (19, 24) led us to look for
similar motifs in EbpA and EbpB proteins. Both motifs were
found in both proteins. In addition, EbpA and EbpC were each
found to have 2 regions with features common to E-box motifs
(Supplemental Figure 8). The lysine residue of the pilin motifand
the glutamic acid of the E-box, essential for polymerization of
C. diphtheriae pilus (19, 24), were both conserved. No addition-
al ORFs with these motifs were found either in the published
sequence of E. faecalis V583 nor in the preliminary genome sequence
Volume 116
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Figure 4

Attenuation of a nonpiliated ebpA deletion mutant in an endocarditis
model. Percentages of viable wild-type OG1RF and the ebpA deletion
mutant (TX5475) recovered from vegetation, kidneys, and initial inocula
from 20 rats are shown; 4 rats had sterile vegetations. Horizontal lines
indicate means. #P = 0.0069, TP = 0.0093 versus inoculum; %2 test.

of E. faecalis OG1RF. Based on this information, we predicted that
the ebpA-srtC operon codes for pilus-like surface structures.

The ebp locus mediates production of surface-attached pili, detectable by
immunogold staining. High-resolution transmission electron micros-
copy (TEM) of negatively stained E. faecalis OG1RF cells grown in
BHI showed pilus-like surface structures in less than 1% of cells
(Figure 3A). When TSBG-grown cells were negatively stained, a
dense, tangled mass of material was seen surrounding the surface
of the cells, and this material obscured the demarcation of pili.
However, anti-EbpA, -EbpB, and -EbpC sera and affinity-puri-
fied anti-EbpB and -EbpC Igs, together with 12 nm gold-labeled
secondary antibody, reacted with appendages extending from the
surface of OG1RF grown in TSBG (Figure 3). These data suggest
that all 3 Ebp proteins are components of the E. faecalis pili. Anti-
Ebp-stained pili were seen in 10%-20% cells in different growth
phases of TSBG-grown OGIREF cells, with the greatest number
seen at the entry into the stationary phase. However, anti-Ebp
staining of BHI-grown OG1RF cells detected pili in rare cells (0%
to <2%). Preimmune rabbit sera (with OG1RF) and ebpA, ebpC, and
srtC mutants served as controls and showed no pili (ebpC disrup-
tion mutant is shown in Figure 3H).

It was also observed that in some cells, Ebp-associated pili were
peritrichous (Figure 3D), while in others they either appeared as
a tangled mass of multiple thin filaments or seemed localized
to a particular part of the cell, such as a pole (Figure 3E); occa-
sionally, these pili were long (Figure 3F). Pili often appeared to
be associated with more than one cell (Figure 3G). Of interest,
serum obtained from a patient with E. faecalis endocarditis also
stained the pili (Figure 3I).

We also investigated OG1RF and ebp mutant strains with low-
voltage scanning electron microscopy (SEM). The results from
TEM negative staining studies were corroborated by 3D SEM
views (Figure 3), and in both, EbpA staining was most intense
at the base of the pili and only rarely appeared along the shaft
(Figure 3, B and J). This was in contrast to staining with affin-
ity-purified anti-EbpB and -EbpC Igs, which showed immuno-
gold staining throughout the pilus (Figure 3, C-G and K). Taken
together, our results suggest that E. faecalis pili are formed by
ordered cross-linking of 3 different precursor proteins, each
with conserved motif sequences that may be recognized by a
designated sortase, SrtC.

The Journal of Clinical Investigation

http://www.jci.org

research article

Ebp pili contribute to E. faecalis endocarditis. Since the infective
endocarditis vegetation is a biofilm process on heart valves, we
tested the nonpiliated ebpA deletion mutant in the rat endovas-
cular infection model. This model has been widely used to assess
bacterial adherence to damaged heart valves. After estimating
the optimum inoculum, the ebpA deletion mutant and wild-type
OG1RF were injected as an equal mixture, as described in previ-
ous studies (30, 31). Figure 4 shows the proportions of wild-type
OGIREF to ebpA deletion mutant CFUs in the inoculum (¢ = 0;
OGI1RF comprised slightly less than 50%), and at ¢ = 24 hours
in vegetation and kidneys. Mean ratios of wild-type OGIRF to
the ebpA deletion mutant among bacteria recovered from vegeta-
tion and kidneys were 0.739:0.261 and 0.726:0.274, respectively
(P=0.0069 and P = 0.0093 for the percentages of OG1RF in the
inoculum versus the percentages of OG1RF in vegetation and
kidneys, respectively), demonstrating outnumbering of the
mutant by wild-type. The mean virulence indices (32) of the
mutant relative to OG1RF were 0.06 and 0.27 in vegetation and
kidneys, respectively, indicating that Ebp pili play an important
role in this endovascular infection.

The ebp locus is ubiquitous among E. faecalis strains. Using specific
probes for ebpA, ebpB, and ebpC, we tested colony lysates of 408
well-characterized E. faecalis isolates from 4 continents and found
that all 408 E. faecalis isolates were positive under high-stringency
conditions. The presence of genes encoding immunogenic proteins
in 100% of our worldwide collection spanning 30 years suggests
that they are part of the core genome and may be important for
survival or proliferation of E. faecalis. Using the publicly available
E. faecium genome sequence generated in collaboration with the
Human Genome Sequencing Center at Baylor College of Medicine
(htep://www.hgsc.bcm.tmc.edu/projects/microbial/Efaecium), we
also found that a similar locus with identical gene organization
was present in that species as well.

Discussion

With increasing antibiotic resistance, interest has increased in the
use of bacterial factors that are important for an organism’s abil-
ity to colonize, infect, and eventually cause disease as immuno-
therapeutic targets (5). Among these factors, MSCRAMMs, which
are implicated in initiating infections including endocarditis (33),
have drawn considerable attention lately because of their wide-
spread nature in traditional and opportunistic pathogens (5, 26).
The isolation and characterization of MSCRAMMs from E. faecalis
has had limited success, because this organism does not readily
adhere to ECM proteins under laboratory growth conditions (34,
35), unlike its more aggressive relatives staphylococci and strepto-
cocci. Therefore, we recently used a bioinformatics approach and
identified several proteins that predict MSCRAMM-like structures
(6). Based on reactivity with sera from E. faecalis-infected patients,
we inferred that some of these predicted proteins are indeed
expressed by E. faecalis during infection. Furthermore, antibodies
against 3 of these proteins were found at significantly higher levels
in the sera of most infected patients (6), thus making them attrac-
tive candidates for the present study.

Here we report that the widespread ebp genes encoding the
above-mentioned in vivo-expressed and antigenic proteins
are in a polycistronic operon and that this operon contains an
additional gene coding for sortase. We also demonstrated a role
for the ebp locus in the production of biofilm using E. faecalis
OG1RF. We chose OGI1RF for characterization of this locus for
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several reasons. First, it represents the medium-biofilm category
(biofilm density [ODsz], 1-2), which was shown by our previous
study systematically categorizing E. faecalis biofilm formation of
163 diverse isolates to be the most common category, displayed
by 56% of isolates (12). Second, this strain is well characterized
(36) and amenable to genomic manipulations (29, 37) and, most
importantly, animal models including endocarditis have been
established for this strain (38, 39). Mutations within the ebpA-srtC
gene cluster showed markedly reduced biofilm formation. These
data, combined with complementation studies, indicate that
both the ebpA-ebpC operon and the srtC gene are required for bio-
film formation of OG1RF. Importantly, the failure of the ebpB
disruption mutant (defective in EbpB and EbpC and partially
defective in SrtC) with ebpC-srtC to restore biofilm indicates that
reduced biofilm formation by ebp mutants is not due to a sec-
ondary, independent effect of SrtC. Furthermore, the differences
seen in initial attachment step of biofilm formation indicate that
these genes play a role in the early cell-surface interactions of the
multistep biofilm formation process.

Biofilm formation is considered important in various infec-
tions including endocarditis and is a particular concern because
of the potential to further protect already drug-resistant organ-
isms from antibiotics and opsonophagocytosis and to allow
increased horizontal gene transfer (10, 40). Previously published
E. faecalis studies have shown that disruptions of esp (encoding
enterococcal surface protein) of some strains, the fsr 2-compo-
nent system, gelE (encoding gelatinase), epa gene cluster (encod-
ing the polysaccharide Epa), atn (encoding an autolysin), or bopD
(sugar-binding transcriptional regulator) resulted in a significant
reduction in biofilm density (12-16). A recent study that iden-
tified the traits involved in the high-biofilm-producing strain
E99 by transposon mutagenesis found a gene cluster named bee
with an organization similar to that of Ebp (17). However, this
gene cluster was found to be rare in E. faecalis and appeared to be
localized to a conjugative plasmid. Similarly, esp, gelE, and fsr loci
are also restricted to a subpopulation of E. faecalis. Furthermore,
gene association studies using clinical isolates have shown that
neither esp (12) nor fsr/gelE (41) is required for E. faecalis biofilm
formation. This observed variation in the presence or absence
of multiple biofilm-related genes may partially account for the
variable capacity of biofilm formation (i.e., strong producers to
nonproducers) seen within this species.

To confirm the predicted Ebp localization to the E. faecalis cell
surface, we analyzed cell surface preparations of OG1RF and its
isogenic ebp and srt mutants. Western blot analysis using anti-Ebp
antibodies revealed multiple periodate-resistant HMW bands with
all 3 anti-Ebp antibodies; in contrast, only a single band was seen
in cell surface preparations with the E. faecalis collagen-binding
MSCRAMM, Ace (37). HMW Ebp bands were visible in wild-type
OGIRF and in constructs expressing all 4 products of the ebp
locus, but not in the mutants, indicating that both s7C and the
ebpA-ebpC operon are required for these HMW Ebp bands. The
observation of a similar laddering pattern linked to pili in other
gram-positive bacteria (19-22) and the identification of motifs
conserved in pilus-forming proteins in all 3 Ebps suggested that
Ebp proteins might also form pilus-like structures.

Immunogold electron microscopy studies showed that E. fae-
calis OG1RF produced peritrichous pili, and our results suggest
that all 3 Ebp proteins are components of the E. faecalis surface
pili. The observed association of pili with more than one cell also
2804
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suggests there could be an additional cell-cell interaction func-
tion of Ebp in the multistep biofilm formation process. To elimi-
nate false positives (commonly seen during negative staining),
immunostaining was carried out in eppendorf tubes followed
by multiple gentle washes prior to addition of cells to the EM
grids. Both SEM 3D views and TEM negative staining studies
showed the most intense staining of EbpA at the pilus base. This
is in contrast to anti-EbpB and -EbpC Igs, which showed immu-
nogold staining throughout the pili. Since anti-EbpB Igs are
strongly cross-reactive with EbpC, no definitive conclusions can
be drawn about the location of EbpB. Based on our demonstra-
tion of the uniform distribution of EbpC along the pilus shaft
using anti-EbpC and the previously observed strong similarity of
EbpC with the major subunits of other gram-positive pili-form-
ing proteins (19, 24), it is likely that EbpC is a major component
of the shafts of E. faecalis pili. Taken together, these observations
suggest that similar to the recently described gram-positive pilus
formation mechanism of C. diphtheriae (19), E. faecalis pili appear
to be formed by ordered cross-linking of 3 different Ebp pro-
teins, each with conserved motif sequences that are recognized
by a designated sortase, SrtC. This mechanism is different from
the proposed polymerization of glycosylated Fap1 fimbriae of S.
parasanguis (18) and other oral pathogens.

It is interesting to note that anti-Ebp-stained pili were seen in
less than 20% of OG1RF cells when grown in TSBG and in many
fewer cells (0% to <2%) after growth in BHI. Since there is no strik-
ing difference in the ebp transcript levels of cells grown in these
media, the different production of pili in these microenvironments
may be controlled at the posttranscriptional level or by factors yet
to be elucidated. We speculate that the presence of antigenic pili
on just a portion of cells may be advantageous to the organism,
permitting transmigration or persistence at infection sites without
stimulating strong inflammatory responses.

Infective endocarditis due to multidrug-resistant E. faecalis is
the most serious and clinically challenging of all E. faecalis-relat-
ed infections. Since the endocarditic vegetation is considered a
biofilm process on heart valves, we tested a nonpiliated ebpA
deletion mutant in the endocarditis model. Rats challenged
with a mixture of equal numbers of wild-type E. faecalis OG1RF
and its isogenic ebpA deletion mutant showed vegetation, with
the percentages of nonpiliated mutants recovered from vegeta-
tion and kidneys 24 hours after inoculation being significantly
lower than the percentages of wild type, indicating that Ebp pili
play an important role in this endovascular infection, in par-
allel to our in vitro biofilm results. The precise mechanism of
action in causing endocarditis has yet to be elucidated. Interest-
ingly, while Ebp pili are produced in a fraction of cells (at least
in vitro), they contribute significantly to the pathogenicity of E.
faecalis, which underscores the possibility of using Ebp proteins
as immunotargets.

In conclusion, the identification of immunogenic, pleomorphic
surface pili that were unnoticed during years of E. faecalis virulence
studies and their association with biofilm and endocarditis adds a
new perspective to the present molecular view of E. faecalis patho-
genesis. The ubiquitous nature of this surface appendage-encod-
ing gene cluster in E. faecalis isolates and the finding of a similar
locus in a multidrug-resistant endocarditis-derived E. faecium
strain have important implications for possible development of an
immunoprophylactic or therapeutic approach to clinically chal-
lenging multidrug-resistant enterococci.
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Bacterial strains. All the constructs of wild-type and mutant E. faecalis
OGIREF, E. coli, and plasmids used in this study are listed in Supplemen-
tal Table 1. All bacterial constructs were given TX numbers, and plasmids
from these constructs were assigned pTEX numbers. A brief description
on 408 diverse E. faecalis strains that were used to establish the widespread
nature of the ebp locus is provided in Supplemental Methods.

Mutagenesis and complementation. Target genes in E. faecalis OG1RF were
disrupted using the suicide vector pTEX4577 (39) containing an internal
fragment of the genes of interest. The primers used to amplify internal
fragments of ebpA, ebpB, and ebpC (designated ef1091, ef1092, and ef1093,
respectively, in the E. faecalis V583 genome database; ref. 7) are listed in
Supplemental Table 2. E. faecalis OG1RF was transformed by electropora-
tion, and transformants were selected on Todd-Hewitt agar plates contain-
ing kanamycin (2,000 ug/ml) (39). Correct allelic disruption was confirmed
by PCR analysis followed by pulsed field gel electrophoresis and South-
ern blots (42, 43). Details on the construction of ebpA and srtC deletion
mutants of OG1RF are provided in Supplemental Methods.

To complement the ebpC disruption mutant in trans, a 1,986-bp frag-
ment containing the ebpC ORF plus its ribosome-binding site (amplified
using primers Ef1093comF and Ef1093comR; see Supplemental Table 2) as
well as a 3,037-bp fragment containing the ebpC and srtC ORFs (amplified
using primers Ef1093comF and Ef1094comR; see Supplemental Table 2)
were cloned under the control of the nisin promoter of the shuttle vector,
PMSP3545 (28). The resulting constructs were transformed into ebp and
srtC mutants by electroporation (44). The expression of ebpC and srtC genes
in the ebpC strains complemented with ebpC and ebpC plus srtC after nisin
induction (28) was determined by RT-PCR.

Biofilm assay and primary attachment. A biofilm density detection assay
was carried out as described previously (12). Briefly, bacteria were grown
overnight, diluted 1:100 in 200 ul TSBG containing 0.25% glucose, and
inoculated into polystyrene microtiter plates (BD Biosciences — Falcon).
After 24 hours of static incubation at 37°C, attached cells from plates
were processed, fixed with Bouin’s fixative for 30 minutes, stained with
1% crystal violet for 30 minutes, and rinsed with distilled water. Crystal
violet was solubilized in ethanol/acetone (80:20, vol/vol), and ODs7o was
determined. Each assay was performed in quadruplicate at least 3 times.
For complemented and vector-only control constructs, nisin was added to
a final concentration of 25 ng/ml during 24 hours’ static incubation. For
the primary attachment assay, cultures that were diluted overnight (ODgoo
adjusted to 0.1) were added to polystyrene dishes (BD Biosciences — Fal-
con) and incubated for 2 hours as described previously (13). Bacteria in 25
different fields were counted using phase-contrast microscopy.

RT-PCR. Total RNA for use in RT-PCR reactions was isolated from
TSBG-grown E. faecalis cultures using RNeasy Mini Kit (QIAGEN). Total
RNA (20-40 ug) was treated 3 times with 20 U RQ1 DNase (Promega)
for 30 minutes at 37°C, and DNase was removed using the RNeasy Mini
Kit (QIAGEN) and purification protocol. Gel electrophoresis for assess-
ing RNA quality was performed as previously described (45). Total RNA
(1-50 ng) was reverse transcribed with specific primers (Supplemental
Table 2) using the SuperScript One-Step RT-PCR with Platinum Tagq kit
(Invitrogen) according to the manufacturer’s instructions. As an internal
control, a 528-bp fragment of gdh (encoding glyceraldehyde-3-phosphate
dehydrogenase) was amplified using the gdhF and gdhR primers (Supple-
mental Table 2). Reactions without RT were used as controls to detect
DNA contamination in total RNA.

Recombinant proteins and antibodies. Construction of recombinant plasmids
as well as expression and purification of recombinant proteins used in this
study were as described previously (6). Rabbit polyclonal sera specific for
recombinant EbpA, EbpB, and EbpC (previously referred to as EF1091,
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EF1092, and EF1093, respectively; ref. 6) proteins were generated by Bethyl
Laboratories. Specific anti-Ebp Igs were prepared using respective recombi-
nant Ebp proteins as immunoadsorbents and uniflow 4 agarose (Sterogene
Bioseparations Inc.) per the manufacturer’s protocol.

Cell wall-associated protein extraction and Western blotting. Surface pro-
tein extracts from E. faecalis strains were prepared using mutanolysin as
described previously (46) with minor modifications. In brief, the bacterial
pellets from TSBG-grown cells (8 h; 37°C; starting inoculum, ~0.01 ODgoo)
or 40% horse serum-grown cells (10 h; 37°C; starting inoculum, ~0.02
ODggo) were washed with 0.02 M Tris-HCI, pH 7.0, and 0.01 M MgSOy4
buffer and resuspended in one-tenth the volume of the same buffer con-
taining 100 uM PMSE. Following the addition of mutanolysin to a final
concentration of 10 U/1 ODygqp of cells, tubes were incubated at 37°C for 1
hour in a rotating shaker. After centrifugation at 12,000 g for 10 minutes,
the supernatants were concentrated by lyophilization, and aliquots were
stored at 70°C. Equal concentrations of mutanolysin extracts were elec-
trophoresed in 4%-12% NuPAGE Novex Bis-Tris Gels (Invitrogen) under
reducing conditions in MOPS buffer and transferred to a PVDF membrane
according to the manufacturer’s protocol. Membranes were then probed
with anti-EbpA, anti-EbpB, and anti-EbpC polyclonal antisera and/or
preimmune sera (primary antibody) followed by HRP-conjugated goat
anti-rabbit IgG antibodies (secondary antibody) and developed using ECL
detection reagents (Amersham Biosciences).

Electron microscopy and immunogold labeling. Negative staining experiments
were carried out as described previously for C. diphtheriae (24), with some
modifications. Briefly, bacterial strains grown overnight in BHI or TSBG
were reinoculated to a final ODgqo of 0.1 and were grown to different phases,
then gently washed in 0.1 M NaCl and stained with 0.1% uranyl acetate.

For immunogold labeling, 1-ml volumes of appropriately grown bacteria
were pelleted, washed gently with PBS using a wide-bore tip, and resus-
pended in PBS containing 5% goat serum. Cells were incubated with a 1:100
dilution of rabbit serum raised against EbpA (1:500 dilution for anti-EbpB
and anti-EbpC sera) for 2 hours. The cells were washed 3 times with PBS
with 5% goat serum and then incubated with 1:100 dilution of goat anti-
rabbit IgG conjugated to 12-nm-diameter colloidal gold particles (Jackson
ImmunoResearch Laboratories Inc.) for 1 hour. After 3 subsequent washes
with PBS, bacteria were resuspended gently in 2% glutaraldehyde in 0.1 M
sodium cacodylate buffer as a fixative.

For TEM examination, the immunogold-labeled cells in fixative were
floated on carbon-coated grids for 15 minutes and stained with 0.1% uranyl
acetate for 30 seconds. After being washed in saline, the grids were exam-
ined with a JEOL 1200 TEM at magnifications of x30,000-x100,000. For
SEM examination, the immunogold-labeled cells in fixative were placed on
5-mm x 10-mm glass supports covered by poly-L-lysine (Sigma-Aldrich).
The samples were then washed in 0.15 M cacodylate buffer and postfixed
for 90-120 minutes in 1% OsO4 in 0.15 M cacodylate buffer. Samples were
then rinsed in cacodylate buffer and dehydrated in an ascending ethanol
series (50%, 70%, 80%, 95%, and 100% twice) before critical-point drying with
CO;. Specimens were mounted on adhesive carbon films and then coated
with approximately 1 nm of platinum using an Ion Tech argon ion beam
coater. Samples were examined in a Hitachi S-4700 Field Emission SEM.

Experimental endocarditis in rats. As a control for differences that may be seen
in individual rats (e.g., differences in defense mechanisms or differences in
catheter positioning and resulting heart valve damage) that may influence
endocarditis results, we used mixing experiments with equal ODs of wild-
type and mutant bacteria; this method has previously been shown to be sen-
sitive for detecting virulence differences (30-32). Vegetation was produced
in male Sprague-Dawley rats (~250 g) by inserting a polyethylene catheter
(Intramedic PE 10; Braintree Scientific Inc.) into the right carotid artery,
across the aortic valve, and into the left ventricle. Surgical procedures were
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carried out on anesthetized animals. Twenty minutes later, the inoculum
was injected intraventricularly through the catheter, the catheter was heat
sealed and imbedded in subcutaneous tissue, and the skin was closed. Wild-
type OG1RF and the ebpA deletion mutant, each representing approximately
50% of bacterial cells, were thoroughly mixed prior to administration into
rats. Colony counts of the inoculum were determined by serial dilution and
plating on BHI agar with and without kanamycin (2,000 ug/ml), followed by
24 hours of incubation at 37°C. For 6 animals, the CFU counts of wild-type
OGI1RF and the ebpA deletion mutant in the inoculum were 3.25 x 107 and
3.30 x 107, respectively; thus, the percentage of wild-type OG1RF in the total
inoculum was 49.6%. For 9 animals, the CFU counts of wild-type OG1RF
and the ebpA deletion mutant were 3.82 x 108 and 4.12 x 108, respectively;
thus, the percentage of wild-type OG1RF in the total inoculum was 48.1 %.
For 5 animals, the CFU counts of wild-type OG1RF and the ebpA deletion
mutant were 4.35 x 10% and 4.65 x 108, respectively; thus, the percentage of
wild-type OG1RF in the total inoculum was 48.3%. At 24 hours after inocula-
tion, animals were sacrificed, and aortic vegetations were excised with aseptic
technique, weighed, homogenized in 1 ml normal saline, and serially diluted
for colony counts. Recovery of samples from kidneys followed a similar pro-
cedure, except these were homogenized in 5 ml saline. Colonies were counted
after 24 hours’ incubation, and log;o CFU/g of vegetation or kidneys were
compared. As previously described for other organisms in mixed infections
(32, 47), the mean virulence index of the mutant relative to wild-type was

calculated using the following equation:

Equation 1
Mean wild-type GM-CFU,,_ /mutant GM-CFU,_,
virulence = — -
index wild-type GM-CFU“=24)/mutant GM-CFU

(t=24)
where GM-CFU indicates geometric mean CFU in the initial inoculum
(£=0) or in vegetation and kidneys (¢ = 24 hours).

All experimental protocols were approved prior to the beginning of the
study by the Animal Welfare Committee of the University of Texas Health
Science Center at Houston.

—_

Statistics. ODs7o medians from biofilm assays of wild-type and mutant
strains were compared by Kruskal-Wallis test (ANOVA) with Dunn’s post-
hoc modification for multiple comparisons. Medians of complemented
strains were compared with appropriate vector-only control strains by
Mann-Whitney test. Tests were performed using GraphPad Prism version
4.0 for Windows. The percentages of OG1RF in the inoculum versus the
percentages of OG1RF in vegetation and kidneys were compared using
results for individual rats by the y? test.
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