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Streptococcus defectivus is one of the nutritionally variant streptococci, a class of viridans group streptococci
first isolated from patients with endocarditis and otitis media. In previous studies, NVS-47, a clinical isolate
of S. defectivus, was shown to bind to the extracellular matrix. A high-molecular-weight surface protein was
identified and proposed to be responsible for mediating this binding. In the present study, the gene encoding
this protein was identified by transposon mutagenesis and characterized. The gene (emb) was found to be
larger than 14 kb and was partially sequenced. It encodes a protein containing at least 50 repeats of 77 amino
acids predicted to assume an alternating coiled-coil conformation. The domain responsible for extracellular
matrix binding was mapped to the N terminus of the protein. From sequence analysis, Emb is proposed to be
the prototype of a new family of streptococcal fibrillar proteins.

Nutritionally variant streptococci (NVS) are a class of viri-
dans group streptococci first isolated by Frenkel and Hirsch in
1961 (7) as satellite colonies of Haemophilus species from
patients with endocarditis and otitis media. In the absence of
helper bacteria, they are unable to grow in most common
laboratory media unless supplemented with pyridoxal hydro-
chloride or L-cysteine (5, 22). van de Rijn and George (30),
studying a large collection of NVS, identified three serotype
antigens not found in other streptococci. The distribution of
these antigens allowed the delineation of three serotypes, with
serotypes I and II comprising 97% of the isolates. Later, sero-
types I and II were placed in two new streptococcal species,
Streptococcus defectivus and Streptococcus adjacens, respec-
tively (4). More recently, based on 16S RNA sequences,
Kawamura et al. (10) proposed that S. defectivus and S. adja-
cens be moved to a new genus called Abiotrophia.

NVS are part of the normal oral flora (8), but they can also
act as pathogens both in humans and in nonhuman animals
(22). The most important NVS infection in humans is subacute
bacterial endocarditis. NVS are responsible for 5 to 10% of all
streptococcal endocarditis cases and are probably an important
cause of the blood culture-negative form of the disease (20).
Patients with NVS endocarditis have higher relapse and mor-
tality rates than those with endocarditis caused by enterococci
and the other viridans group streptococci (26). The clinical
severity of NVS endocarditis has been correlated with both a
delay in bacteriological diagnosis and an intrinsic resistance of
NVS to antibiotics (2). The slow growth rate and metabolic
defect of NVS often lead to negative blood cultures and seem
to induce an in vivo antibiotic-tolerant status (3).

The pathogenesis of bacterial endocarditis begins with bac-
terial adhesion to a damaged heart valve. The most important
candidates for the target of this adhesion are the platelet-fibrin
matrix and the extracellular matrix (ECM) components ex-
posed on the damaged tissue (9). In previous studies, S. defec-
tivus was not able to bind to the platelet-fibrin matrix (31), but

13 of 15 strains analyzed were shown to bind to the ECM (28).
By chemical mutagenesis, Tart and van de Rijn (29) obtained
an S. defectivus mutant lacking the ability to bind ECM and
identified a high-molecular-weight surface protein which they
proposed was responsible for mediating such binding.

In this report, we describe the localization by transposon
mutagenesis and the characterization of the gene encoding this
ECM binding protein (Emb). The gene was found to be larger
than 14 kb and was partially sequenced. It encodes a protein
containing at least 50 repeats of 77 amino acids predicted to
assume a coiled-coil conformation. The domain responsible for
binding to ECM was mapped to the N terminus of the protein.
Emb is proposed to be the prototype of a new family of strep-
tococcal fibrillar proteins.

MATERIALS AND METHODS

Bacteria, media, and growth conditions. S. defectivus NVS-47, NVS-59, NVS-
52, and NVS-100 and S. adjacens NVS-61 and NVS-63 were from our collection.
Bacteria were grown in semisynthetic medium (CDMT) (5) or in Todd-Hewitt
broth supplemented with 0.2% yeast extract plus pyridoxal hydrochloride (0.5
mg/ml) (THYP) at 37°C. When bacteria were grown on solid media, sheep blood
(3%) was added and plates were incubated in a 5% CO2 atmosphere. Escherichia
coli JM109 and BL21(DE3) were grown in Luria broth or TYPG medium (16 g
of tryptone, 16 g of yeast extract, 5 g of NaCl, 2.5 g of K2HPO4, and 5 g of
glucose/liter of distilled H2O) at 37°C with agitation. Antibiotics, when required,
were added at the following concentrations: kanamycin, 500 mg/ml for S. defec-
tivus and 50 mg/ml for E. coli; ampicillin, 50 mg/ml.

DNA preparation. A culture (500 ml) of NVS-47 was grown in THYP over-
night, washed once in saline solution (50 ml), and then resuspended in cold
TE–sucrose (25%, 10 ml) containing lysozyme (9.3 3 104 U/ml) and mutanolysin
(12 U/ml). After incubation at 65°C for 1 h, 20% sodium sarcosyl (0.5 ml) and
RNase to a final concentration of 0.3 mg/ml were added. The sample was further
incubated for 30 min at 37°C. DNA was then extracted three times with phenol-
chloroform (vol/vol) and twice with chloroform-isoamyl alcohol (24:1, vol/vol)
and precipitated with ethanol. DNA was finally washed with ethanol (70%),
dried, and resuspended in TE (200 ml).

Plasmid DNA from E. coli was prepared with a Qiagen (Santa Clarita, Calif.)
plasmid kit in accordance with the manufacturer’s suggestions.

DNA manipulations. All recombinant DNA techniques were performed by
standard procedures (1) with E. coli JM109 as a host. DNA restriction enzymes
were obtained from Promega Corp., Madison, Wis., and used in accordance with
the manufacturer’s suggestions. DNA amplification (PCR) was performed with a
model 480 DNA Thermal Cycler (Perkin-Elmer-Cetus, Norwalk, Conn.) and
Pwo DNA polymerase (Boehringer Mannheim Corp., Indianapolis, Ind.) in
accordance with the manufacturers’ directions. Southern blotting was performed
by the standard procedure (1); probes were labeled and detected with a Genius
1 DNA labeling and detection kit (Boehringer).

* Corresponding author. Mailing address: Wake Forest University
School of Medicine, Medical Center Blvd., Winston-Salem, NC 27157.
Phone: (336) 716-2263. Fax: (336) 716-4204. E-mail: ivr@wfubmc.edu.

† Present address: Department of Microbiology, Public Health Re-
search Institute, New York, N.Y.

50



pRC6 and pRC10 construction. pRC6 was constructed by replacing the
1.15-kb BamHI fragment of pGh9:ISS1 (14), containing the erm gene, with a
1.16-kb BglII PCR product containing the aphIII gene from pKM1 (11), confer-
ring resistance to kanamycin. The resulting plasmid replicates in both gram-
positive and gram-negative bacteria at 28°C but is unable to replicate at 37°C. It
carries the lactococcal insertion sequence ISS1. After ISS1 replicative transpo-
sition, the entire plasmid flanked by duplicated ISS1 sequences is integrated in
the recipient chromosome.

pRC10 was constructed by replacing the ISS1-containing EcoRI-ClaI fragment
of pRC6 with the 1.4-kb fragment of emb immediately upstream of the target of
pRC6 integration (from base 2955 to base 4359) obtained by PCR.

DNA sequencing and sequence analysis. Plasmid DNA and PCR products
were prepared for chain termination sequencing (24) as previously described
(15). Samples were sequenced with a Sequenase 2.0 kit (U.S. Biochemical Corp.,
Cleveland, Ohio) and [32P]dATP (ICN Biochemicals, Costa Mesa, Calif.). Se-
quencing reactions were resolved on 6% polyacrylamide gels, which were sub-
sequently dried and exposed at 265°C to Kodak X-OMAT AR film. When PCR
products were sequenced, in order to correct the mutations that might have
occurred during amplification, each strand was sequenced from DNA obtained
from a different PCR.

DNA sequence data were analyzed with the Genetics Computer Group soft-
ware package (6). The signal peptide cleavage site in the Emb sequence was
identified by the method of Nielsen et al. (16). Analysis for the prediction of
coiled-coil structures was performed with COILS 2.2, available at the Internet
address http://ulrec3.unil.ch/software/COILS_form.html/ (13). The Streptococcus
pyogenes genome has been made available by the Streptococcal Genome Se-
quencing Project at the Internet address http://www.genome.ou.edu/strep.html.

Preparation and screening of enriched libraries. The chromosomal DNA of
NVS-47 was digested with the appropriate enzyme(s) and separated on agarose
gels. Fragments to be cloned in the range of the predicted size (61 kb) were
purified from the gels with a QIAquick gel extraction kit (Qiagen) and ligated to
pACYC177 (21). The ligation mixture was used to transform JM109, and the
colonies were analyzed by colony blotting (23).

Preparation of frozen electrocompetent cells and electroporation procedure.
Frozen electrocompetent cells were prepared essentially by the procedure pre-
viously described for Streptococcus agalactiae (19). Briefly, bacterial cells were
grown in THYP (500 ml) to the midexponential phase, harvested by centrifuga-
tion, resuspended, and then washed four times in 1 volume of glycerol (10%).
For the final wash, cells were resuspended in a 1/100 volume, distributed in
1.5-ml test tubes, and centrifuged for 5 min at 13,000 3 g. After calculation of its
volume, the pellet was resuspended in 1 volume of glycerol (20%) and frozen at
270°C.

For electroporation, frozen electrocompetent cells were thawed on ice and
diluted 1:2 in ice-cold glycerol (10%). An aliquot of 50 ml was mixed with the
transforming DNA and loaded into a prechilled Gene Pulser cuvette (0.1-cm
electrode gap) (Bio-Rad, Hercules, Calif.). The cuvette was exposed to a single
pulse with a Bio-Rad Gene Pulser apparatus (capacitance, 25 mF; voltage, 20
kV/cm; resistance, 200 V). Immediately after the pulse, cells were diluted in
THYP (1 ml), incubated for 3 h at 28°C, and then plated on selective plates.

Transposon mutagenesis. pRC6 was introduced into NVS-47 by electropora-
tion. Kanamycin-resistant transformants were selected at the permissive temper-
ature (28°C) to allow plasmid replication. Seven transformants were grown
overnight at 28°C in medium without kanamycin, diluted 1:10, and incubated for
4 h at the nonpermissive temperature (37°C) to allow plasmid curing. Finally, the
cultures were plated on kanamycin at 37°C to select the transposants. The same
procedure was used with pRC10 to select its insertion into the emb gene.

ECM adherence assay. Bacterial adherence to baby hamster kidney cell-
secreted ECM was detected by an enzyme-linked immunosorbent assay as pre-
viously described (28). Briefly, bacteria were grown overnight in CDMT, washed,
and resuspended in ice-cold phosphate-buffered saline (PBS; 0.02 M sodium
phosphate, 0.15 M NaCl [pH 7.4]) to an optical density of 0.5 at 530 nm (18-mm
cells; Spectronic 20D spectrophotometer; Bausch & Lomb, Inc., Rochester,
N.Y.). Bacteria were then mixed with an equal volume of blocking solution (3%
casein–0.05% Tween 20 in 0.01 M Tris–0.1 M NaCl [pH 7.4]). After appropriate
washes, specific bacterial antibody and then horseradish peroxidase-labeled goat
anti-rabbit immunoglobulin were used to detect ECM-adherent organisms. The
A620 was measured after tetramethylbenzidine dihydrochloride color substrate
development. In each assay, the control plastic binding value was determined and
subtracted from the mean ECM binding values to calculate specific ECM ad-
herence. For inhibition studies, bacteria were incubated with antibodies for 1 h
under rotation at room temperature prior to the ECM adherence assay. The total
reaction volume was kept constant by resuspending the bacteria in a one-half
volume of PBS in order to maintain a 1:1 ratio of sample to blocking solution
with the addition of the antibodies.

Serum adsorption for the enrichment of adhesin-specific antibodies. Enrich-
ment of adhesin-specific antibodies was performed as previously described (29).
Briefly, antiserum Rb342 (40 ml, generated by hyperimmunization of New Zea-
land White rabbits with strain NVS-47) was diluted 1:25 in PBS and then
adsorbed with transposon insertion mutant strain WFemb1 from a culture grown
overnight (100 ml) for 1 h at 4°C. After the cells were sedimented by centrifu-
gation, the serum was filtered and the incubation was repeated with the parent
strain (NVS-47, 100 ml). Antibody-coated bacteria were recovered by centrifu-

gation and washed three times in PBS to remove unbound antibodies. Finally,
bacteria were resuspended in 0.1 M glycine containing bovine serum albumin
(0.5%) at pH 2.5 and incubated for 1 h at 4°C to release surface-bound anti-
bodies. Bacteria were then centrifuged, and the eluted antibodies were neutral-
ized with 1 M Tris (pH 9.0) and filtered through a 0.22-mm-pore-size membrane
(Millipore Corp., Bedford, Mass.).

Preparation of solubilized cell wall extracts. Solubilized cell wall extracts were
prepared as described by Tart and van de Rijn (29). Briefly, bacteria were grown
in 100 ml of CDMT to the mid-exponential phase, at which time penicillin (16.7
U/ml) was added. Incubation was continued for another 6 h. Bacteria were then
centrifuged, washed twice in PBS, and resuspended in 30% raffinose–0.04 M Tris
(pH 8, 2.8 ml) to which mutanolysin was added (200 ml; 2 mg/ml in 0.1 M KPO4
[pH 6.2]). Protoplast formation was carried out for 18 h at 37°C with rotation.
Protoplasts were then pelleted, and the resulting supernatant was dialyzed
against 0.01 M NaPO4 (pH 7.0) and filtered through a 0.22-mm-pore-size mem-
brane (Millipore).

SDS-PAGE and Western blot analysis. Proteins from bacterial samples and
biotinylated molecular weight markers (Bio-Rad) were separated by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) by the
method of Laemmli (12) and transferred (18 h, 80 mA) to nitrocellulose (Ni-
troBind; Micron Separation Inc., Westborough, Mass.). Blots were blocked with
5% powdered milk–Tris-buffered saline (0.10 M Tris [pH 7.4], 0.15 M NaCl) and
then incubated with enriched antiadhesin antibody (described above) at room
temperature for 45 min. Next, the membranes were washed three times in
Tris-buffered saline, incubated with horseradish peroxidase-labeled goat anti-
rabbit immunoglobulin (Bio-Rad) and avidin-horseradish peroxidase conjugate
(Bio-Rad) at room temperature for 45 min, and washed as before. Finally, the
blots were developed with 3.4 mM 4-chloro-1-naphthol in CH3OH (1 part)–0.01
M imidazole in PBS (5 parts)-H2O2 (0.1%) for 30 min.

Overexpression of Emb fragments in E. coli. PCR-amplified fragments of the
emb gene (Table 1) were separated by agarose gel electrophoresis, recovered
with a QIAquick gel extraction kit, and cloned in the SmaI site of pBluescript
(Stratagene, LaJolla, Calif.). Cloned inserts were subsequently excised with re-
striction enzyme sites introduced by means of the oligonucleotide primers and
ligated into expression vector pT77 or pET11a (27) (Table 1), and the ligation
mixture was transformed in BL21(DE3). TYPG medium was inoculated with a
single microcolony from the above transformation, and the culture was grown at
37°C until the optical density at 600 nm reached 0.8. One milliliter of the culture
was removed as a preinduction sample; isopropyl-b-D-thiogalactopyranoside
(IPTG) (1 mM final concentration) was added to the remaining culture, which
was incubated at 37°C for an additional 3 h. Cells were washed in PBS, lysed by
two passes through a French press at 20,000 lb/in2, and centrifuged for 30 min at
20,000 3 g to remove cellular debris.

Affinity-purified antibody preparation. Overexpressed fragments of the Emb
protein were separated by SDS-PAGE and transferred to nitrocellulose. The blot
was stained with Ponceau red (0.2% in 3% trichloroacetic acid–3% 5-sulfosali-
cylic acid), and strips containing the overexpressed polypeptides as well as those
containing the comigrating proteins from uninduced E. coli cultures were iso-
lated from the blot. The nitrocellulose strips were blocked with 5% powdered
milk–Tris-saline-azide solution (0.05 M Tris [pH 7.4], 0.15 M NaCl, 0.03 M
NaN3) overnight at 4°C. Rb342 serum was added at a 1:10 dilution and incubated
with the strips for 2 h at 4°C. The strips were washed five times in Tris-saline-
azide solution before incubation in 0.1 M glycine–0.05% bovine serum albumin
(pH 2.5) for 1 h at 4°C to elute bound antibodies. The eluted antibodies were
neutralized with 1 M Tris (pH 9.0) and filtered through a 0.22-mm-pore-size
membrane (Millipore).

Nucleotide sequence accession number. The nucleotide sequence of the emb
gene has been deposited in GenBank under accession no. AF067776.

TABLE 1. Recombinant polypeptide fragments of Emb and
oligonucleotide primers used for PCR amplification

Fragment
Amino

acid
residues

kDaa
Position of oligonucleotide primerb

59 39 (complement)

Emb-A 503–963 48.0 (NdeI) 1754–1770 3135–3117 (BamHI)
Emb-B 928–139 48.5 (NdeI) 3029–3045 4414–4399 (BamHI)
Emb-C 50–530 51.8 (EcoRI) 349–412 1837–1821 (BamHI)
Emb-D 50–661 65.6 (EcoRI) 349–412 2230–2212 (BamHI)

a For the Emb-derived portion of the fused protein only. Recombinant frag-
ments C and D included a six-residue N-terminal sequence encoded by the
plasmid.

b PCR primers were designed to include the nucleotide sequence of the emb
gene as shown. Each primer included a unique restriction enzyme site (indicated
in parentheses). Additional nucleotides were added to maintain the reading
frame (59 primer) or to introduce a stop codon (39 primer).
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RESULTS

Transposon mutagenesis of NVS-47. In order to produce an
adhesin-negative mutant, the ISS1-containing thermosensitive
plasmid pRC6 was introduced into NVS-47 by electroporation.
Transformants were selected at 28°C to allow plasmid replica-
tion. Seven strains containing the plasmid were subjected to a
temperature shift (see Materials and Methods) and plated on
selective plates at 37°C to recover the transposants. Seven of
2,168 transposants tested were shown to be deficient in ECM
adherence. One representative mutant, WFemb1, was chosen
for further characterization.

To determine the effect on surface protein expression of the
insertion of the transposon, enriched antiadhesin antibodies
(prepared as described in Materials and Methods) were used
to probe parent and mutant S. defectivus cell wall-associated
proteins by Western blotting. Four high-molecular-weight
bands (Fig. 1) were recognized in NVS-47 (lane a), while these
proteins were absent in the corresponding transposon insertion
mutant strain, WFemb1 (lane b).

Cloning and characterization of the emb gene. The region
surrounding pRC6 integration was mapped by Southern blot-

ting (data not shown) to develop a cloning strategy. Seven
overlapping DNA fragments (Fig. 2) covering 6,413 bp were
amplified by inverted PCR and sequenced. Sequence analysis
showed a single open reading frame (ORF) (emb) starting at
base 248. After the first 1.9 kb, the ORF assumed a repeat
structure made up of 231-bp tandem repeats. Four additional
overlapping fragments of 2.7, 3, 5.5, and 6.6 kb (Fig. 2) cover-
ing an additional 8 kb downstream from the sequenced region
were subsequently cloned in pACYC177. The distal regions of
each fragment were sequenced. All the resulting sequences
showed the same repeat structure of 231-bp tandem repeats
previously found in the first part of the gene (data not shown),
suggesting either that the ORF continues in all of them (mak-
ing the size of the gene more than 14 kb and the number of
repeats almost 50) or the presence of a second gene homolo-
gous to emb and in tandem with it. Potential 210, 235, and
Shine-Dalgarno sequences were identified in the region 59 to
the coding sequence (Fig. 3).

A strain with a disruption in the emb gene was constructed
to confirm that the deficiency in ECM adherence shown by
WFemb1 was due to the emb disruption caused by pRC6 in-
sertion and not by some other mutation. For this purpose,
temperature-sensitive plasmid pRC10 into which an internal
fragment of the gene had been cloned was introduced into
strain NVS-47. After the temperature shift, five NVS-47 deriv-
ative strains with pRC10 integrated into the chromosome were
isolated. Southern blot analysis (data not shown) showed that
in all of the recombinants, the emb gene was disrupted. When
tested for adherence, none of the five mutants was able to bind
to ECM (data not shown), adding further evidence that the
emb gene encodes an adhesin molecule. The same four
polypeptide bands were found to be absent when cell wall-
associated proteins of one of these mutants (WFemb2) were
compared to those of the transposon insertion mutant
WFemb1 by Western blot analysis (Fig. 1, lane c).

Characterization of the bands missing in the cell wall-asso-
ciated protein profiles of WFemb1 and WFemb2. As demon-
strated above, four high-molecular-weight bands that were
absent from the mutants were recognized by enriched antiad-
hesin antibodies in NVS-47 cell wall-associated protein profiles
(Fig. 1). While these bands are probably the result of proteo-
lytic degradation of Emb and/or different multimeric forms of
the protein, it is possible that one or more of them represent
another protein whose expression or stability in the cell wall
depends on the presence of Emb. To address this issue, anti-
bodies to a purified fragment of Emb overexpressed in E. coli
(see below) were affinity purified and used to analyze NVS-47
cell wall-associated proteins. As shown in Fig. 1, lane d, these
antibodies also recognized the four bands present in the wild
type and missing in the two mutants. This result suggests that

FIG. 1. Western blot analysis of S. defectivus parent and mutant strain cell
wall-associated proteins. Samples were separated by SDS-PAGE (8% polyacryl-
amide gel) and then transferred to nitrocellulose. The nitrocellulose blots were
probed with adhesin-enriched antibodies (a to c) or anti-Emb-A antibodies (d).
Lanes a and d, NVS-47 parent strain; lane b, WFemb1 mutant strain; lane c,
WFemb2 mutant strain. The band present at the top of lanes a and d represents
material that did not enter the separating gel. Molecular mass standards are
shown on the left (kilodaltons).

FIG. 2. Sequencing strategy for the emb gene. Thick solid lines indicate fragments obtained by inverse PCR and completely sequenced; thin solid lines indicate
fragments cloned by enriched libraries and partially sequenced; thin dotted line indicates repeated region. The sequenced regions are shown in dark cross-hatching.
Arrows indicate the predicted start codon of emb and the pRC6 integration site in WFemb1.
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the four bands represent either degradation products of Emb
or different multimeric forms of the protein.

Structure of Emb. The sequenced part of the gene encodes
a polypeptide of 2,055 amino acids (Fig. 4). The first 48 resi-
dues have the properties of a bacterial signal peptide, with a
charged region followed by a hydrophobic sequence. The most
likely site for signal peptide cleavage, as determined by the
method of Nielsen et al. (16), is Ala-48. The predicted molec-
ular mass of this portion of the protein after signal peptide
processing is 210 kDa. At the N terminus of the predicted
mature protein, between Ala-77 and Gln-128, is a region of 52
amino acids with 29 serine residues (55.8%). The region from
Pro-633 to the end of the polypeptide is rich in alanine (25.4%)
and includes 17 tandem repeats of 77 residues. The first eight
repeats have an average identity of about 37% (similarity,
68%), while the last nine repeats have an average identity of
88% (similarity, 92%). The two repeats encoded by the more
distal partially sequenced part of the gene are 82% identical to
each other. Compared with the consensus sequence calculated
for the nine highly conserved repeats, the identity is 50%
(similarity, 74%). The sequence LTXEEK, at the beginning of
each repeat, is conserved throughout the sequence.

When the sequence of Emb is compared with sequences in
protein databases, only two significant matches are found: the
EF* protein of Streptococcus suis (1,822 amino acids) (25) and

an uncharacterized protein of S. pyogenes (2,060 amino acids).
Both proteins have a highly repeated structure, and the ho-
mology with Emb is restricted to the repeated regions (Fig.
5A). The consensus sequence of the Emb repeats (77 amino
acids) is 51% identical (70% similar) to that of the EF* repeats
(76 amino acids) and 34% identical (46% similar) to that of the
S. pyogenes protein repeats (81 amino acids) (Fig. 5B). The N
terminus of each of the three proteins does not show any
significant match with the databases.

Localization of the ECM binding domain of Emb. In order
to show the location of the adhesin activity of the Emb protein,
four overlapping fragments of the emb gene were overex-
pressed in E. coli. Table 1 shows the sizes and molecular
masses of the various fragments. Affinity-purified antibodies to
the overexpressed protein fragments and to comigrating pro-
teins of uninduced E. coli were prepared from anti-NVS-47
serum by adsorption and subsequent elution from the nitro-
cellulose blot. Affinity-purified antibodies or whole antiserum
was incubated with NVS-47, which was then tested for its
ability to bind to ECM. Table 2 shows the complete inhibition
of binding in the presence of whole antiserum. Bacteria incu-
bated with either anti-Emb-C or anti-Emb-D antibodies were
inhibited 92 and 90%, respectively. Binding was inhibited 8 and
15% when bacteria were incubated with anti-Emb-A and anti-

FIG. 3. Sequence of the region upstream of emb. Putative 210, 235, and Shine-Dalgarno (SD) sequences are shown, as is the putative start site for Emb
translation.

FIG. 4. Structure of the first 2,055 amino acids (aa) of Emb. The putative leader peptide is shown as a cross-hatched box. The 18 LTXEEK conserved sequences
at the beginning of each repeat are shown as black boxes. The nine more highly conserved repeats are shown as hatched boxes; their consensus sequence is also shown.
Emb-A, Emb-B, Emb-C, and Emb-D represent the fragments of Emb overexpressed in E. coli.

VOL. 67, 1999 S. DEFECTIVUS MAJOR ADHESIN 53



Emb-B antibodies. No inhibition was observed with affinity-
purified antibodies to proteins of uninduced E. coli.

Presence of the emb gene in clinical isolates of NVS. In order
to determine whether the emb gene was found in other clinical
isolates of NVS, total DNA from four S. defectivus strains
(NVS-47, NVS-59, NVS-52, and NVS-100) and two S. adjacens
strains (NVS-61 and NVS-63) was tested by Southern blotting.
The chromosomal DNA of the six strains was digested with
KpnI, separated on an agarose gel, transferred to a filter, and
probed at a low stringency with the 1.4-kb fragment of emb
cloned in pRC10. All four DNA preparations from the S.
defectivus strains reacted with the emb gene probe, whereas no
reaction was observed with the S. adjacens DNA (data not
shown). The patterns of bands recognized by the probe were
different in the four S. defectivus strains: three bands were
present in the hybridization profiles of NVS-47 and NVS-100
(8.8, 3.5, and 1.6 kb and 12.6, 4.0, and 0.9 kb, respectively),
whereas only two bands were present in the hybridization pro-
files of NVS-59 and NVS-52 (9.0 and 5.0 kb and 12.6 and 3.5
kb, respectively) (data not shown).

DISCUSSION

In this paper, we describe the partial cloning and character-
ization of emb, the gene encoding the major adhesin of S.

defectivus. After isolation of a mutant by transposon mutagen-
esis, 6.4 kb of the region flanking the transposon insertion was
cloned by inverse PCR and sequenced. This region was shown
to contain a partial ORF 6.1 kb long (emb) and its putative
promoter region. The last 4.5 kb of the fragment contained 17
tandem repeats of 231 bp. In order to clone the rest of the
gene, five additional overlapping fragments covering a total of
8 kb of DNA downstream of the first fragment were subse-
quently cloned, and their termini were sequenced. All of the
sequences contained repeats of 231 bp homologous to those
found in the first fragment, suggesting that the emb ORF
continues through the additional 8 kb without interruption.
Although we cannot rule out the existence in this region of a
second gene homologous to emb and in tandem with it, this
possibility is unlikely, since cutting in this region with restric-
tion enzymes whose cutting sites are represented in the repeats
produced only fragments of the size of the repeat or a multiple
of it (data not shown). The highly repeated structure of the
additional 8 kb made it impossible to design internal primers
for both PCR and sequencing, leaving the construction of a
library of nested deletions the most suitable strategy to
complete the sequence. Since to map and to sequence by use
of nested deletions a DNA fragment of 8 kb containing
about 36 repeats is a major project, we decided to focus on
the characterization of the ECM binding domain of Emb,

FIG. 5. Homology of Emb with EF* of S. suis and the uncharacterized protein of S. pyogenes (Sp prot.). (A) Graphic map of the proteins. Homologous regions are
shown as cross-hatched boxes. aa, amino acids. (B) Alignment of the consensus sequences of the three proteins. Identical amino acids are joined by a line; similar amino
acids are indicated by a dot. The consensus sequence for Emb repeats (77 aa) is 51% identical (70% similar) to that for the repeats of EF* (76 aa) and 34% identical
(46% similar) to that for the repeats of the uncharacterized protein of S. pyogenes (81 aa).
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leaving cloning and sequencing of the rest of the gene to a
future project.

DNA hybridization studies showed that homologs of the
emb gene of NVS-47 are present in three other clinical isolates
of S. defectivus previously shown to be able to bind to ECM
(28) but are absent in two isolates of the closely related organ-
ism S. adjacens previously shown to be unable to bind to ECM
(28). The pattern of bands recognized by the probe, based on
the repeated portion of emb, showed heterogeneity among the
genes present in the different strains, as expected for genes
containing tandem repeats.

Western blot analysis of cell wall extracts probed with affin-
ity-purified antibodies to an overexpressed fragment of Emb
showed four bands in the wild-type strain that were missing in
the mutant strains, the smallest migrating at 200 kDa. Since S.
defectivus peptidoglycan is partially resistant to both lysozyme
and mutanolysin, bacteria were incubated with these two en-
zymes at 37°C for 18 h to release cell wall-associated proteins.
Under these conditions, Emb might undergo some degrada-
tion, which could explain the presence of four bands. An al-
ternative explanation is that the four bands might represent
multimers of Emb, although this explanation is unlikely, since
treatment with reducing agents did not affect the protein pro-
file (data not shown) and the denaturing conditions of the gel
should have been able to resolve multimeric structures not
tightly bound by disulfide bridges. The considerable amount of
material that did not enter the separating gel probably repre-
sents Emb molecules still associated with partially degraded
peptidoglycan fragments.

In order to map the Emb domain responsible for ECM
binding, antibodies affinity purified by binding to individual
overexpressed portions of the protein were assayed for their
ability to inhibit the binding of NVS-47 to ECM. Only affinity-
purified antibodies to the overlapping fragments Emb-C and
Emb-D were able to cause significant inhibition, thereby map-
ping the binding site in the N-terminal 480 residues of the
predicted mature protein. Attempts were made to show direct
binding of the overexpressed Emb-C and Emb-D polypeptides
to ECM and their direct inhibition of NVS-47 binding to ECM,
but these were unsuccessful, suggesting that the folding of the
binding site of the protein fragments was incorrect after over-
expression in E. coli (data not shown).

The repeated region of Emb shows homology to two pro-

teins present in protein databases: EF* of S. suis type 2 and an
uncharacterized protein of S. pyogenes. EF* is a secreted pro-
tein that is 1,822 amino acids long; its function is still unknown,
but there are indications that it could be involved in virulence
(25). It is noteworthy that the homology between EF* and
Emb is restricted to the repeated region, while the N-terminal
domains are completely unrelated. Although Emb is localized
on the cell wall, EF* is secreted (25). However, after the stop
codon of the gene encoding EF* and in frame with it, there is
a sequence encoding a classical C-terminal anchor domain,
suggesting EF* evolution from a cell wall protein. The unchar-
acterized protein of S. pyogenes is a cell wall protein of 2,060
amino acids that has a classical C-terminal anchor domain. The
homology between this protein and Emb is restricted to the
repeated region.

The secondary structure of the consensus sequence for the
Emb repeats is predicted to be a helical, with one interruption
in the region where the residues Pro-51 and Pro-54 are located.
Also, in the junctions between the repeats, the helical structure

FIG. 6. Coiled-coil prediction in the consensus sequence for the repeats of
Emb (A), EF* (B), and the uncharacterized protein of S. pyogenes (C). The
consensus sequence for the various repeats was analyzed with COILS 2.2 to
predict the probability that they could assume a coiled-coil conformation. The
amino acids number is shown on the x axis; the probability that a region might
assume a coiled-coil conformation is shown on the y axis. The calculation was
done with the MTIDK matrix, considering a 21-residue scanning window (13).

TABLE 2. Inhibition of S. defectivus adherence to ECM by affinity-
purified antibodies to Emb fragments

Inhibitor A260
a %

Inhibition

PBS 0.38
Rb342b 0.01 96

Affinity-purified antibodiesc

Emb-A 0.35 8
Emb-B 0.32 15
Emb-C 0.02 92
Emb-D 0.07 90
Emb-A, Emb-B, and Emb-C com. prot. 0.41
Emb-D com. prot. 0.40

a Except for values for Emb-C, all values represent the mean of two separate
experiments.

b Whole antiserum.
c Affinity-purified antibodies to different fragments of the Emb protein after its

overexpression in E. coli BL21(DE3) and affinity-purified antibodies to unin-
duced E. coli proteins comigrating (com. prot.) with Emb-A, Emb-B, Emb-C, or
Emb-D.
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is predicted to be interrupted by the residue Pro-2. The pres-
ence of repeats suggests that the protein may adopt some form
of repeated helical structure. An analysis of the Emb repeats
with COILS 2.2 divided each repeat into two regions which
were predicted to assume a coiled-coil conformation (with the
first having the highest probability) and two regions which were
not predicted to assume such a structure. As shown in Fig. 6, a
similar conformation is predicted for the repeats of EF* and of
the uncharacterized protein of S. pyogenes, although the prob-
ability that the second regions of the repeats assume a coiled-
coil conformation is much higher in these proteins than in
Emb. Usually in fibrillar coiled-coil proteins, such as M6 of S.
pyogenes, the coiled-coil structure is conserved for the entire
length of the molecule (18). Further studies are necessary to
understand the unusual structure of Emb and related proteins
in which segments predicted to assume a coiled-coil conforma-
tion alternate with segments predicted to have a different
structure.

The data suggest that these three proteins belong to a new
family of long, repeated, exported proteins of streptococci. It is
interesting that only the repeated portion of the molecules is
conserved throughout the members of the family, while the N
termini, which in Emb carry the binding site for ECM, are
completely unrelated. The peculiar structure of these proteins
suggests that their repeated regions could function as a con-
served partially coiled-coil mechanical module used by differ-
ent streptococci to expose different functional domains on
their surfaces.

In this study, we began the characterization of Emb, a long
fibrillar adhesin that enables S. defectivus to bind to ECM, and
proposed that it belongs to a new family of streptococcal pro-
teins. Further studies are required to identify the ECM com-
ponent(s) bound by the protein, the eventual accessory func-
tions that could be carried out by such a long protein, and the
structure of the repeated domain. Such information will pro-
vide a basis both for a better understanding of S. defectivus
pathogenicity and for the development of vaccines and antiad-
hesion therapy (17) against this fastidious opportunistic patho-
gen.
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