
The sanguis streptococci comprise a large
proportion of the oral bacterial species
found in dental plaque. They are early
colonizers of the tooth surface (28, 35) and
can act as a substratum to co-aggregate
with other oral bacteria that are important

for dental plaque formation (2, 5, 18). The
adhesion of Streptococcus parasanguinis
FW213 to an in vitro tooth surface model,
saliva-coated hydroxyapatite (SHA), is
mediated by long peritrichous fimbriae
(11). Fap1, a 200 kDa streptococcal

surface glycoprotein, is the major subunit
of the long fimbriae, and is involved in
bacterial adhesion to SHA (30, 38). Fap1
is a member of a new, high-molecular-
weight serine-rich glycoprotein family
that was recently discovered within
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Background/aims: Streptococcus parasanguinis is a primary colonizer of the tooth
surface. Its adhesion is mediated by the long fimbriae, which are composed of multiple
subunits of a serine-rich glycoprotein, Fap1. Previous studies revealed that a chromo-
somal region located downstream of fap1 is involved in the secretion and glycosylation of
Fap1. In this study, we investigated the role of a glycosylation-associated gene, gap3, in
Fap1 biogenesis.
Methods: A gap3 non-polar mutant was constructed by insertional inactivation. The
phenotype of the mutant and the subcellular distribution of its products were investigated.
The binding ability of the mutant was tested with saliva-coated hydroxyapatite (SHA).
Electron microscopy was used to observe the morphological changes on the mutant cell
surface. Confocal microscopy was utilized to determine biofilm formation ability.
Results: The gap3 mutant produced a partially glycosylated Fap1 precursor, that was less
stable than mature Fap1. The Fap1 precursor was distributed in all subcellular fractions
including the cell surface and culture medium although in decreased amounts. These data
suggest a role for Gap3 in Fap1 glycosylation as well as a link between glycosylation and
secretion of Fap1. The gap3 mutant had reduced binding to saliva-coated hydroxyapatite.
Electron microscopy revealed that the gap3 mutant had lost its long fimbriae. Biofilm
formation was also inhibited by the gap3 mutation. Fewer gap3 mutant cells adhered to
the biofilm surface and microcolony formation was decreased.
Conclusion: Gap3 is required for the complete glycosylation and secretion of Fap1,
which is important for fimbrial assembly, bacterial adhesion, and in vitro biofilm
formation.
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gram-positive bacteria such as streptococci
and staphylococci. Some members of this
family include PsrP in Streptococcus
pneumoniae (34), SrpA in Streptococcus
cristatus and Streptococcus sanguis
(16, 24), Hsa and GspB in Streptococcus
gordonii (1, 31), SraP in Staphylococ-
cus aureus (27) and Srr-2 in Streptococcus
agalactiae (19).
A large chromosomal region is dedi-

cated to Fap1 biosynthesis. This pathoge-
nicity island contains a seven-gene cluster
located immediately downstream of fap1
(39). This cluster includes secY2, orf1,
orf2, orf3, secA2, gtf1 and gtf2, which are
differentially involved in Fap1 glycosyla-
tion and secretion. Gene clusters, such as
this, have also been found in the afore-
mentioned and in other gram-positive
bacteria. They are involved in the transport
of the large, serine-rich, cell wall-anchored
proteins, such as Fap1. Some of the genes
have been characterized as an accessory
secretory system in S. gordonii (1, 33).
The system differs significantly from the
general secretory pathway, the cannonical
Sec system, which is used by bacteria for
the secretion of proteins (10).
Studies in our laboratory demonstrated

that one of the accessory secretion com-
ponents, SecA2, is required for Fap1
secretion (3, 4). The glycosyltransferases
Gtf1 and Gtf2 are essential for Fap1
glycosylation and SecY2 is required for
the complete glycosylation of Fap1 (39).
Little is known about the role of the

other genes in the locus to Fap1 biogen-
esis. In this study, we chose to investigate
the role of one open reading frame, orf3, in
the secY2/gtf2 locus. It was renamed gap3
in this study because characterization of a
non-polar gap3 mutant indicated that Gap3
had a role in Fap1 glycosylation.

Materials and methods

Bacterial strains, media, and growth

conditions

The bacterial strains, plasmids, and anti-
bodies used are listed in Table 1. Frozen
S. parasanguinis strains preserved with
5% dimethyl sulphoxide were streaked on
to Todd–Hewitt (TH) agar (Difco Labora-
tories, Detroit, MI) plates, and incubated
for 15–18 h in the presence of 5% CO2 at
37�C. Liquid cultures were prepared by
inoculating single colonies from TH agar
plates into TH broth; these were then
grown statically in 5% CO2 at 37�C.
Desired cell concentrations were deter-
mined from a growth curve with absor-
bance at 470 nm. Escherichia coli were
cultured in Luria–Bertani (LB) medium

(Difco Laboratories). Antibiotics were
used at the following concentrations:
10 lg/ml erythromycin and 125 lg/ml
kanamycin in TH broth or agar plates for
S. parasanguinis; 500 lg/ml erythromycin
and 25 lg/ml kanamycin in LB broth or
agar plates for E. coli.

General DNA techniques

S. parasanguinis FW213 genomic DNA
was isolated using the Puregene DNA
Isolation Kit (Gentra System, Minneapolis,
MN). Standard recombinant DNA tech-
niques were used for DNA preparation and
analyses, as described by Sambrook et al.
(26). Plasmid DNA preparations were
isolated with QIAprep Miniprep Kit
(Qiagen, Valencia, CA). Polymerase chain
reaction (PCR) was carried out with Taq
DNA polymerase (Invitrogen, San Diego,
CA). PCR products were purified with a
QIAquick PCR Purification Kit (Qiagen).
Competent cells for S. parasanguinis elec-
troporation were prepared as described
previously (8).

Construction of the gap3 mutant

A gap3 mutant was constructed by allelic
replacement of gap3 with a kanamycin
resistant cassette, aphA-3 (aminoglycoside
phosphotransferase). Briefly, a fragment
containing the gap3 gene and its flanking

regions was amplified from S. parasangu-
inis chromosomal DNA using correspond-
ing primers (5¢-CTCAATTTCTCTAGGAT
AC-3¢ and 5¢-GAGCGGTACTTGTCGTA-
TAC-3¢). The PCR fragment was ligated
into pGEM-T easy to generate pVT1607. A
400-base-pair region of gap3 was deleted
from pVT1607 by inverse PCR using a pair
of HindIII embedded primers (Primer 1:
5¢-GATCAAGCTTTGGTACAGCATCA-
ATCTGATACTC-3¢ and Primer 2: 5¢-
GTAGAAGCTTCCGAAGGATCTTGAT-
TTGGTG-3¢). The inverse PCR product
was digested with HindIII and self-ligated
to form pVT1610. A plasmid, pVT1613,
was constructed by ligation of a promoter-
less aphA-3 kanamycin-resistant cassette
with HindIII-digested pVT1610. The plas-
mid pVT1616 was generated by deletion of
the AmpR cassette from pVT1613. Finally,
the gap3 insertional mutant VT1619 was
constructed by transformation of FW213
with pVT1616, followed by selection of
kanamycin-resistant colonies. Presence of
the correct mutation in VT1619 was deter-
mined by PCR amplification of gap3 from
the gap3 mutant chromosomal DNA using
Gap3upF and Gap3downR primers (5¢-
CCGCCGTCGACATGACTAAACAGT-
TAATTTC-3¢, 5¢-CGCGGATCCTTAAA-
TATATTCTATTAAA-3¢). Another PCR
using the same forward primer Gap3upF,
and a different reverse primer specific for
aphA-3 (aphA-3 R, 5¢-GCTAACGCTCC-

Table 1. Bacterial strains, plasmids and antibodies used in this study

Strain, plasmid or
antibody Relevant characteristics

Reference
or source

Strains
S. parasanguinis
FW213 Wild type (11)
VT1393 fap1::aphA-3, null mutant of fap1, KanR (38)
VT1619 gap3 insertion mutant, KanR This study
VT1686 pVPT1686 into VT1619, gap3

complementation strain, ErmR
This study

VT1687 pVPT into VT1619, vector control
strain, ErmR

This study

E. coli
DH10B Host strain for cloning Invitrogen
JM109 Host strain for cloning Invitrogen

Plasmids
pVPT An E. coli and S. parasanguinis shuttle

vector, parent of pVPT1686
This study

pVT1607 pGEM Teasy vector contained gap3 gene This study
pVT1610 gap3 deletion plasmid from pVT1607 This study
pVT1613 aphA-3 kanamycin cassette cloned

into pVT1610
This study

pVT1616 Deletion of AmpR cassette from pVT1613 This study
pVPT1686 For Gap3 complementation This study

Antibodies
D10 Partially glycosylated Fap1 glycan

epitope-specific mAb
(6)

E42 Fap1 peptide epitope-specific mAb (6)
F51 Mature Fap1 glycan epitope-specific mAb (6)
Anti-SecA2 serum SecA2-specific Ab (4)
Anti-Tpx serum Thiol peroxidase-specific Ab (29)
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TAAAACTTG-3¢) was carried out to
confirm the presence of aphA-3 in the
targeted region. The in-frame insertion
was further examined by DNA sequencing
analyses with amplified PCR products. A
Western blot analysis probed with antise-
rum against SecA2, a protein encoded by a
gene downstream of gap3, was performed
to confirm that the mutation in VT1619 was
non-polar.

Detection of expression of gap3-

kanamycin allele in the gap3 mutant by

reverse transcription PCR

To examine the expression of the gap3-
kanamycin cassette by the gap3 mutant,
total RNAs were isolated from S. parasan-
guinis FW213 and the gap3 mutant using
TRIzol reagent and following the manufac-
turer’s instructions (Invitrogen). First,
20 lg RNA was treated with DNaseI
(Amersham, Buckinghamshire, UK) to
remove contaminating DNA. The treated
RNA was then precipitated. For in vitro
reverse transcription reactions, the DNaseI-
treated RNA and 5 pmol specific gap3
reverse primer gap3-KpnI-R (5¢-GAT-
CAGGTACCAATATATTCTATTAAATT-
TTTC-3¢) were mixed and denatured at
70�C for 5 min, and then quickly chilled on
ice. Subsequently, 1 · Moloney lurine leu-
kemia virus (M-MLV) buffer (Promega,
Madison, WI), 5 mm dNTP, 10 U RNasin
(Promega) and 160 U M-MLV reverse
transcriptase (Promega) were added to the
abovemixture to a total volume of 20 ll and
incubated at 42�C for 1 h. The reaction was
terminated by heating at 94�C for 5 min.
Finally, the in vitro reverse-transcribed
product was diluted and used for PCR
amplification with gap3-specific forward
and reverse primers (forward primer gap3-
SalI-F: 5¢-GATCAGTCGACATGACTAA-
ACAGTTAATTTC-3¢; reverse primer
gap3-KpnI-R).

Complementation of the gap3 mutant

An E. coli-streptococcal shuttle plasmid,
pVPT containing gap3 was used to com-
plement the gap3mutant. A PCR product of
gap3 was amplified with SalI and BamHI
embeddedGap3upF andGap3downRprim-
ers as previously described, then digested
with SalI and BamHI and ligated into
linearized pVPT downstream of a func-
tional streptococcal promoter to construct
recombinant plasmid, pVT1686. The
pVT1686 was transformed into VT1619,
the gap3 mutant, by electroporation. A
negative control strain, VT1687 was con-
structed by transformation of the gap3

mutant with empty vector pVPT. Western
blot analysis was performed with a peptide-
specific monoclonal antibody (mAb) E42,
and two glycan-specific mAbs, D10 and
F51 (6, 30), to determine if Fap1 biogenesis
was restored in the complemented S. paras-
anguinis strains. A 443-kDa horse-spleen
apoferritin (Sigma, A3660-1VL) was used
on SDS gels, followed by staining with
Ponceau S solution (Sigma, P7170) on
transferred membrane to make an estima-
tion of the position of the high-molecular-
weight Fap1 precursor.

Subcellular fractionation

S. parasanguinis cells, in early log phase of
exponential growth (A470 = 0.4), were har-
vested by centrifugation at 5000 g, 4�C for
10 min. The cell culture supernatant was
stored at 4�C for culture medium protein
extraction. The cell pellet was resuspended
in phosphate-buffered saline (PBS,
137 mm NaCl; 2.7 mm KCl; 11.9 mm

phosphates, pH 7.3) with a protease inhib-
itor cocktail (PIC, Sigma-Aldrich). The
cells were lysed either by two cycles using
a French Press minicell (Thermo Spectron-
ic, Waltham, MA) at 20,000 p.s.i. or by
treatment with amidase at 10 lg/ml. The
lysates were centrifuged at 20,000 g, 4�C
for 15 min to remove insoluble debris. The
lysate was further centrifuged at 100,000 g,
4�C for 2 h to separate the membrane
fraction from the cytoplasm. To prevent
membrane fractions from possible cross-
contamination by cytoplasmic fractions, the
pellet containing the membrane protein was
washed with PBS, centrifuged at 13,000 g,
4�C twice. The pellet was resuspended in
PBS + 1%CHAPS [(3-cholamidopropyl)
dimethylammonio-1-propane sulfonate].
The culture medium protein sample was
extracted from the supernatant of cell
culture by precipitation with two volumes
of ice-cold ethanol. The mixture was incu-
bated at )80�C for 10 min to precipitate the
proteins. After centrifugation at 17,500 g,
4�C for 10 min, the pellet was air-dried and
dissolved in 50 mm carbonate buffer
(16 mm sodium carbonate, 34 mm sodium
bicarbonate, pH 9.75). The extraction of
streptococcal cell wall-associated protein
was performed as described previously
(22). Briefly, the cells were harvested by
centrifugation at 5000 g, 4�C for 10 min.
The pellet was resuspended in TEP buffer
[10 mm Tris–HCl, 1 mm ethylenediamine-
tetraacetic acid, 1 mm phenylmethylsul-
fonyl fluoride (PMSF), pH7.5],
centrifuged at 5000 g, 4�C for 2 min. The
supernatant was removed and the cells were
washed by suspension and centrifugation

alternately. Cells were spheroplasted by
addition of spheroplasting buffer (2 mm

Tris–HCl, pH 7.5, 1 mm MgCl2 and
43.7 mm raffinose, 1 mm PMSF, pH6.8).
The cells were resuspended by vortex-
mixing and mutanolysin (Sigma-Aldrich)
was added. The cells were incubated for
30 min at 37�C and then centrifuged at
5000 g, 4�C for 10 min. The supernatant
was transferred to a clean tube to isolate the
cell wall-associated proteins. The protein
concentrations of all fractions were deter-
mined by bicinchoninic acid (BCA) assays
(Pierce, Rockfort, IL).

Protein stability experiment

S. parasanguinis cells were grown to
A470 = 0.4; 100 lg/ml chloramphenicol
was added to cultures. Samples were then
taken at various time-points: 0, 20 min,
40 min, 1 h, 2 h, and 4 h. Each sample
was centrifuged at 4�C to obtain the cell
pellet, and was frozen in liquid nitrogen
and stored at )80�C. Whole cell lysates
were prepared from collected cell pellets
as mentioned above. Western blot was
performed with a peptide-specific mAb
E42 that recognizes all forms of Fap1.
The amount of protein used for loading
for all samples was normalized to 20 lg
per well.

Electron microscopy

S. parasanguinis cell cultures (5 ml)
grown to A470 = 0.4, were harvested by
centrifugation. Cell pellets were washed
twice with 1 ml ice-cold PBS and resus-
pended in 100 ll PBS. A small sample
(5 ll) of the bacterial suspension was
diluted in PBS to a concentration that
provided good coverage on the grid and
was applied to 400 mesh copper grids
coated with a thin carbon film. The grids
were first washed by gently streaming
several drops of PBS buffer over the grids.
They were negatively stained by running a
few drops of 2% phosphotungstic acid, pH
7 with NaOH (Ted Pella, Redding, CA)
over the grid surfaces. The last drop was
left on the grids for 30 s. Finally, the
excess liquid was wicked off and the grids
were fast air-dried.
The grids were observed on a Tecnai 12

Philips electron microscope (FEI, Eindh-
oven, the Netherlands) equipped with a
LaB6 cathode operated in point mode
(Kimball, Wilton, NH), and a 14-lm 2048
CCD camera (TVIPS, Gauting, Germany).
The microscope was run under identical
conditions as have been used in the past to
obtain images that show Thon rings beyond
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0.9 nm resolution in vitreous ice prepara-
tions (25). Images were recorded at an
accelerating voltage of 100 kV and at
nominal magnifications in the range
40,000 · to 70,000 · under low-dose con-
ditions on either film (S0-163 Kodak) or the
CCD camera. Images were converted to
SPIDER format (12) and a high-pass fil-
ter was used to remove the long-range
background variations caused by uneven
staining.

Adhesion assay

An in vitro tooth model, SHA was used to
test the effects of gap3 mutagenesis on
S. parasanguinis adhesion as described
previously (7). Briefly, [3H]thymidine-
labeled bacteria (5 · 108) in adhesion
buffer (67 mm phosphate buffer, pH 6.0)
were sonicated for 15 s at 85 W using an
ultrasonic cuphorn system (Heat systems-
Ultrasonics, Farmingdale, NY). A 1-ml
sample of sonicated bacteria (in triplicate)
was added to 10-ml scintillation vials
containing SHA and incubated for 1 h at
37�C with gentle shaking. The beads were

allowed to settle and the supernatant fluids
were removed. The beads were washed
three times with adhesion buffer. The
amounts of unbound bacteria in the super-
natant fluids and of bacteria bound to SHA
were determined in a Wallac 1400 liquid
scintillation counter.

Biofilm assays

S. parasanguinis and the gap3 mutant were
grown overnight in TH broth, diluted
1 : 100 in TH + 1% glucose culture med-
ium and grown to mid-logarithmic phase;
15 ml of the culture was transferred to a 50-
ml Corning centrifuge tube containing a
vinyl coverslip (Structure Probe, Inc., West
Chester, PA). Biofilm formation on the
vinyl coverslip was assayed after 6 h at
37�C in 5%CO2without shaking. The vinyl
coverslips were removed, rinsed with PBS
and the remaining cells were stained with
1 ml of 10 lm green fluorescent nucleic
acid stain SYTO 9 (Molecular Probes,
Eugene, OR) for 15 min. The biofilm was
rinsed twice with PBS to remove unbound
stains and to reduce background fluores-

cence. The stained biofilms were imaged
using laser scanning confocal microscopy
(CLSM). The fluorescence was excited at
the selected location with the 488-nm argon
laser and the resulting signal was assigned
the color green.

Results

Non-polar insertional mutagenesis of gap3

The role of gap3 in Fap1 biogenesis was
investigated. A gap3 in-frame insertional
mutant was constructed as described in the
Materials and methods and illustrated in
Fig. 1(A). A 0.71-kilobase (kb) fragment
was amplified from the gap3 mutant using
one primer located upstream of gap3
(Gap3upF) and the other one specific for
the inserted kanamycin-resistant cassette
aphA-3 (aphA-3R) (Fig. 1B, lane 1). No
PCR product was generated from the wild-
type bacteria with the same pair of primers
(Fig. 1B, lane 2), suggesting that the
kanamycin cassette was inserted into the
gap3 region. PCR analysis with primers
flanking the gap3 gene (Gap3upF and
Gap3downR) revealed a PCR fragment of

A B C

D

Fig. 1. Non-polar allelic replacement mutagenesis of gap3 in Streptococcus parasanguinis. (A) Schematic diagram of construction of the gap3
insertional mutant. The gap3 gene with flanking regions was cloned into pGEM Teasy plasmid, the gap3 open reading frame was deleted and replaced
with a kanamycin-resistant cassette aphA-3 to generate pVT1613. pVT1616 was generated by deletion of an ampicillin-resistant cassette from pVT1613.
The gap3 mutant VT1619 was constructed by transformation of pVT1616 into FW213 and selected by its kanamycin-resistance. (B) PCR analysis of the
gap3 insertional mutation. Chromosomal DNA from mutant VT1619 (lanes 1 and 3), and wild-type S. parasanguinis FW213 (lanes 2 and 4) were used as
PCR templates. A pair of primers, the forward one (Gap3upF) corresponding to the gap3 upstream region and the reverse one (aphA-3 R) specific to
aphA-3, was used to amplify a gap3 and aphA-3 junction fragment (lanes 1 and 2). Gap3upF and another reverse primer (Gap3downR) corresponding to
the gap3 downstream region were used to amplify a fragment flanking the gap3 gene (lanes 3 and 4); M, 100-base-pair ladder. (C) RT-PCR analysis of the
gap3 mutant. Total RNAwas isolated from FW213 (lanes 1 and 3) and VT1619 (lanes 2 and 4) and treated with DNAaseI to remove the contaminating
DNA, the treated RNA samples were subjected to reverse transcription in the presence of reverse transcriptase (RT) (lanes 1 and 2) and absence of RT
(lane 3 and 4) and then analysed by PCR for the transcription of wild-type and mutant gap3 alleles. (D) Western blot analysis of SecA2 expression. The
whole cell protein extracts from FW213 (lane 1) and VT1619 (lane 2) were probed with anti-SecA2 serum. Arrow indicates 90-kDa SecA2.
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1.13 kb in the mutant (Fig. 1B, lane 3) and
a smaller PCR fragment of 0.55 kb in the
wild-type strain (Fig. 1B, lane 4). These
results confirmed the insertion of the
kanamycin-resistant cassette in the in-
tended gap3 region. The accuracy of the
mutation was confirmed by DNA sequenc-
ing (data not shown). The expression of
aphA-3-interrupted gap3 in the gap3
mutant was examined with RT-PCR. The
wild-type FW213 expressed a 0.5-kb
fragment consistent with the portion of
Gap3 before the insertion of aphA-3
(Fig. 1C, lane 1). The gap3 mutant
expressed the expected 1.2-kb fragment
(Fig. 1C, lane 2).
The expression of a downstream gene,

secA2, was assessed to determine if the
mutation was non-polar. A Western blot
showed that the mutant and wild-type
bacteria expressed comparable levels of
SecA2 (Fig. 1D, lanes 1 and 2), indicating
that the gap3 mutation was non-polar.

The gap3 mutant failed to produce mature

Fap1 but yielded a partially glycosylated

Fap1 precursor

A Western blot probed with monoclonal
antibody E42 (peptide-specific) showed
that the wild-type FW213 produced the
mature Fap1 protein, a 200-kDa band
(Fig. 2A, lane 1). The gap3 mutant did
not produce the 200-kDa mature Fap1,
instead it generated a new Fap1 species
that migrated at approximately 470 kDa
(Fig. 2A, lane 2). This high-molecular-
weight species reacted with one glycan-
specific mAb D10 (Fig. 2B, lane 2), but
failed to react with the other glycan-
specific mAb F51 (Fig. 2C, lane 2), which
only recognizes the mature Fap1. We

performed complementation experiments
to verify that the observed Fap1 defects
were attributed to the loss of gap3.
Expression of mature Fap1 migrating at
the position of 200 kDa was restored in the
gap3 complemented strain VT1686. This
mature species was detected by all Fap1-
specific mAbs (Fig. 2A–C, lane 3). No
mature Fap1 was observed in the strain
VT1687 carrying the empty vector pVPT
(Fig. 2A–C, lane 4).
We previously showed that F51 and

D10 mAbs reacted with different glycan
epitopes on Fap1, while E42 mAb
reacted with peptide epitopes on Fap1
(6, 30, 39). F51 recognizes the mature
200-kDa protein while D10 recognizes a
partially glycosylated species as well as
the mature one. Taken together, these
results indicate that the 470-kDa protein
generated by the gap3 mutant is only
partially glycosylated and Gap3 plays
either a direct or an indirect role in Fap1
glycosylation.

Subcellular localization of mature Fap1 and

partially glycosylated Fap1 precursor

Fap1 subcellular distribution was charac-
terized in both the gap3 mutant VT1619
and the wild-type strain FW213. Four
subcellular fractions, cytoplasmic, mem-
brane, cell-wall associated, and culture
medium (supernatant), were prepared.
Proteins from each fraction were analysed
by Western blot with Fap1-specific mAbs
E42, F51 and D10. The Fap1 protein
profile from each fraction was shown in
Fig. 3. All four fractions prepared from
FW213 expressed mature Fap1. The
result was consistent with previous work
suggesting that Fap1 glycosylation hap-

pens before its secretion (3). Interestingly,
the 470 kDa Fap1 precursor produced by
the gap3 mutant was also found in all
fractions, including the supernatant, albeit
the production level was reduced. These
data indicate that Gap3 has an important
role in the complete glycosylation of
Fap1. Fap1 is glycosylated in the cyto-
plasm (3) and as this partially glycosy-
lated intermediate is exported at a
reduced level, it also suggests that com-
plete glycosylation and secretion of Fap1
may be linked.
To ensure that the other subcellular

fractions were not contaminated by cyto-
plasmic protein samples, the presence of
thiol peroxidase (Tpx), a cytoplasmic-spe-
cific protein, was used as a control to assess
the purity of the subcellular fractions. This
20-kDa Tpx protein lacks a signal peptide
and previous data showed that it exists
exclusively in cytoplasmic regions (9, 29).
A polyclonal antibody against Tpx was
used to probe the subcellular fractions in
both FW213 and VT1619. No Tpx was
detected in the membrane, cell-wall-asso-
ciated proteins, and supernatant fractions
by Western blots, while it was readily
detected in the cytoplasmic fractions of
both FW213 and VT1619 with a similar
signal intensity (Fig. 3D).

The partially glycosylated Fap1 was less

stable than mature Fap1

Glycosylation of some proteins protects
them from degradation (14, 36). A time–
course experiment using chloramphenicol
to inhibit new bacterial protein synthesis
(15, 21, 23) was used to investigate the
stability of the 200-kDa and the 470-kDa
forms of Fap1, E42 was used to detect the
immunoblot signal strength of protein
bands at different time-points. The
Western blot data clearly showed that
the intensity of the 200-kDa mature Fap1
did not decrease during the time–course
after inhibition of protein synthesis, while
the 470-kDa form was diminished after
1 h (Fig. 4). The smear below the 470-
kDa Fap1 bands also suggested that an
active degradation process was happen-
ing. As glycosylation stabilizes proteins
and protects them from degradation (14,
36), these data are also consistent with
incomplete glycosylation in the 470-kDa
form.

The gap3 mutant lost the typical long

fimbriae

Fap1 is essential for fimbrial biogenesis
(38). The above data demonstrated that

A B C

Fig. 2. Western blot analysis of Fap1 expression. Whole cell extracts of the same amounts of
proteins prepared from wild-type strain FW213 (lane 1), gap3 mutant VT1619 (lane 2), gap3
complemented strain VT1686 (lane 3), and vector control strain VT1687 (lane 4) were probed with
three Fap1-specific mAbs F51, E42, and D10.
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Gap3 played a role in Fap1 glycosylation.
We examined the bacterial surface
morphology of the gap3 mutant by
transmission electron microscopy to
investigate the function of Fap1 glycosyl-
ation in fimbrial formation. FW213
expressed the long fimbriae characteristic
of the wild-type strain (Fig. 5A) (7, 38).
Fimbriae were very flexible structures that
bent easily in all the preparations. A close
look at individual fimbriae revealed an
internal substructure with a periodicity,
which can be interpreted as arising from
the single Fap1 subunits. In some cases
several fimbriae were close together,
forming a well-aligned raft that made
the internal substructure more outstanding
(Fig. 5A). The gap3 mutant failed to
express the long fimbriae, suggesting that
the 470-kDa Fap1 species could not be
assembled into long fimbriae (Fig. 5B).
Short fimbriae, another type of fimbriae,

were readily detected in this mutant
because of the loss of the long fimbriae.
These short fimbriae are similar to those
detected on the fap1 null mutant
(VT1393) (Fig. 5C). When the gap3
mutant was complemented with the

wild-type gene it regained the typical
long fimbriae (Fig. 5D). These data are
consistent with our previous studies that
revealed that mature Fap1 is essential
for the formation of these long fimbriae
(13, 30, 38).

D

A B C

Fig. 3. Subcellular localization of Fap1. Cell fractions including the cytoplasmic (lanes 1 and 5), membrane (lanes 2 and 6), and cell wall-associated
protein (lanes 3 and 7) and the supernatant fractions (lanes 4 and 8) were prepared from wild-type FW213 (lanes 1–4) and the gap3 mutant VT1619 (lanes
5–8), and subjected to Western blot analyses using mAbs E42 (A), D10 (B), F51 (C) and polyclonal anti-Tpx antibody (D).

A

B

Fig. 4. Stability comparison between mature
Fap1 and partially glycosylated Fap1 precursor.
Lanes 1 to 6 are FW213 and VT1619 whole cell
lysate from time-points 0, 20 min, 40 min, 1 h,
2 h, and 4 h after adding 100 lg/ml chloram-
phenicol. Sample loading amount was 20 lg per
well. Western blot was performed with mAb
E42.

 100 nmA B
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Fig. 5. Electronmicrographs ofwhole-mount Streptococcus parasanguinis bacteria. S. parasanguinis
bacteria, FW213 (A), VT1619 (B), VT1393 (C), and VT1686 (D), were placed on grids, negatively
stained with 2% phosphotungstic acid pH 7.0 and visualized by electron microscopy. Black arrows
point to the long fimbriae. White arrows point to the short fimbriae. Scale bar = 100 nm.
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The in vitro adhesion ability of gap3

mutant was decreased

In vitro binding experiments showed that
the gap3 mutant (VT1619) had >80%
reduction in adhesion ability when com-
pared to the wild-type strain FW213, while
the fap1 null mutant VT1393 had >70%
reduction (Fig. 6), which was consistent
with the previously published result (38).
The gap3-complemented strain VT1686
had >75% recovery of adhesion function.
This result showed the defective glycosyl-
ation of Fap1 caused by the gap3 mutation
affected S. parasanguinis in vitro adhesion
activity.

The gap3 mutation diminished

S. parasanguinis biofilm formation

It has been demonstrated that flagella, pili,
and fimbriae play important roles in the
biofilm formation processes of many path-
ogenic microorganisms (20). These find-
ings suggested that the main function of
adhesins, pili, fimbriae, and flagella, is to
initiate attachment and trigger the biofilm
formation (17). We have shown that inser-
tional inactivation of fap1 caused a severe
defect in biofilm formation of S. parasan-
guinis (13). The gap3 mutant strain was
assayed for its ability to form biofilms by
laser scanning confocal fluorescence
microscopy to determine if Gap3 played
some role in bacterial biofilm formation.
Numerous wild-type FW213 cells were
found attached to the coverslip and formed
many microcolonies (Fig. 7A). Fewer gap3

mutant cells attached to the coverslip
(Fig. 7B). The clusters formed by the
mutant were smaller than those formed by
the wild-type cells, suggesting that mature
Fap1 is required for biofilm formation.
Notably, no difference was observed in
growth rates between wild-type and gap3
mutant strains when the bacteria were
grown under planktonic conditions
(Fig. 7C). These results reinforce the con-
cept that the Fap1-dependent long fimbriae
are important for biofilm formation.

Discussion

Fap1 glycosylation and secretion are
dependent on the expression of the fap1
flanking gene cluster (39). The functions
of SecA2, SecY2, Gtf1, and Gtf2 in Fap1
biogenesis have been investigated (3, 4,
39). However, the involvement of the other
open reading frames in the processes has
not been studied. In the present study, we
sought to investigate the function of a gene
downstream from fap1, gap3, in Fap1
biogenesis. A non-polar gap3 mutant was
constructed by in-frame insertional inacti-
vation. Two glycan specific mAbs, F51
and D10 (6, 30), were utilized to determine

changes in Fap1 glycosylation by the gap3
mutation. The gap3 mutant expressed a
470-kDa form of Fap1 that is positive for
mAb D10, but does not bind to mAb F51,
the mature Fap1-positive marker. These
data suggest that the 470-kDa form of
Fap1 is only partially glycosylated and that
Gap3 plays a role in the glycosylation
process. This Fap1 precursor was detected
in all cellular fractions as well as at a
reduced level in the culture medium. These
data suggest that the loss of Gap3 does not
inhibit secretion. As glycosylation of Fap1
takes place in the cytoplasm (3) it is more
likely that the efficient secretion of Fap1
depends on its glycosylation. These results
support the notion that Gap3 is critical for
complete glycosylation of Fap1. Therefore
we renamed the protein from Orf3 to Gap3
(glycosylation-associated protein 3).
The stability test result showed that the

470-kDa form of Fap1 was less stable than
the 200-kDa mature form, suggesting that
the defect in Fap1 glycosylation decreased
Fap1 stability. It is known that glycosyl-
ation protects some proteins from degra-
dation, and proteins with glycosylation
defects tend to form inter-molecular cross-
links, which affect their structural stability
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Fig. 6. Adhesion of FW213 and its mutants to
SHA: bacteria were labeled with [3H]thymidine
and grown to OD470 = 0.6. Cells were resus-
pended, then added to 40 mg SHA and incu-
bated at 37�C for 1 h. The beads and absorbed
cells were allowed to settle, and the supernatant
was removed. The amounts of radioactivity
associated with beads and supernatant were
determined in a Wallac 1400 liquid scintillation
counter. The counts were converted to a per-
centage, with FW213 (wild-type strain) to be
standard 100%. The data were obtained from
three independent experiments in three repli-
cates and are presented as means ± standard
deviation. VT1393 is the fap1 mutant; VT1619
is the gap3 mutant; and gap3)/gap3+ is com-
plemented mutant strain.
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Fig. 7. Biofilm formation of Streptococcus parasanguinis analysed by Laser scanning confocal
fluorescence microscopy. S. parasanguinis FW213 (A) and gap3 mutant VT1619 (B) were allowed
to grow on vinyl coverslips for 6 h to form biofilms. The coverslips were then washed, stained with
green fluorescent nucleic acid stain. The stained biofilms were imaged using laser scanning confocal
microscopy with the 488-nm argon laser. Bar = 50 lm The growth curve for the planktonic bacteria,
FW213 and VT1619, was determined as described in Materials and methods and is depicted (C).
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(14, 36). Further investigation is required
to clearly understand the role of Gap3 in
Fap1 glycosylation and stabilization, and
to determine if the effect is direct or
indirect.
Fap1 is essential for fimbrial biogenesis

(38). The gap3 mutant failed to produce
the long fimbriae that are typical on the
cell surface of the wild-type strain (6, 7,
38) even though the 470-kDa Fap1 was
exported (Fig. 5A,B). These data suggest
that the assembly of fimbriae requires the
fully glycosylated mature Fap1. To our
knowledge this is the first time the degree
of glycosylation has been noted to play a
role in fimbrial biogenesis.
The adhesion of S. parasanguinis

FW213 to SHA is mediated by long
fimbriae (37, 38). Our study with SHA
showed that the gap3 mutation resulted in
a diminution of bacterial adhesion. The
reduction of binding activities between
gap3 and fap1 mutants was similar, which
suggests that the partially glycosylated
Fap1 precursor produced by the gap3
mutant contributed little to bacterial adhe-
sion function. It is likely that the mutant’s
inability to assemble the long fimbriae
plays the key role in this reduction of
adhesion.
Biofilm formation of S. parasanguinis

is also mediated by fimbriae (13). The
genetic mutant of gap3 formed biofilms
with reduced biomasses, suggesting a role
for Gap3 in biofilm formation. Adhesion to
a substrate is the first step in biofilm
formation. As we demonstrated a reduced
adhesive ability for this mutant, it is not
surprising that it did not adhere well to the
coverslip, which is likely to be because of
the loss of the long fimbriae. However, the
inability to form larger microcolonies was
also noted, even through the mutant grows
at the same rate as the wild-type. At this
stage of our investigations, it is not clear
what steps have been affected to lead to
this result. It is possible that the degree of
glycosylation may play some role because
it is known that polysaccharides play a role
in the subsequent steps of biofilm forma-
tion (17). Further investigation is needed
to determine the underlying mechanism.
The short fimbriae were more obvious on
the cell surface of both the fap1 and gap3
mutants because of the loss of the Fap1-
related long fimbriae (Fig. 5B,C). These
short fimbriae do not appear to play a role
in the ability of the bacteria to adhere to
the substrate; however, it is not known if
they play a role in the reduced microcol-
ony formation of the gap3 mutant (Fig. 7).
Currently, almost nothing is known about
these short fimbriae on the S. parasangu-

inis cell surface. A genetic approach using
transposon mutagenesis to characterize
their function and biogenesis would be
an interesting project.
A homologous secY2/gtf2 locus is also

required for the functional expression of
the serine-rich glycoprotein, GspB of
S. gordonii (1). S. gordonii possesses a
Gap3 homologue, which bears 34% iden-
tity with S. parasanguinis Gap3. It was
suggested that this protein was an acces-
sory secretory protein and it was named
Asp3 because the asp3 mutant fails to
secrete the GspB protein on the cell
surface and in the culture supernatants.
The 2004 report by Takamatsu et al. stated
that GspB in the asp3 mutant migrates to
the same molecular mass position as the
mature GspB and is accumulated intracel-
lularly (32). This contradicts our results
with Gap3. Our gap3 mutant does not
produce any mature Fap1 but rather
expresses a high-molecular-weight 470-
kDa species of Fap1. A more recent report
by the same group suggests that they have
now identified a high-molecular-weight
GspB precursor in the mutants of some
accessory secretory protein-encoding
genes that is different from the mature
form of GspB (33). This GspB precursor
was found in the cell wall fraction, which
is similar to our results with the Gap3
mutant. The glycosylation nature of this
high-molecular-weight form of GspB is
not known. It is possible that the GspB
precursor is similar to the Fap1 precursor
and is also partially glycosylated. Notably,
we found that the concentration of the
partially glycosylated Fap1 exported by
the gap3 mutant was significantly lower
than that of the mature Fap1 on the FW213
cell surface and in the culture supernatant,
suggesting that the secretion of the par-
tially glycosylated Fap1 by the accessory
secretion system is indeed not as efficient
as the secretion of mature Fap1. Therefore,
our findings are not mutually exclusive
with the finding described for the function
of Asp3. We determined that gap3 plays an
important role in Fap1 glycosylation. The
results further indicate a role of glycosyl-
ation in Fap1 secretion. No findings about
the effect of Asp3, the homologue of
Gap3, on S. gordonii bacterial adhesion,
fimbrial biogenesis, or biofilm formation
has been reported.
In summary, we determined Gap3 func-

tions in Fap1 biogenesis. We showed that
Gap3 modulated Fap1 glycosylation, and
that the glycosylation defect in the gap3
mutant could inhibit the efficiency of
secretion for the partially glycosylated
Fap1 precursor. In addition, the mutation

reduced in vitro bacterial adhesion, elim-
inated the assembly of long fimbriae on the
cell surface, and diminished the biofilm
formation of S. parasanguinis.
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