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Fap1, a serine-rich repeat glycoprotein (SRRP), is required for bacterial biofilm formation of Streptococcus
parasanguinis. Fap1-like SRRPs are found in many Gram-positive bacteria and have been implicated in
bacterial fitness and virulence. A conserved five-gene cluster, secY2-gap1-gap2-gap3-secA2, located immediately
downstream of fap1, is required for Fap1 biogenesis. secA2, gap1, and gap3 encode three putative accessory Sec
proteins. SecA2 mediates export of mature Fap1, and Gap1 and Gap3 are required for Fap1 biogenesis.
Interestingly, gap1 and gap3 mutants exhibited the same phenotype as a secA2 mutant, implying that Gap1 and
Gap3 may interact with SecA2 to mediate Fap1 biogenesis. Glutathione S-transferase pulldown experiments
revealed a direct interaction between SecA2, Gap1, and Gap3 in vitro. Coimmunoprecipitation analysis dem-
onstrated the formation of a SecA2-Gap1-Gap3 complex. Homologues of SecA2, Gap1, and Gap3 are conserved
in many streptococci and staphylococci. The corresponding homologues from Streptococcus agalactiae also
interacted with each other and formed a protein complex. Furthermore, the Gap1 homologues from S.
agalactiae and Streptococcus sanguinis rescued the Fap1 defect in the Gap1 mutant, indicating the functional
conservation of the accessory Sec complex. Importantly, canonical SecA interacted with the accessory Sec
protein complex, suggesting that the biogenesis of SRRPs mediated by the accessory Sec system is linked to the
canonical Sec system.

Binding of oral streptococci to the tooth surface is the first
step in the formation of dental plaque (5, 9, 16). Streptococcus
parasanguinis is a primary colonizer of the dental plaque (14)
and also plays an important role in subacute bacterial endo-
carditis (4). Adhesion of S. parasanguinis is mediated by its
long, peritrichous fimbriae (13). Fap1, a serine-rich repeat
glycoprotein (SRRP), is the major subunit of the long fimbriae
and is required for bacterial adhesion and biofilm formation
(31, 32). SRRPs have been identified in many Gram-positive
bacteria and implicated in bacterial fitness and virulence (37).

Fap1 biogenesis is mediated by a five-gene cluster, secY2-
gap1-gap2-gap3-secA2, located immediately downstream of
fap1 (30, 33). The gene cluster encodes five putative accessory
secretory proteins, SecY2, Gap1, Gap2, Gap3, and SecA2, and
its genetic organization is highly conserved in every genome
that contains genes for SRRPs (37), implying the importance
of this locus in the biogenesis of SRRPs. Mutation of secA2
results in defects in the export of a number of SRRPs, includ-
ing Fap1 (1, 7, 19, 24). Mature Fap1 is not detected in the
membrane and cytoplasm fractions of a secA2 mutant (7).
Gap1 and Gap3 interact with each other, and mutagenesis of
either one blocks Fap1 maturation (18, 20). Study of Gap1 and
Gap3 homologues in Streptococcus gordonii has also indicated
that Asp2 and Asp3 interact with SecA2 to modulate export of
GspB (22). However, it is unknown whether Gap1 and Gap3

directly interact with the accessory Sec system in S. parasan-
guinis.

Sequence analysis has revealed similarity between SecA2
and canonical SecA. Biochemical analysis demonstrates that
SecA2 is an ATPase that shares several structural features with
SecA (2), suggesting that SecA2 may have a similar role in
export of SRRP preproteins. Mutagenesis of SecA2 not only
abolished the export of Fap1, GspB, and other SRRPs (1, 7, 19,
24) but also inhibited secretion of a major virulent lipoprotein,
FimA, of S. parasanguinis (4, 7). As the lipoprotein FimA is
exported via canonical SecA, these data imply that there is
cross talk between SecA2 and SecA. Indeed, only glycosylated
Fap1 and GspB are exported via the SecA2-mediated pathway,
while unglycosylated Fap1 and GspB can be exported through
the SecA system (3, 6), suggesting that there is an unknown
mechanism regulating involvement of SecA2 and SecA in se-
cretion of SRRPs. It is not clear whether the canonical SecA
interacts directly with the accessory Sec components to facili-
tate this process.

In this study, we examined the protein-protein interactions
between SecA2 and the Gap1-Gap3 complex and between the
accessory Sec complex and canonical SecA. Our findings pro-
vide new insights into SecA2-mediated accessory secretion
mechanisms in Gram-positive bacteria.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. Bacterial strains and plas-
mids used in this study are listed in Table 1. Streptococci were cultivated stati-
cally in 5% CO2 in Todd-Hewitt (TH) broth or on TH agar plates at 37°C. The
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Escherichia coli strain was grown in Luria-Bertani (LB) broth or on LB agar
plates at 37°C with shaking.

Production of Fap1 in gap1, gap3, and secA2 mutants. To examine Fap1
production in gap1, gap3, and secA2 mutants, 1 ml of exponentially grown
(A470 � 0.6) mutant cells was harvested and lysed as previously described (18).
The cell lysates were mixed with 5� sodium dodecyl sulfate (SDS) loading buffer
and subjected to Western blotting using the Fap1-specific monoclonal antibodies
E42, D10, and F51 (25).

Construction of expression plasmids for GST fusion proteins. Plasmids
pGEX-Gap1, pGEX-SecA2, and pGEX-SecA were constructed to express glu-
tathione S-transferase (GST)-Gap1, GST-SecA2, and GST-SecA fusion proteins.
In brief, the gap1, secA2, and secA genes were amplified from the genomic DNA
of S. parasanguinis FW213 by PCR using the primer pairs Gap1-EcoRI-1F and
Gap1-XhoI-1575R, SecA2-BamHI-F and SecA2-BamHI-R, and SecA-SmaI-F
and SecA-XhoI-R, respectively (Table 2). The PCR products were digested with
EcoRI/XhoI, BamHI, or SmaI/XhoI and then cloned into pGEX-5X-1 to gen-
erate the desired fusion constructs.

Plasmids pGEX-Asp1 (J48), pGEX-Asp3 (J48), and pGEX-SecA2 (J48) were
constructed and used to express GST-Asp1, GST-Asp3, and GST-SecA2 fusion
proteins. The asp1, asp3, and secA2 genes were amplified from the genomic DNA
of Streptococcus agalactiae J48 by PCR using the primer pairs Asp1-J48-
BamHI-F and Asp1-J48-BamHI-R, Asp3-J48-BamHI-F and Asp3-J48-
BamHI-R, and SecA2-J48-BamHI-F and SecA2-J48-BamHI-R, respectively
(Table 2). The resulting PCR products were digested by BamHI and ligated into
pGEX-5X-1 to generate the corresponding GST fusion constructs.

Construction of plasmids for in vitro translation of c-Myc-tagged proteins.
Plasmids pBD-SecA2 and pBD-SecA were constructed and used to generate in
vitro-translated SecA2 and SecA proteins. In brief, the secA2 and secA genes
were amplified from the genomic DNA of S. parasanguinis FW213 by PCR using
the primer pairs SecA2-BamHI-F and SecA2-PstI-R and SecA-NdeI-F and

SecA-PstI-R, respectively. The resulting PCR products were digested by BamHI
and PstI for secA2 and by NdeI and PstI for secA and then ligated into pGBKT7
to generate pBD-SecA2 and pBD-SecA.

The plasmids pBD-Asp1 (J48), pBD-Asp3 (J48), and pBD-SecA2 (J48) were
constructed and used to prepare in vitro-translated fusion proteins. The asp1,
asp3, and secA2 genes were amplified from the genomic DNA of S. agalactiae J48
by PCR using the primer sets Asp1-J48-BamHI-F and Asp1-J48-BamHI-R,
Asp3-J48-BamHI-F and Asp3-J48-BamHI-R, and SecA2-J48-BamHI-F and
SecA2-J48-BamHI-R, respectively. The three PCR products were digested with
BamHI and then ligated to pGBKT7 to create pBD fusion constructs.

GST pulldown assays to determine protein-protein interactions. To examine
in vitro protein interactions, the relevant GST fusion proteins and in vitro-
translated products were prepared. The GST fusion proteins were bound to
glutathione-Sepharose 4B beads (Amersham). The in vitro-translated products
with the c-Myc tag were produced using a TnT quick coupled transcription-
translation system (Promega) following the manufacturer’s instructions. Five
micrograms of the glutathione-Sepharose-GST fusion proteins was mixed with 5
�l of the c-Myc-tagged proteins in the presence of NETN buffer (20 mM Tris-
HCl [pH 7.2], 100 mM NaCl, 1 mM EDTA, 0.2% NP-40) and incubated over-
night on a rotary shaker at 4°C. The beads were washed three times with 600 �l
NETN buffer, and the proteins were eluted with SDS-polyacrylamide gel elec-
trophoresis (PAGE) sample buffer, boiled for 10 min, and subjected to Western
blotting with anti-c-Myc antibody.

Coimmunoprecipitation (co-IP) to determine in vivo protein-protein interac-
tions. An E. coli-streptococcus shuttle vector pVT1666 (8) with a green fluores-
cent protein (GFP) tag, a plasmid (pVPT-Gap1) with GFP-tagged Gap1, and a
plasmid (pVPT-Gap3) with GFP-tagged Gap3 were transformed into the S.
parasanguinis wild-type strain. In addition, plasmid pVT1666 and pVPT-Gap1
were also transformed into the gap3 mutant. All strains were grown to exponen-
tial growth phase (A470 � 0.6). Cell lysates were prepared as described previously

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant properties Source or reference

Strains
E. coli Top10 For propagation of the recombinant plasmids Invitrogen
S. parasanguinis FW213 Wild type 10
S. parasanguinis fap1 mutant Wild type; fap1::aphA3; Kanr 32
S. parasanguinis gap1 mutant Wild type; gap1::aphA3; Kanr 18
S. parasanguinis gap3 mutant Wild type; gap3::aphA3; Kanr 18
S. parasanguinis secA2 mutant Wild type; secA2::Tn5; Kanr 18
S. agalactiae J48 Wild type 23
S. agalactiae 2603V/R Wild type 27
S. sanguinis SK36 Wild type 34
S. pneumoniae TIGR4 Wild type 28

Plasmids
pGEX-5X-1 GST fusion protein expression vector; Ampr Amersham
pGEX-Gap1 gap1 from FW213 cloned in pGEX-5X-1; Ampr This study
pGEX-Asp1 (J48) asp1 from J48 cloned in pGEX-5X-1; Ampr This study
pGEX-Gap3 gap3 from FW213 cloned in pGEX-5X-1; Ampr 18
pGEX-Asp3 (J48) asp3 from J48 cloned in pGEX-5X-1; Ampr This study
pGEX-SecA2 secA2 from FW213 cloned in pGEX-5X-1; Ampr This study
pGEX-SecA2 (J48) secA2 from J48 cloned in pGEX-5X-1; Ampr This study
pGEX-SecA secA from FW213 cloned in pGEX-6P-1; Ampr This study
pGBKT7 In vitro translation vector; Kanr Clontech
pBD-Gap1 gap1 from FW213 cloned in pGBKT7; Kanr 18
pBD-Asp1 (J48) asp1 from J48 cloned in pGBKT7; Kanr This study
pBD-Gap3 gap3 from FW213 cloned in pGBKT7; Kanr 18
pBD-Asp3 (J48) asp3 from J48 cloned in pGBKT7; Kanr This study
pBD-SecA2 secA2 from FW213 cloned in pGBKT7; Kanr This study
pBD-SecA2 (J48) secA2 from J48 cloned in pGBKT7; Kanr This study
pBD-SecA secA from FW213 cloned in pGBKT7; Kanr This study
pVT1666 E. coli-Streptococcus shuttle vector; Ermr 8
pVPT-Gap1 gap1 from FW213 cloned in pVT1666; Ermr 36
pVPT-Asp1 (J48) asp1 from J48 cloned in pVT1666; Ermr This study
pVPT-Asp1 (2603) asp1 from 2603V/R cloned in pVT1666; Ermr This study
pVPT-Asp1 (SK36) asp1 from SK36 cloned in pVT1666; Ermr This study
pVPT-Asp1 (TIGR4) asp1 from TIGR4 cloned in pVT1666; Ermr This study
pVPT-Gap3 gap3 from FW213 cloned in pVT1666; Ermr 20
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(18). Prepared cell lysates (400 �g) were incubated with anti-GFP monoclonal
antibody or anti-SecA2 polyclonal antibody for 4 h at 4°C on a rotator prior to
incubation with 50 �l of a 50% slurry of immobilized protein A/G agarose
(Invitrogen) overnight at 4°C. Immunoprecipitates were collected by centrifuga-
tion, washed three times with NETN buffer, eluted with SDS sample buffer, and
subjected to Western blot analyses using SecA2, Gap3, and SecA polyclonal
antibodies.

Complementation of the S. parasanguinis gap1 mutant. The Gap1 homologues
were amplified from streptococcal genomic DNAs (23, 27, 28, 34) by PCR using
primer pairs Asp1-J48-SalI-F and Asp1-J48-BamHI-R, Asp1-2603-SalI-F and
Asp1-2603-KpnI-R, Asp1-TIGR4-SalI-F and Asp1-TIGR4-BamHI-R, and
Asp1-Sk36-SalI-F and Asp1-Sk36-BamHI-R (Table 2). The PCR products were
digested and cloned into the E. coli-streptococcus shuttle vector pVT1666 to
generate the gap1 complementation plasmids pVPT-Asp1 (J48), pVPT-Asp1
(2603), pVPT-Asp1 (TIGR4), and pVPT-Asp1 (SK36). These plasmids were
then transformed into the gap1 mutant via electroporation. The transformants
were selected on TH agar plates containing kanamycin (125 �g ml�1) and
erythromycin (10 �g ml�1). The ability of streptococcal Asp1 genes to restore
mature Fap1 production was examined by Western blotting analyses using the
Fap1 peptide-specific monoclonal antibody E42, the glycan-specific antibody
D10, and the mature Fap1-specific antibody F51.

Production of SecA2, Gap1, and Gap3 in SecA2 and Gap3 mutants. To
examine production of SecA2, Gap1, and Gap3 in the SecA2 and Gap3 mutants,
1 ml of the mutant cells was grown to exponential growth phase (A470 � 0.6),
harvested by centrifugation, and lysed as previously described (18). The cell
lysates were then subjected to Western blotting using SecA2, Gap1, or Gap3
polyclonal antibody. Production of FimA in S. parasanguinis was determined by
anti-FimA antibody and used as a loading control.

RESULTS

The SecA2 mutant exhibited a phenotype similar to that of
Gap1 and Gap3 mutants. The Fap1 expression profile can be
detected by three available Fap1-specific antibodies. mAbE42
is a peptide-specific antibody. mAbD10 is a glycan-specific

antibody, and mAbF51 reacts with mature Fap1. Previous
studies had revealed that the gap1 and gap3 mutants exhibited
similar phenotypes in Fap1 biogenesis; both produce a 470-
kDa high-molecular-weight (HMW) Fap1 precursor (18). A
similar HMW Fap1 protein was also detected in the secA2
mutant by Western blot analyses using mAbE42 (Fig. 1B, top,
lane 3) and mAbD10 (Fig. 1B, middle, lane 3). The mutants
failed to react with mAbF51 (Fig. 1, bottom, lane 3), which
recognizes a 200-kDa mature Fap1 produced by the wild-type
bacterium (Fig. 1, bottom, lane 1), suggesting that SecA2,
Gap1, and Gap3 are involved in the same process for the Fap1
biogenesis.

SecA2 interacted with the Gap1-Gap3 complex in vitro. Mu-
tants that are defective in different genes exhibit similar phe-
notypes; proteins encoded by such genes often form a complex
(15, 29). We hypothesize that SecA2 interacts with the Gap1-
Gap3 complex. GST pulldown experiments were performed to
evaluate the potential interactions. Incubation of GST fusion
proteins with in vitro-translated c-Myc-tagged proteins re-
vealed a strong interaction between SecA2 and Gap1 (Fig. 2A
and B) and a relatively weak interaction between SecA2 and
Gap3 (Fig. 2B), whereas GST alone did not interact with
c-Myc-tagged proteins (Fig. 2A and B), demonstrating the
direct interactions between SecA2 and the Gap1-Gap3 com-
plex.

SecA2 associated with the Gap1-Gap3 complex in vivo. To
determine whether SecA2 interacts with the Gap1-Gap3 com-
plex in vivo, we performed immunoprecipitation assays. GFP-
tagged Gap1 coprecipitated with native SecA2 and Gap3,
whereas GFP itself did not (Fig. 3A and B). The same levels of
SecA2, Gap3, GFP, and GFP-tagged Gap1 were detected in
the recombinant strains (Fig. 3C to E). These data suggest that
SecA2 interacts with the Gap1-Gap3 complex in vivo.

FIG. 1. Expression of Fap1 in S. parasanguinis variants. (A) Orga-
nization of the fap1-secA2 locus. (B) Fap1 production in S. parasan-
guinis variants. Cell lysates of the wild type (lane 1) and the fap1 (lane
2), secA2 (lane 3), gap1 (lane 4), and gap3 (lane 5) mutants were
subjected to Western blot analyses using Fap1-specific antibodies.

TABLE 2. Primers used in this study

Primer Sequence

Gap1-EcoRI-1F ....................GATCAGAATTCATGTTTTATTTTGTACCTTC
Gap1-XhoI-1575R................GATCTCTCGAGTTTCTTTTTTAGCATACC

TTTC
SecA2-BamHI-F ...................CGGGATCCATATGGAAAAAATAAAACA

AAAG
SecA2-BamHI-R ..................CGGGATCCTACAAAATAAATTGATAAACC
SecA2-PstI-R ........................AACTGCAGTACAAAATAAATTGATAAACC
SecA-SmaI-F.........................GATCACCCGGGTATGGCAAATTTATTAA

AAAC
SecA-XhoI-R ........................GATCACTCGAGTCAAAATTTACGTCCG

TGAC
SecA-NdeI-F .........................GATCACATATGGCAAATTTATTAAAAAC
SecA-PstI-R ..........................GATCACTGCAGTCAAAATTTACGTCCG

TGAC
Asp1-J48-BamHI-F ..............GATCAGGATCCCCATGTTTTATTTTATTCC

TTCG
Asp1-J48-BamHI-R..............GATCAGGATCCTTATTCTTTTTCTAATAATT

TTCG
Asp3-J48-BamHI-F ..............GATCAGGATCCCCATGATTTTGGGAGAGT

GTTTAG
Asp3-J48-BamHI-R..............GATCAGGATCCTCATTTTTTATCCTTAGAA

AATG
SecA2-J48-BamHI-F ............GATCAGGATCCCCATGAAAAAAGTTGTTGT

TAAACC
SecA2-J48-BamHI-R ...........GATCAGGATCCTTATACATAATATATTGAG

TAACTTC
Asp1-J48-SalI-F ....................GATCAGTCGACATGTTTTATTTTATTCC

TTCG
Asp1-2603-SalI-F ..................GATCAGTCGACATGTTTCATTTTATTCCATC
Asp1-2603-KpnI-R ...............GATCAGGTACCATAACTATTTATAATTC

TTTC
Asp1-SK36-SalI-F.................GATCAGTCGACATGTATTACTTTATTCCTTC
Asp1-SK36-BamHI-R ..........GATCAGGATCCTTATTTTGCATTCTCAGC
Asp1-TIGR4-SalI-F .............GATCAGTCGACATGTATTATTTTATTCCAG
Asp1-TIGR4-BamHI-R.......GATCAGGATCCTTAAGTTCCTTTGACATTT

TTAAC
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Gap1 homologues from S. agalactiae and Streptococcus san-
guinis complemented the corresponding S. parasanguinis mu-
tants. SecA2, Gap1, and Gap3 homologues are highly con-
served at the primary amino acid sequence level. Phylogenetic
analyses indicated that SecA2, Gap1, and Gap3 from S. para-
sanguinis are very similar to the corresponding homologues
from S. agalactiae J48 and 2603V/R (data not shown). To
examine whether they are functionally conserved, we deter-
mined if the Gap1 homologues from other streptococci can
complement the corresponding mutant from S. parasanguinis

(Fig. 4). The gap1 homologues from S. agalactiae J48 and S.
sanguinis Sk36 (Fig. 4) partially restored the production of
mature Fap1 by the S. parasanguinis gap1 mutant, suggesting
that the Gap1 homologues are functionally conserved.

Gap1, Gap3, and SecA2 homologues from S. agalactiae form
a protein complex. To determine whether Gap1, Gap3, and
SecA2 homologues (Asp1, Asp3, and SecA2, respectively) of S.
agalactiae form a protein complex as well, we performed GST
pulldown experiments. GST-SecA2 indeed can pull down both
Asp1 and Asp3 (Fig. 5A and B). GST-Asp1 could also pull
down both Asp3 and SecA2 readily (Fig. 5B and C). In addi-
tion, GST-Asp3 could pull down Asp1 but not SecA2 (Fig. 5A
and C). These results demonstrated that Asp1, Asp3, and
SecA2 from S. agalactiae also formed a protein complex. Asp1
and Asp3 as well as Asp1 and SecA2 interacted with each other
strongly in the complex.

Canonical SecA associated with the SecA2-Gap1-Gap3 com-
plex. Canonical SecA, which has homology to SecA2, might
interact with the SecA2-Gap1-Gap3 complex. To test this, we
performed coimmunoprecipitation assays. SecA was found to
be coimmunoprecipitated with SecA2 (Fig. 6A, top), and Gap3
(Fig. 6B, top). No SecA was coimmunoprecipitated in the
secA2 mutant (Fig. 6A, top) or in the GFP control strain (Fig.
6B, top). All the proteins analyzed for immunoprecipitation
were loaded equally (Fig. 6A, middle; Fig. 6A and B, bottom;
Fig. 6B, middle). Interestingly, no interaction between Gap1
and SecA was detected by co-IP (data not shown). These
results demonstrate that SecA is associated with the SecA2-
Gap1-Gap3 complex.

To determine whether SecA directly interacts with the
SecA2-Gap1-Gap3 complex, in vitro GST pulldown experi-
ments were carried out. GST-SecA interacted with SecA2 (Fig.
7A) and Gap3 (Fig. 7B), and GST-Gap3 interacted with SecA2
(Fig. 7A) and SecA (Fig. 7C), while GST alone failed to in-
teract (Fig. 7A to C). These data indicate that SecA directly
interacts with the SecA2-Gap1-Gap3 complex.

Mutation of SecA2 and Gap3 had no effect on production of
their interacting partners. The SecA2 deficiency had no effect

FIG. 2. In vitro GST pulldown assays to detect SecA2, Gap1, and
Gap3 interactions. (A) Equal amounts of purified GST and GST-
SecA2 bound to glutathione-Sepharose 4B beads were incubated with
in vitro-translated c-Myc-Gap1. (B) Equal amounts of purified GST,
GST-Gap1, and GST-Gap3 bound to glutathione Sepharose 4B beads
were incubated with in vitro-translated c-Myc-SecA2. The pulldown
protein complexes were analyzed by Western blotting using c-Myc
monoclonal antibody. Inputs are the in vitro-translated protein prod-
ucts.

FIG. 3. In vivo coimmunoprecipitation for SecA2, Gap1 and Gap3
interactions. Cell lysates of the wild-type strain with pVT1666 (WT/
pVT1666) or pVPT-Gap1 (WT/pVPT-Gap1) were subjected to immu-
noprecipitation with monoclonal GFP antibody and then analyzed by
Western blotting using polyclonal anti-SecA2 (A) and anti-Gap3
(B) antibodies, respectively. The expression of GFP fusion proteins,
SecA2, and Gap3 was detected by Western blot analyses using anti-
GFP (C), anti-SecA2 (D), and anti-Gap3 (E) antibodies, respectively.

FIG. 4. Complementation of the S. parasanguinis gap1 mutant with
Gap1 homologues. Cell lysates from the gap1 mutant complemented
with pVPT-Asp1 from a variety of streptococci were subjected to
Western blot analyses using Fap1-specific antibodies.
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on production of Gap1 (Fig. 8A, top) and Gap3 (Fig. 8A, top).
The Gap3 deficiency also had no effect on production of SecA2
(Fig. 8B, top) or Gap1 (Fig. 8B, middle). No difference in
production of a control protein, FimA, was observed among
the S. parasanguinis strains (Fig. 8, bottom). These results
suggest that mutation of the accessory Sec proteins does not
affect the stability of their interacting partners.

Lack of Gap3 did not affect the interaction between SecA2
and Gap1. To determine whether SecA2 still interacts with

Gap1 in the gap3 mutant in vivo, we performed immunopre-
cipitation assays. GFP-tagged Gap1 coprecipitated with SecA2
in both the wild type and the gap3 mutant, whereas GFP itself
did not bind to SecA2 (Fig. 9A). The same levels of SecA2,
GFP-tagged Gap1, and GFP were produced in the recombi-
nant strains (Fig. 9B and C). These data suggest that the
interaction between SecA2 and Gap1 is independent of Gap3.

FIG. 5. In vitro GST pulldown assays for SecA2, Asp1, and Asp3
interactions by S. agalactiae. (A) Equal amounts of purified GST,
GST-Asp3, and GST-SecA2 bound to glutathione-Sepharose 4B beads
were incubated with in vitro-translated c-Myc-Asp1. (B) Equal
amounts of purified GST, GST-Asp1, and GST-SecA2 bound to glu-
tathione-Sepharose 4B beads were incubated with in vitro-translated
c-Myc-Asp3. (C) Equal amounts of purified GST, GST-Asp1, and
GST-Asp3 bound to glutathione-Sepharose 4B beads were incubated
with in vitro-translated c-Myc-SecA2. The pull-down protein com-
plexes were analyzed by Western blotting using anti-c-Myc monoclonal
antibody. Inputs represent the in vitro-translated protein products.

FIG. 6. In vivo coimmunoprecipitation for the interaction between SecA and the SecA2-Gap1-Gap3 complex. (A) Cell lysates of the wild-type
strain (WT) and the secA2 mutant (secA2) were subjected to immunoprecipitation with polyclonal anti-SecA2 antibody and then analyzed by
Western blotting using polyclonal anti-SecA antibody. Production of SecA2 and SecA in WT and secA2 strains was detected by Western blot
analyses. (B) Cell lysates of the wild-type strain with pVT1666 (WT/pVT1666) or pVPT-Gap3 (WT/pVPT-Gap3) were subjected to immunopre-
cipitation with GFP monoclonal antibody and then analyzed by Western blotting using polyclonal anti-SecA antibody. Expression of GFP fusion
proteins and SecA in WT/pVT1666 and WT/pVPT-Gap3 strains was detected by Western blot analyses.

FIG. 7. In vitro GST pulldown assays for interactions between SecA
and the SecA2-Gap1-Gap3 complex. (A) Equal amounts of purified
GST, GST-Gap3, and GST-SecA bound to glutathione-Sepharose 4B
beads were incubated with in vitro-translated c-Myc-SecA2. (B) Equal
amounts of purified GST and GST-SecA bound to glutathione-Sep-
harose 4B beads were incubated with in vitro-translated c-Myc-Gap3.
(C) Equal amounts of purified GST and GST-Gap3 bound to gluta-
thione-Sepharose 4B beads were incubated with in vitro-translated
c-Myc-SecA. The pulldown protein complexes were analyzed by West-
ern blotting using anti-c-Myc monoclonal antibody. Inputs represent
the in vitro-translated protein products.
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DISCUSSION

Genes encoding accessory Sec components are clustered
with genes coding for SecA and SecY homologues in Gram-
positive bacteria that possess SRRPs (21, 37), suggesting that a
Sec-like protein secretion mechanism is adopted by these
Gram-positive bacteria. A number of accessory Sec compo-
nents have been identified and implicated in secretion of
SRRPs (1, 7, 18, 19, 22, 24, 26, 30, 35, 36); however, the precise
roles of each component have yet to be defined.

In this study, we explored protein function by examining
their interactions and demonstrate that Gap1 and SecA2-Gap3
strongly interact with each other in vitro and in vivo. Since the
locus secY2-gap1-gap2-gap3-secA2 is highly conserved in the
Gram-positive bacteria that contain SRRPs, the SecA2-Gap1-
Gap3 interaction is likely to be conserved. In fact, the homo-
logues from S. agalactiae displayed a similar interaction profile.
Furthermore, Asp1, a Gap1 homologue from S. agalactiae and
S. sanguinis, rescued the Fap1 defect from the S. parasanguinis
gap1 mutant. These findings are consistent with a recent report
that described the interaction between accessory Sec compo-
nents from S. gordonii (22), suggesting that the formation of
the accessory Sec protein complex is common in Gram-positive
bacteria that contain SRRPs.

There are two significant differences between the S. para-
sanguinis and S. gordonii accessory Sec systems: (i) unlike the
strong interaction detected between Gap1 and SecA2 by S.
parasanguinis, the interaction between homologous Asp1 and
SecA2 was not detected in S. gordonii, and (ii) no in vivo
interactions between Asp3 and SecA2 were identified in S.
gordonii. The differences may manifest phenotypically, as in-
activation of Gap1 diminishes but does not abolish export of
Fap1, while inactivation of the Asp1 (Gap1 homologue in S.
gordonii) completely inhibits export of glycosylated GspB (22).

Mature glycosylated Fap1 is exported via a SecA2-mediated
accessory Sec pathway, whereas Fap1 that lacks glycosylation
can be exported via a canonical SecA pathway (6). Export of
GspB is conducted in a similar fashion in S. gordonii (3). These
findings imply that there is a fine-tuning mechanism that di-
rects glycosylated and unglycosylated substrates to their re-
spective translocation apparatus, via either a SecA2-mediated
accessory Sec system or a SecA-mediated canonical Sec sys-
tem. What drives the selection of the secretion route is not yet
clear. Since accessory SecA2 shares considerable homology

with canonical SecA (7) and exhibits ATPase activity (2),
SecA2 may interact with SecA. The interactions of canonical
SecA with accessory SecA2, as well as with another accessory
Sec component, Gap3, identified in this study, provide direct
evidence that the accessory Sec system engages in cross talk
with the canonical Sec system. The interaction may play a
modulatory role in monitoring and directing the export of
glycosylated and unglycosylated serine-rich proteins. Canoni-
cal SecA exists in both monomeric and dimeric forms (11, 17).
The monomeric and dimeric SecA interact with SecYEG to
mediate the function of the canonical Sec translocon. The ratio
of SecA monomers to dimers bound to the SecYEG complex
regulates the activity associated with the translocon (12).
Therefore, it is possible that the ratio of homodimeric to het-
erodimeric SecA and SecA2 in bacterial cells may direct the
affinity of the accessory Sec translocon to glycosylated or un-
glycosylated SRRPs, thereby modulating the selectivity for the
accessory Sec apparatus.

Interestingly, Gap3 but not Gap1 can interact with both
SecA and SecA2. The Gap3 homologue Asp3 from S. gordonii
has been proposed to function as a scaffold protein to orches-
trate the accessory Sec complex (Asp1-Asp2-Asp3-SecA2).
Asp3 is also involved in binding to the serine-rich repeat
(SRR) domains of GspB as a potential chaperone that facili-
tates the biogenesis of GspB (35). The ability to interact with
both SecA and SecA2 indicates that Gap3 and its homologues
are capable of bridging accessory and canonical Sec complexes,
further supporting their role as a scaffold protein.

In summary, we have identified an accessory Sec protein
complex and its association with a canonical Sec system, which
provides new insights into the biogenesis of SRRPs.
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FIG. 9. In vivo coimmunoprecipitation for SecA2 and Gap1 from
the gap3 mutant. Cell lysates of the wild-type strain with pVPT-Gap1
(WT/pVPT-Gap1) or pVT1666 (WT/pVT1666) and cell lysates of the
gap3 mutant with pVPT-Gap1 (gap3/pVPT-Gap1) or pVT1666 (gap3/
pVT1666) were subjected to immunoprecipitation with monoclonal
GFP antibody and then analyzed by Western blotting using polyclonal
anti-SecA2 (A). The expression of SecA2 and GFP fusion proteins was
detected by Western blot analyses using anti-SecA2 (B) and anti-GFP
(C) antibodies, respectively.

FIG. 8. Western blot analysis of production of SecA2, Gap1, and
Gap3 in SecA2 and Gap3 mutants. (A) Cell lysates of the wild type
(WT) and the secA2 mutant of S. parasanguinis were subjected to
Western blot analysis using Gap1, Gap3, and FimA antibodies.
(B) Cell lysates of the wild type (WT) and the gap3 mutant of S.
parasanguinis were subjected to Western blot analysis using SecA2,
Gap1, and FimA antibodies, respectively.
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