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GspB is a serine-rich glycoprotein adhesin of Streptococcus gordonii that is exported to the bacterial surface
by the accessory Sec system. This dedicated export pathway is comprised of seven components (SecA2, SecY2,
and five accessory Sec proteins [Asp1 to Asp5]). The latter proteins have no known homologs beyond the Asps
of other species. Asp1 to Asp3 are absolutely required for export of the substrate GspB, but their roles in this
process are unknown. Using copurification analysis and far-Western blotting, we found that Asp2 and Asp3
could individually bind the serine-rich repeat (SRR) domains of GspB. Deletion of both SRR regions of GspB
led to a decrease in its export, suggesting that binding of the Asps to the SRR regions is important for GspB
transport by the accessory Sec system. The Asps also bound a heterologous substrate for the accessory Sec
system containing a slow-folding MalE variant, but they did not bind wild-type MalE. The combined results
indicate that the Asps may recognize the export substrate through preferential interactions with its unstruc-
tured or unfolded regions. Glycosylation of the SRR domains on GspB prevented Asp binding, suggesting that
binding of the Asps to the preprotein occurs prior to its full glycosylation. Together, these findings suggest that
Asp2 and Asp3 are likely to function in part as chaperones in the early phase of GspB transport.

The accessory Sec (SecA2/Y2) system is a specialized export
pathway of Gram-positive bacteria that mediates the transport
of large serine-rich repeat (SRR), cell wall-anchored glycopro-
teins, such as GspB of Streptococcus gordonii (6), Fap1 of
Streptococcus parasanguinis (43), Srr1 of Streptococcus agalac-
tiae (22), PsrP of Streptococcus pneumoniae (23), and SraP of
Staphylococcus aureus (31). Several of these glycoproteins are
confirmed virulence determinants, as demonstrated in animal
models of infection, including streptococcal and staphylococcal
endocarditis (32, 44) and pneumococcal pneumonia (23), as
well as neonatal sepsis (30) and meningitis (40) due to S.
agalactiae. These adhesins are typically encoded within regions
of the chromosome that also encode the accessory Sec system,
as well as several proteins mediating glycosylation of the sub-
strate (26, 46). Features of these regions also suggest that they
are pathogenicity islands, which may explain their widespread
prevalence.

The mechanisms for the export of the SRR glycoproteins by
the accessory Sec system remain largely uncharacterized. The
accessory Sec system resembles the general/canonical Sec sys-
tem, in that it contains homologs (SecA2 and SecY2) of ca-
nonical SecA and SecY (26, 46). SecA is an ATPase motor
protein that powers the transport of substrates through the
membrane channel (translocon) formed by SecY in complex
with SecE and SecG (14). SecA2 is also an ATPase and is likely
to play a similar role in the transport of the accessory Sec
substrate (7, 13). Although SecY2 has not been studied exten-
sively, it is predicted to share structural similarities to SecY

and is likely to function analogous to SecY (6, 8, 42). The
accessory Sec system also contains several accessory Sec pro-
teins (Asps) that are important for efficient substrate export
(20, 28, 37, 38, 45). Asp1 to Asp3 are conserved across all
known species that export SRR glycoproteins via SecA2/Y2,
and appear to be essential for transport (20, 28, 37, 45). Some
organisms, such as S. gordonii, encode one or more additional
proteins (Asp4 and Asp5) that are either essential for substrate
export or can enhance translocation efficiency (38).

The accessory Sec system of S. gordonii strain M99 is dedi-
cated to the export of GspB, an SRR adhesin that mediates
binding to platelets and salivary glycoproteins (4, 34, 35). Like
other members of the SRR glycoprotein family (26, 46), GspB
consists of several distinct domains (Fig. 1). Located in the N
terminus of GspB is an unusually long signal peptide (SP)
followed by an accessory Sec transport (AST) domain; both
regions are essential for GspB export (8, 9). In the remainder
of the polypeptide are the serine-rich repeat domains (SRR1
and SRR2), which flank the basic region (BR). The SRR
domains are target sites for glycosylation (36), whereas the
basic region confers the adherence property to the glycopro-
tein (34).

GspB export requires Asp1 to Asp3, but the specific func-
tions of these proteins in transport remain unidentified. Asp1
to Asp3 do not have known homologs beyond the accessory
Sec system, thus making it difficult to infer their possible roles.
Previously, we showed that several of these Asps interact with
one another and with SecA2 and that these interactions are
required for optimal GspB export (28). These findings suggest
that Asp1 to Asp3 may assist GspB export by interacting with
the SecA2/Y2 translocon and prompted us to ask whether
these Asps interact with the export substrate directly. Here we
show that two of the Asps bind directly to distinct regions of
GspB and are likely to be the first components of the accessory
Sec system to interact with the nascent preprotein.
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MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains,
plasmids, and primers used here are listed in Tables 1 and 2. S. gordonii strains
were cultured in Todd-Hewitt (TH) broth in 5% CO2 at 37°C. Escherichia coli
strains were grown in Luria-Bertani (LB) broth at 37°C with aeration. When
indicated, antibiotics were added to LB broth at concentrations of 17 �g/ml of
chloramphenicol (Cm), 50 �g/ml of ampicillin (Amp), 50 �g/ml of kanamycin
(Kan), or 300 �g/ml of erythromycin (Erm). Selection for transformants harbor-
ing pVA891 was made by plating E. coli onto LB agar containing 17 �g/ml of Cm
and S. gordonii on TH-sheep blood agar containing 15 �g/ml of Erm. For
transformants harboring pMSP3545, selection was made by plating S. gordonii on
TH-sheep blood agar containing 100 �g/ml of Erm.

Plasmid construction. Methods for constructing the plasmids used in these
studies are presented in the supplemental material.

Protein expression. To assess the interaction of GspB with Asp1 to Asp3 by
copurification, the proteins were expressed in E. coli BL21(�DE3), transformed
with pACYCDuet-GSTasp1-gspB736FLAG and pETDuet-H6asp3-HAasp2. To ex-
amine the interaction of GspB with each Asp individually by copurification,
pACYCDuet-gspB736FLAG was coexpressed with pETDuet-HAasp2, and
pETDuet-gspB736FLAG was coexpressed with pACYCDuet-GSTasp3 in E. coli
BL21(�DE3). For far-Western blotting, the H6Asps were expressed from
pET28c, the GspB736FLAG or FLAG-tagged GspB domain fusions were ex-
pressed from pACYCDuet, whereas glutathione S-transferase (GST)-tagged
GspB domains were expressed from pGEX-3x. MalE and MalE31 were ex-
pressed from pMal-c2x, whereas GspB1-117::MalE31 was expressed from
pACYCDuet in E. coli BL21(�DE3). Protein expression from all constructs was
induced by growing cells at 37°C to an optical density of 0.6, adding IPTG
(isopropyl-�-D-thiogalactopyranoside) to a final concentration of 0.25 mM, and
incubation at 25°C for 4 h for constructs expressed from the Duet, pGEX-3x, and
pMalc.2x vectors or 2 h for those from pET28c prior to harvesting.

To obtain GspB736FLAG from the culture medium of S. gordonii for far-
Western blotting, the gspB deletion strain PS846 (9) was transformed with
pMSP3545-gspB736FLAG to produce strain PS2865, which was grown overnight to
produce the glycosylated protein. The gspB gtfA double-deletion strain PS840
was similarly transformed with pMSP3545-gspB736FLAG to generate strain
PS2866, which was grown overnight to obtain the nonglycosylated protein. Note
that GspB736FLAG does not contain a cell wall anchoring motif like native GspB
(Fig. 1) and is thus freely secreted into the culture medium when expressed by S.
gordonii.

Protein purification. Cells expressing H6Asp1 or H6Asp3 were suspended in
lysis buffer (300 mM NaCl, 50 mM sodium phosphate buffer [pH 8.0], 1% Triton
X-100, 2 mg of lysozyme/ml, 1 mM phenylmethylsulfonyl fluoride [PMSF], pro-
tease inhibitors [Roche], 25 mM imidazole). After 4 min of sonication, lysates
were clarified by centrifugation at 11,000 � g for 20 min, passed through a
0.45-�m-pore-size filter, and then incubated with an Ni-NTA resin (Qiagen) for
2 h at 4°C. The resin was loaded onto a gravity flow column (Bio-Rad) and
washed at least four times with 10 bed volumes of wash buffer (300 mM NaCl, 50
mM sodium phosphate buffer [pH 8.0], 0.5% Triton X-100, 60 mM imidazole).
Proteins bound to the resin was eluted in fractions with 25 mM HEPES con-
taining 100 mM EDTA and 100 mM NaCl. H6Asp2 was purified as described for
the other Asps, except that the lysis buffer contained 8 M urea. The bound
denatured H6Asp2 was allowed to refold gradually on the resin by washing with
10 bed volumes of buffer containing decreasing concentrations of urea. H6Asp2
was then eluted with 300 mM NaCl, 50 mM sodium phosphate buffer (pH 8.0),
0.5% Triton X-100, and 500 mM imidazole. Protein purity in each eluted fraction
was monitored by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blotting. Selected fractions were pooled, and proteins
were quantified on stained gels using molecular weight standards (Bio-Rad).

Purification of GspB736FLAG exported from S. gordonii was carried out by first

precipitating proteins from the culture medium with 50% (wt/vol) of ammonium
sulfate. The precipitated proteins were then solubilized in phosphate-buffered
saline (PBS; Sigma) and desalted by passing through a 10DG chromatography
column (Bio-Rad) before affinity purification. FLAG-tagged GspB736 or domain
fusion proteins were affinity purified with anti-FLAG antibody immobilized on
agarose beads (Sigma). GST-fused GspB736 or GST-GspB domain fusions were
affinity purified with glutathione-Sepharose 4B agarose (GE Healthcare). Puri-
fication was carried out under conditions recommended by the manufacturers.

Copurification of GspB and the Asps. E. coli cells expressing GspB736FLAG

and Asp1 to Asp3 were harvested by centrifugation at 4,500 � g for 20 min and
suspended in BugBuster HT (EMD) supplemented with protease inhibitors
(Roche), 2 mg of lysozyme/ml, and 1 mM PMSF. The lysates were clarified as
described above and incubated for 3 h at 4°C with anti-FLAG antibody immo-
bilized on agarose beads to precipitate GspB736FLAG. The beads were recovered
by centrifugation at 500 � g for 5 min and washed in PBS supplemented with
protease inhibitors at room temperature. Precipitated proteins were then eluted
with 3�FLAG peptides (Sigma).

To assess the binding of GspB with each Asp individually, GspB736FLAG was
coexpressed with each Asp and then purified from lysates, as described above. To
purify GST-fused Asp1 or Asp3 and hemagglutinin (HA)-tagged Asp2, whole-
cell lysates (WCL) were processed as described above, except that glutathione-
Sepharose 4B agarose was used to recover the GST fusion proteins. HAAsp2 was
purified with anti-HA antibody immobilized on agarose (Sigma). Purified GST
fusion proteins were eluted with 10 mM reduced glutathione (GE Healthcare) in
50 mM Tris-HCl (pH 8.0), and bound HAAsp2 was eluted with HA peptides
(Sigma).

Far-Western blotting. Purified GspB variants were resolved on 4 to 12%
Bis-Tris gradient gels (Invitrogen), and lysates of E. coli expressing MalE variants
were resolved on 3 to 8% Tris-acetate gradient gels (Invitrogen) by SDS-PAGE
under reducing conditions. Proteins were transferred onto nitrocellulose mem-
branes and allowed to refold overnight at 4°C in a blocking solution of 5% milk
in PBS containing 5% Tween 20 (PBS-T). Membranes were incubated with 3.5
�g of H6Asp1, H6Asp2, or H6Asp3 per milliliter of PBS-T for 2 h at room
temperature. Subsequently, the membranes were incubated in a 1:4,000 dilution
of mouse anti-H6 antibody (GE Healthcare) in PBS-T, followed by incubation
with a 1:10,000 dilution of rabbit anti-mouse horseradish peroxidase-conjugated
antibody (Sigma) in PBS-T for 2 h per incubation at room temperature. Binding
of the Asps was detected with SuperSignal West Pico chemiluminescence sub-
strate (Pierce).

Assessing proteins exported by the accessory Sec system. To monitor the
transport of a variant of GspB lacking both SRR domains in S. gordonii, the
gspB deletion strain PS846 (9) was transformed with pVA891-[sp.ast.br]FLAG.
Recombination of a sequence upstream of the sp.ast.br insert in pVA891-
[sp.ast.br]FLAG with the same sequence upstream of gspB in the streptococcal
chromosome resulted in a variant, PS2336, expressing the protein under
native conditions. To study the Asp-dependent export of GspBflag::MalE31
(8) from S. gordonii, strain PS1570 expressing the heterologous protein was
transformed with pORF2K or pORF3K (37) to generate the respective �asp2
or �asp3 isogenic strain. After growth for 18 h under the conditions specified
above, the cultures were fractionated into the culture medium and cell pellet
by centrifugation at 16,000 � g for 4 min. A total of 20 �l of the culture
medium was mixed with loading buffer (Invitrogen) containing 5% �-mer-
captoethanol and then resolved on a 3 to 8% Tris-acetate gradient gel by
SDS-PAGE. The cell pellet was further treated with mutanolysin to produce
protoplasts. A 100-�l culture volume equivalent of the protoplasts was re-
solved per lane. Western blotting with anti-FLAG antibody was carried out
for the detection of GspB variants, and polyclonal antibodies specific for the
�-subunit of RNA polymerase in group B streptococci (29) were used for the
detection of RNA polymerase.

FIG. 1. Schematic of domain organization within GspB and GspB736. SP, signal peptide; AST, accessory Sec transport domain; SRR1,
serine-rich repeat domain 1; BR, basic region; SRR2, serine-rich repeat domain 2. The serine-rich repeat dodecamer sequence is highlighted above
the SRR2 region. The C-terminal cell wall anchoring motif (LPRTG) on native GspB is indicated. Numbering indicates the positions of amino
acids (AA) marking domain junctions.
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid Characteristica Source or
reference

Strains
Escherichia coli

BL21(�DE3) F� ompT hsdSB(rB
� mB

�)gal dcm (DE3) Novagen
DH5� General cloning strain Invitrogen

Streptococcus gordonii
M99 Parental strain 33
PS846 M99 �gspB::pEVP3; expressing no GspB 9
PS840 M99 �gspB::cat �gtfA::spc; expressing no GspB or GtfA Cmr Spcr This study
PS2865 PS846 pMSP3545-gspB736FLAG; expressing glycosylated GspB736FLAG This study
PS2866 PS840 pMSP3545-gspB736FLAG; expressing nonglycosylated GspB736FLAG This study
PS961 M99 gspB736FLAG::pVA891; expressing glycosylated GspB736FLAG 5
PS1179 M99 gspB736FLAG::pVA891, �gtfA::spc; expressing nonglycosylated

GspB736FLAG

5

PS2336 M99 expressing gspB joined domains SP, AST, and BR (codons 1 to 140
and 213 to 598) and a 3�FLAG tag in the C terminus

This study

PS1570 PS846::pBMalE31; expressing GspBflag::MalE31 8
PS2413 PS1570 �asp2::spc This study
PS2414 PS1570 �asp3::spc This study

Plasmids
pACYCDuet E. coli expression vector; Cmr Novagen
pETDuet E. coli expression vector; Ampr Novagen
pGEX-3x E. coli GST fusion vector; Ampr GE

Healthcare
pET28c E. coli expression vector; Kanr Novagen
pET28b E. coli expression vector; Kanr Novagen
pMSP3545 Cloning vector containing replication origin for Gram-positive bacteria

and nisin-inducible promoter; Ermr
11

pMal-c2x Vector expressing mature MalE (without a signal peptide) New England
Biolabs

pVA891-gspB736FLAG pVA891�gspB736FLAG 9
pACYCDuet-gspB736FLAG Vector expressing GspB736FLAG This study
pETDuet-gspB736FLAG Vector expressing GspB736FLAG This study
pET28c-asp1 Vector expressing H6Asp1 This study
pET28c-GSTasp1 pET28C�GSTasp1 This study
pACYCDuet-GSTasp1 pACYCDuet � GSTasp1 This study
pJSC401asp2 pJSC401�asp2 28
pETDuet-HAasp2 Vector expressing HAAsp2 carrying silent mutations at codons 346 and 363 This study
pACYCDuet-GSTasp3 Vector expressing GSTAsp3 This study
pET28c-asp3 Vector expressing H6Asp3 This study
pET28c-GSTasp3 pET28c�GSTasp3 This study
pACYCDuet-GSTasp1-gspB736FLAG Vector coexpressing GSTAsp1 and GspB736FLAG This study
pETDuet-H6asp3-HAasp2 Vector coexpressing H6Asp3 and HAAsp2 This study
pET28c-asp2 Vector expressing H6Asp2 This study
pGEX-3x-sp Vector expressing GST-SP This study
pGEX-3x-ast Vector expressing GST-AST This study
pGEX-3x-srr1 Vector expressing GST-SRR1 This study
pGEX-3x-br Vector expressing GST-BR This study
pGEX-3x-srr2	 Vector expressing the N terminus of GST-SRR2 This study
pGEX-3x-gspB736 Vector expressing GST-GspB736 This study
pACYCDuet-sp.ast.s1FLAG Vector expressing codons 1 to 214 of GspB736FLAG This study
pACYCDuet-sp.astFLAG Vector expressing codons 1 to 140 of GspB736FLAG This study
pMSP3545-gspB736FLAG Vector expressing GspB736FLAG This study
pMalE31 Vector expressing mature MalE with mutated codons 32 to 33 This study
pB117 M pVA891-gspB736FLAG with codons 118 to 736 replaced by malE31 8
pACYCDuet-gspB1-117::malE31 Vector expressing gspB736FLAG with codons 118 to 736 replaced by malE31 This study
pET28b-sp.ast.br pET28b�gspB joined domains (codons 1 to 140 and 213 to 598) This study
pVA891-gspB736FLAG.H96L pVA891�gspB736FLAG with an alteration of the indicated codon 8
pVA891-
sp.ast.br�FLAG pVA891�gspB joined domains (codons 1 to 140 and 213 to 598) and a

3�FLAG tag in the C terminus
This study

pORF2K pS326 carrying upstream and downstream fragments of asp2; Spcr 37
pORF3K pS326 carrying upstream and downstream fragments of asp3; Spcr 37
pBMalE31 pB736flagR with codons 146 to 560 replaced by malE31 8

a Cmr, chloramphenicol resistance; Ermr, erythromycin resistance; Ampr, ampicillin resistance; Spcr, spectinomycin resistance; Kanr, kanamycin resistance.
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Bioinformatics analysis. Structure predictions for the GspB domains were
performed using the protein homology/analogy recognition engine (17) or
PHYRE (http://www.sbg.bio.ic.ac.uk/�phyre/).

RESULTS

Binding of Asp2 and Asp3 to the GspB preprotein. Disrup-
tion of the gene encoding Asp1, Asp2, or Asp3 abolishes the
export of GspB (28, 37), indicating that these intracellular
proteins are required for this process and suggesting that one
or more of these intracellular proteins might interact directly
with the GspB preprotein in the cytoplasm to facilitate its
transport. One possibility is that one or more of the Asps might
function as molecular chaperones by binding to GspB and
assisting in its targeting to the translocon. To investigate
whether the Asps and GspB can interact directly, GSTAsp1,
HAAsp2, H6Asp3, and GspB736FLAG were coexpressed collec-
tively in E. coli and assessed for binding by copurification.
GspB736FLAG is a truncated, C-terminally FLAG-tagged vari-
ant of GspB (Fig. 1) that has export requirements similar to
those of the full-length substrate (9). After affinity purification
of GspB736FLAG from the WCL, the recovered material was
probed for Asps that copurified with GspB. We found that
Asp2 and Asp3 copurified with GspB, but Asp1 did not (Fig.
2). In control studies, none of the Asps bound to the immobi-
lized anti-FLAG antibody in the absence of GspB (Fig. 2, lane
3), indicating that the interaction of Asp2 and Asp3 with GspB
was specific.

To address whether Asp2 or Asp3 could bind GspB inde-
pendently and directly, each Asp was individually coexpressed
with GspB736FLAG, and the subsequent WCL were then sub-
jected to affinity purification as described above. Purification
of GspB736FLAG from the WCL containing Asp2 plus

GspB736FLAG or Asp3 plus GspB736FLAG identified Asp2 and
Asp3 individually copurifying with GspB736FLAG (Fig. 3, lanes
12 and 28, respectively). Similarly, purification of Asp2 or Asp3
from the coexpressing strains also identified GspB736FLAG as a
copurifying partner (Fig. 3, lanes 8 and 24, respectively).

To validate these findings, we also assessed the interactions

TABLE 2. Primers used in this study

Primer Sequence (5	–3	)

NdeI-Gf ...........................................................................................................GGAATTCCATATGTTTTTTAAACGTCAAAAGGGTC
Gf-PacI ............................................................................................................TAATTTTAATTAATTTTACTTGTCATCGTCATCCTTG
asp1N...............................................................................................................CCTTGCTAGCATGTATTATTTTATTCCTTCATG
NcoI-GST........................................................................................................CCCATGGGATCCCCTATACTAGGTTATTGG
asp1-NotI.........................................................................................................TTGCGGCCGCTTATTTTTCATCTATAGCCTCC
NdeI-HA .........................................................................................................CCATATGTCCTACCCTTATGATGTGCC
Asp2-XhoI.......................................................................................................AAACGTTCTCGAGCTATTTCTTTCTTCCAAATTCTTT
asp3N...............................................................................................................AAAAGCTAGCATGAAGATTCAAAAACATAAGGAAA
asp3C ...............................................................................................................CTCTGAGCTCTAGTATTTTTAACCATTTGACTCC
asp3-NotI.........................................................................................................TTGCGGCCGCTTAACCATTTGACTCCTCTAAA
NdeI-asp3........................................................................................................GCATATGAAGATTCAAAAACATAAGGAA
asp2N...............................................................................................................AAAAGCTAGCATGAAAAATAAGCTGAAGATCTTAC
asp2C ...............................................................................................................CTCTGAGCTCTAGTGAATCTTCATTTCTTTCTTC
BamHI-SP .......................................................................................................TATAAGGATCCTAATGTTTTTTAAACGTCAAAAGGGTC
SP-EcoRI ........................................................................................................ACTAGAATTCAATGCTTGTTCCTCTTCAGCATAAAC
BamHI-AST....................................................................................................TATAAGGATCCCTGAAGAGGAACAAGCACATG
AST-EcoRI .....................................................................................................ACTAGAATTCAAACTTGCAGACAAAGTATCTGACAAG
BamHI-SRR1 .................................................................................................TATAAGGATCCATGAAAGCACTTCAGCGAGC
SRR1-EcoRI...................................................................................................ACTAGAATTCAAACTTGCAGACAAAGTATCTGACAAG
BamHI-BR......................................................................................................TATAAGGATCCAGAAATCTACCATCTCTACATCAG
BR-EcoRI .......................................................................................................ACTAGAATTCAAAATAAATTTACTTCCGTCAATAATGTCTTTTC
BamHI-SRR2	 ................................................................................................TATAAGGATCCTTGATACAAGAGCTGGAAGTATATC
NcoI-Gf ...........................................................................................................ACCATCCATGGTTTTTAAACGTCAAAAGGGTC
SPT-BamHI ....................................................................................................TAATTGGATCCTACTTGCAGACAAAGTATCTGAC
BamHI-BR......................................................................................................TATAAGGATCCAGAAATCTACCATCTCTACATCAG
SPTBR-NheI...................................................................................................TATGAGCTAGCAATAAATTTACTTCCGTCAATAATGTC
Gf-XbaI ...........................................................................................................TTTATTCTAGAAATTACTTGTCATCGTCATCCTTGTAGTC

FIG. 2. Asp2 and Asp3 copurify with GspB736FLAG. Asp1 to Asp3
and GspB736FLAG were coexpressed in E. coli, and GspB736FLAG was
purified from bacterial whole-cell lysates (WCL) using anti-FLAG
agarose. The recovered material was then probed for Asp1, Asp2, or
Asp3 by blotting with antibody specific for each epitope tag, as indi-
cated. Lane 1, WCL from E. coli expressing Asp1 to Asp3 but not
GspB; lane 2, WCL of E. coli expressing the Asps and GspB; lane 3,
proteins recovered by anti-FLAG affinity purification from material in
lane 1 (lysates of E. coli expressing Asp1 to Asp3), a negative control;
lane 4, proteins recovered by purification of GspB736FLAG from mate-
rial in lane 2 (lysates of E. coli expressing Asp1 to Asp3 and GspB).
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of GspB with the Asps by far-Western blotting. After SDS-
PAGE, purified GspB736FLAG was transferred onto nitrocellu-
lose membranes and probed with purified hexahistidine (H6)-
tagged Asp1, Asp2, or Asp3. As shown in Fig. 4, Asp2 and

Asp3 bound GspB (lanes 8 and 10, respectively), but Asp1 did
not (lane 6). Note that purified GspB736FLAG was typically
fragmented (lane 4), and Asp2 and Asp3 bound the full-length
protein and several degradation fragments (lanes 8 and 10). In
control studies, Asp2 and Asp3 did not bind most other pro-
teins present in WCL (lanes 7 and 9), thus further validating a
specific interaction of Asp2 and Asp3 with GspB. Together,
these studies demonstrate that individually Asp2 or Asp3 can
bind the GspB preprotein.

Asp2 and Asp3 bind SRR1 and SRR2 of GspB. To identify
the specific region of GspB that interacts with the two Asps,
individual domains of GspB were expressed as GST fusion
proteins (Fig. 5A). After affinity purification, the proteins were
assessed for Asp binding by far-Western blotting with H6Asp2
or H6Asp3. As shown in Fig. 5B, the Asps were found to bind
the SRR1 (lane 5) and SRR2 (lane 7) domains of GspB. No
binding to the AST domain (lane 4) or BR (lane 6) was de-
tected. Likewise, no binding to the SP was detected (GST-SP
migrates at the predicted mass of 37 kDa), although some
binding to an unidentified 50-kDa protein contaminant in the
purified SP fraction was evident (blots II and III, lane 3). To
reexamine the possibilities that Asp2 or Asp3 could bind the
SP of GspB and that the presence of a SP did not indirectly
influence binding, two protein constructs were made: one con-
taining the fused SP and AST domain of GspB and the other
containing the SP, AST, and SRR1 joined together. These
constructs were blotted on membranes and probed with
H6Asp2 or H6Asp3. We found that the two Asps bound to the
construct containing the SRR1 domain (Fig. 5C, lane 2) but
not to the one containing the SP and AST alone (lane 3).
Together, our results indicate that Asp2 and Asp3 bind the
SRR regions of the GspB polypeptide, but not the SP, AST
domain, or BR. Furthermore, the presence of the SP had no
apparent effect on binding of Asp2 or Asp3 to the SRR do-
mains.

Glycosylation of GspB prevents Asp binding. The studies
described above examined the binding of Asp1 to Asp3 to a
nonglycosylated variant of GspB. In the native S. gordonii
strain M99, GspB undergoes glycosylation at both SRR do-

FIG. 3. Asp2 and Asp3 individually bind to GspB. GspB736FLAG and
HAAsp2 or GSTAsp3 were coexpressed in E. coli, and each protein was puri-
fied from the WCL by affinity purification. The material recovered by puri-
fication of GspB736FLAG was probed for Asp2 or Asp3 by Western blotting,
with antibody specific for each epitope tag (lanes 12 and 28, respectively).
Similarly, the recovered material from purification of Asp2 or Asp3 was
probed for GspB736FLAG with anti-FLAG antibody (lanes 8 and 24, respec-
tively). Serving as negative controls in GspB purification were WCL contain-
ing Asp2 without GspB (lanes 9 and 1) and Asp3 without GspB (lanes 25 and
17) that were subjected to �FLAG affinity purification (lanes 3, 11, 19, and
27). Negative controls in the Asp2 or Asp3 purification were WCL containing
GspB alone (lanes 5, 13, 21, and 29) that were subjected to �HA or �GST
affinity purification (lanes 7, 15, 23, and 31), respectively.

FIG. 4. Analysis of Asp binding to GspB736FLAG by far-Western blotting. Purified GspB736FLAG (even number lanes) was blotted on membranes
and probed with purified H6Asps. WCL of E. coli carrying the empty expression vector pACYCDuet served as a negative control (odd number
lanes). Panel I, Coomassie stain of WLC and purified GspB736FLAG; panel II, immunoblotting of WCL and purified GspB736FLAG with anti-FLAG
antibody; panels III, IV, and V, probing of GspB736FLAG with Asp1, Asp2, and Asp3, respectively. Binding of the H6Asps to GspB736FLAG was
detected with anti-H6 antibody. The arrow indicates the position of full-length GspB736FLAG.
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mains prior to export (3, 36). For this reason, we investigated
whether this posttranslational modification of GspB altered its
interaction with the Asps. Glycosylated and nonglycosylated
forms of an SRR1-BR fusion protein (36) were compared for
their ability to bind H6Asp2 or H6Asp3. When assessed by
far-Western blotting, both Asp2 and Asp3 had higher levels of
binding to nonglycosylated SRR1-BR (Fig. 6A, lanes 5 and 8),
compared to the glycosylated form (Fig. 6A, lanes 6 and 9).
These results thus indicate that glycosylation blocks the inter-
actions between the Asps and the SRRs and suggest that Asp
binding probably occurs before GspB is fully glycosylated.

We also assessed the binding of Asp2 and Asp3 to GspB
variants expressed and secreted by the native S. gordonii host.
Glycosylated and nonglycosylated forms of GspB736FLAG were
obtained from the culture medium of S. gordonii, and binding
by H6Asp2 or H6Asp3 was assessed by far-Western blotting.

Binding of the Asps to nonglycosylated GspB736FLAG purified
from the E. coli WCL served as a positive control. We found
that the Asps did not bind glycosylated GspB736FLAG ex-
pressed by the native organism (Fig. 6B, lane 1) but bound the
nonglycosylated form expressed by both the native and the
recombinant organisms (Fig. 6B, lanes 2 and 3, respectively).
The data thus corroborate our findings using recombinant pro-
teins and suggest that the Asps are likely to interact with the
SRR domains before they are glycosylated.

The Asps do not bind a single serine-rich dodecamer. The
SRR domains of GspB are comprised of inexact repeats of 12
amino acids, SASESASTSASV (3). The SRR1 domain con-
tains six semiconserved repeats, and the SRR2 contains 200
repeats. This dodecamer is recognized by glycosyltransferases
GtfA and GtfB as a target for glycosylation (36). To determine
whether Asp-GspB binding was mediated through recognition

FIG. 5. Asp2 and Asp3 bind the serine-rich repeat regions of GspB. (A) Schematic of GST-GspB736 and GST-GspB truncates containing
specific GspB domains. (B) The GST-GspB fusion proteins were affinity purified and probed by far-Western blotting with purified H6Asp2 or
H6Asp3. Lane 1, GST; lane 2, GST-GspB736; lane 3, GST-SP; lane 4, GST-AST; lane 5, GST-SRR1; lane 6, GST-BR; lane 7, GST-SRR2	. Each
fusion protein was detected with anti-GST antibody (blot I). Binding of the Asps to the GST fusion proteins was detected with anti-H6 antibody
(blots II and III). (C) Far-Western blotting assessing binding of the Asps to SRR1. Lane 1, purified Gsp736FLAG served as a positive control; lane
2, purified SP-AST-SRR1FLAG fusion protein; lane 3, purified SP-ASTFLAG fusion protein. The membranes were probed with purified H6Asp2 or
H6Asp3, followed by detection of the bound Asp with anti-H6 antibody (blots II and III). The amount of GspB or fusion protein present in each
lane was detected with anti-FLAG antibody (blot I).
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of the same dodecameric sequence, the GST-tagged SASESA
STSASV peptide (Fig. 7A) was purified and probed by far-
Western blotting with H6Asp2 or H6Asp3 to assess binding. As
shown in Fig. 7B, neither Asp bound the nonglycosylated or
glycosylated SRR dodecamer (lanes 2 and 3, respectively), but
both interacted with the nonglycosylated SRR1-BR construct
(lane 4) containing six semiconserved dodecameric repeats.
The data thus indicate that binding of the two Asps to a SRR
region requires it to be longer than 12 amino acids and also
suggest that the binding is not mediated through recognition of
a single serine-rich dodecamer.

Deletion of the SRRs affects GspB export. In previous stud-
ies, we found that deleting either the SRR1 or SRR2 domain
had no apparent effect on the export of GspB (9). To better
determine whether these Asp-binding domains are essential
for GspB export, we deleted both SRR regions of
GspB736FLAG and expressed the variant protein from the chro-
mosome of M99. The export of this double-SRR deletion mu-
tant was compared to that of the glycosylated and nonglycosy-
lated forms of GspB736FLAG. Although the expression of the
double-SRR deletion protein was comparable to
GspB736FLAG, export of the variant was reduced, as indicated
by lower levels in the culture medium and its accumulation in
protoplasts (Fig. 8). Thus, deleting both of the preferred Asp
binding domains of GspB led to a reduction in its export,
indicating that Asp binding to the SRR regions is important for
GspB export.

The Asps can bind a heterologous, slow-folding accessory
Sec export substrate. Bioinformatics analysis of GspB using
PHYRE (17) indicates that the nonglycosylated SRR regions
are predicted to be disordered, which suggests that these re-
gions lack a distinct structure or fold (15). In the canonical Sec

system, binding of the chaperone SecB to its transport sub-
strates is based on its affinity for unfolded forms of proteins (2,
16), rather than through recognition of a consensus sequence
(18, 19, 39). In view of these findings, we investigated whether
Asp2 and Asp3 are capable of interacting with unfolded pro-
tein substrates. We have previously shown that the streptococ-
cal accessory Sec system is able to transport the heterologous
protein MalE31 (a slow-folding variant of MalE [27]), if it is
fused to the GspB signal peptide and AST domain (8). To
determine whether Asp2 and Asp3 can interact with this het-
erologous accessory Sec protein substrate, we examined
the binding of these Asps to a GspB-MalE31 fusion
(GspB1-117::MalE31). As shown in Fig. 9, both Asps bound
GspB1-117::MalE31, as measured by far-Western blotting (lane
1, blots II and III). Since the Asps do not bind the SP or AST
domain (Fig. 5B and C), these results indicate that the Asps
interacted directly with the MalE31 region. To assess this pos-
sibility, we compared the binding of Asp2 and Asp3 to MalE
and MalE31. Binding of Asp2 and Asp3 to MalE31 could be
detected, but no binding was observed to the native MalE
protein (compare lane 2 to lane 3). The data thus suggest that
the Asps can bind unfolded proteins more readily than folded
ones and imply that they might be functionally similar to the
SecB chaperone in this respect.

We further reasoned that if Asp2 and Asp3 could bind the
slow-folding MalE variant, the export of the GspB-MalE31
fusion protein from S. gordonii would likely occur in an Asp-
dependent manner. To determine whether this was the case,
GspBflag::MalE31 (8) was expressed from the chromosome of
S. gordonii in an asp2 or asp3 deletion background, and its
export was assessed. The results showed that no GspB-MalE31
fusion protein was exported in either asp deletion background

FIG. 6. Glycosylation of GspB prevents Asp binding. (A) A GST-SRR1-BR fusion protein was expressed in E. coli, either with or without the
coexpression of the streptococcal glycosyltransferases GtfA and GtfB (35). After purification, the constructs were probed by far-Western blotting
with purified H6Asp2 or H6Asp3. Lanes 1, 4, and 7, GST; lanes 2, 5, and 8, nonglycosylated GST-SRR1-BR; lanes 3, 6, and 9, glycosylated
GST-SRR1-BR. The amount of fusion protein present on the blots was assessed with anti-GST antibody (blot I). GspB binding by Asp2 or Asp3
was detected with anti-H6 antibody (blots II and III). (B) GspB736FLAG was expressed from S. gordonii in the presence or absence of GtfA (lanes
1 and 2, respectively) and purified from the culture medium. The proteins were probed by far-Western blotting with purified H6Asp2 or H6Asp3,
as indicated. Nonglycosylated GspB736FLAG purified from the WCL of E. coli served as a positive control (lane 3). The amount of protein present
on the blot was assessed with anti-FLAG antibody (blot I). Note that nonglycosylated GspB736FLAG secreted into the culture medium of M99 lacks
the signal peptide and thus has a lower molecular mass than the recombinant form obtained from E. coli.
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(see Fig. S1 in the supplemental material), indicating that both
Asp2 and Asp3 are essential for the export of GspB-MalE31
from the accessory Sec system.

DISCUSSION

The accessory Sec system is dedicated to the export of SRR
glycoproteins and contains a number of proteins unique to this
transport pathway (26, 46). Previous studies on Asp4 and Asp5
of S. gordonii suggest that these proteins might function as
SecE and SecG homologs, which can stabilize the translocon
and/or increase the efficiency of substrate export (38). In con-

trast, the functions for Asp1 to Asp3 are unknown. Asp1 to
Asp3 are essential for the accessory Sec substrate export (20,
28, 37, 45) and can interact with one another (20, 28). Fur-
thermore, Asp3 can bind SecA2 (28), suggesting that Asp3
might have a function targeting the substrate to the SecA2/Y2
translocon or modulating translocon activities.

In view of these recent findings, we assessed whether Asp1
to Asp3, either individually or as a multimeric complex, could
directly bind the GspB preprotein, the accessory Sec substrate
of S. gordonii M99. Using copurification analysis and Far West-
ern blotting, we found that Asp2 and Asp3, but not Asp1, could
interact with distinct regions of GspB. The presence of the
signal peptide did not affect binding of Asp2 or Asp3 to the
remainder of the preprotein. Moreover, Asp2 and Asp3 did
not detectably interact with the signal peptide or AST domains
of GspB, even though N-terminal regions of preproteins are
common mediators of trafficking. Instead, Asp2 and Asp3
could independently bind the SRR domains of GspB. Neither
Asp2 nor Asp3 bound a serine-rich dodecamer sequence, but
both proteins were able to interact with a longer (�80-residue)
serine-rich polypeptide (SRR1). The Asps also bound a slow-
folding variant of MalE, MalE31, which has been shown to be
a suitable heterologous substrate for the accessory Sec system
(8), but did not readily bind wild-type MalE. Since the non-
glycosylated SRR regions are predicted to lack a defined struc-
ture, the combined results indicate that binding of Asp2 and
Asp3 to GspB is likely due to their ability to interact with
unstructured or unfolded preprotein segments.

FIG. 7. Assessment of Asp2 and Asp3 binding to the SRR pep-
tides. (A) Schematic of generated GST-GspB fusion proteins contain-
ing either a full-length SRR1 region (GST-SRR1-BR) or a single SRR
dodecamer sequence stretch (GST-DD). (B) Purified nonglycosylated
and glycosylated SRR dodecamers were probed by far-Western blot-
ting with purified H6Asp2 or H6Asp3. Lane 1, GST; lane 2, nonglyco-
sylated SRR dodecameric peptide; lane 3, glycosylated SRR dodeca-
mer peptide; lane 4, nonglycosylated GST-SRR1-BR fusion protein.
The amount of peptide or protein present per lane was assessed with
anti-GST antibody (panel I). Binding of Asp2 (panel II) or Asp3
(panel III) to GST-SRR1-BR or the dodecamers was detected with
anti-H6 antibody.

FIG. 8. The SRR domains of GspB are important for optimal ex-
port. Variants of S. gordonii strain M99 expressing glycosylated
GspB736FLAG, nonglycosylated GspB736FLAG (NG), or a GspB736FLAG
lacking both SRR regions (�SRRs) were cultured overnight. Export of
each protein from S. gordonii was assessed by comparing levels of
GspB secreted into the culture medium (M) or retained in the proto-
plast (P) by Western blotting with anti-FLAG antibody (blots I and II).
The �-subunit of RNA polymerase in the protoplasts (blot III) served
as a loading control. For clarity, the GspB variants on blot II are
indicated. Note that three proteins of 150, 75, and 70 kDa that cross-
react with the anti-FLAG antibody are present in all lanes on this blot.
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Although our studies indicate that the Asps readily bind the
SRR regions, it is unclear whether they may also bind other
regions of GspB, albeit with lower affinity. When both SRRs
were removed from GspB, export of the remaining domain
(the BR) was less efficient, which provides corroborative evi-
dence that Asp binding to the SRR regions is important for
GspB transport. However, deletion of both SRR domains did
not fully abolish the export of the variant substrates. It is
possible that, although the SRR domains are the preferred
binding sites for the Asps, Asp2 or Asp3 might be able to bind
regions of GspB outside of the SRR domains, such as the BR,
prior to their folding and with weaker affinities. Consistent with
this possibility, some binding of Asp3 to the BR was detected
by far-Western blotting, if the BR was first denatured with urea
(unpublished data). Precedent for such preferential binding
can be found in SecB, which binds some regions of its sub-
strates more readily than others (18, 19, 39) and tends to bind
segments that are rich in basic (19, 25, 39) or aromatic (19)
amino acids.

The combined findings suggest that Asp2 and Asp3 might
function as molecular chaperones for the accessory Sec sub-
strate. Precisely how they do so is yet unknown. However,
some insights might be found in comparison to other cytoplas-
mic chaperones of various other export systems. Some exam-
ples include the redox enzyme maturation proteins (REMPs)
of the twin-arginine translocation system (10, 12), the class IA
chaperones of the type III secretion system (41), and SecB of
the canonical Sec system (1). The REMPs and the type III
secretion class IA chaperones are considered specific chaper-

ones because they typically recognize certain substrates within
the export system (10, 12, 41). A number of REMPs bind the
preproteins through interactions with the twin-arginine motif
located in the signal peptide (12, 24). The class IA chaperones
also bind the secretion signal located in the N terminus of the
substrate polypeptides; however, no sequence consensus was
found among these signals (41). In contrast, SecB belongs to a
class of general chaperones that can bind a variety of prepro-
teins (1, 19). SecB does not bind the signal peptide but instead
interacts with the mature regions of the substrates (18, 19, 21,
39). Of note, SecB preferentially binds unfolded proteins and
can block their folding in order to maintain them in a translo-
cation-competent (partially folded) state (2, 16). Despite these
differences in substrate specificity, all of the chaperones bind
noncovalently and directly to the preproteins and target the
substrate to the transmembrane channel complex through di-
rect interactions with other export system components (1, 10,
41). In comparison, the Asps seem to exhibit features of both
the general and specific chaperones in that they are capable of
binding to unfolded polypeptides but are dedicated to the
transport of only a single glycoprotein substrate.

A notable finding of this investigation was that glycosylation
of GspB can prevent its interaction with Asp2 and Asp3. This
suggests that binding of the Asps to the preprotein may occur
early in the course of GspB expression, before or concomitant
with its glycosylation. Thus, Asp2 and Asp3 are likely to be the
first components of the accessory Sec system that interact with
the nascent preprotein. Since Asp3 is predicted to be cyto-
plasm localized, whereas Asp2 may be membrane associated
(28), it is possible that Asp3 binds the preprotein first and then
relays it to Asp2 docked at or near the SecA2/Y2 translocon.
Moreover, our findings that Asp3 can bind SecA2 (28) and
GspB directly are consistent with the possibility that this pro-
tein might function in both targeting the substrate and in
modulating SecA2 activity. Studies to address these possibili-
ties are now in progress.
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