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The Accessory Sec Protein Asp2 Modulates GIcNAc Deposition onto
the Serine-Rich Repeat Glycoprotein GspB

Ravin Seepersaud, Barbara A. Bensing, Yihfen T. Yen, and Paul M. Sullam

San Francisco Veteran Affairs Medical Center and University of California, San Francisco, California, USA

The accessory Sec system is a specialized transport system that exports serine-rich repeat (SRR) glycoproteins of Gram-positive
bacteria. This system contains two homologues of the general secretory (Sec) pathway (SecA2 and SecY2) and several other es-
sential proteins (Asp1 to Asp5) that share no homology to proteins of known function. In Streptococcus gordonii, Asp2 is re-
quired for the transport of the SRR adhesin GspB, but its role in export is unknown. Tertiary structure predictions suggest that
the carboxyl terminus of Asp2 resembles the catalytic region of numerous enzymes that function through a Ser-Asp-His catalytic
triad. Sequence alignment of all Asp2 homologues identified a highly conserved pentapeptide motif (Gly-X-Ser’**>-X-Gly) typical
of most Ser-Asp-His catalytic triads, where Ser forms the reactive residue. Site-directed mutagenesis of residues comprising the
predicted catalytic triad of Asp2 of S. gordonii had no effect upon GspB transport but did result in a marked change in the elec-
trophoretic mobility of the protein. Lectin-binding studies and monosaccharide content analysis of this altered glycoform re-
vealed an increase in glucosamine deposition. Random mutagenesis of the Asp2 region containing this catalytic domain also dis-
rupted GspB transport. Collectively, our findings suggest that Asp2 is a bifunctional protein that is essential for both GspB
transport and correct glycosylation. The catalytic domain may be responsible for controlling the glycosylation of GspB, while
other surrounding regions are functionally required for glycoprotein transport.

he accessory Sec system of Gram-positive bacteria is dedicated

to the export of a family of glycosylated serine-rich repeat
(SRR) proteins (30). These surface proteins are increasingly being
recognized as important virulence factors for their respective
pathogens. The SRR proteins GspB and Hsa of Streptococcus gor-
donii, together with SraP of Staphylococcus aureus, are platelet-
binding adhesins that contribute to the pathogenesis of infective
endocarditis (4, 36, 45). In addition, the SRR proteins of Strepto-
coccus pneumoniae and group B streptococcus have been charac-
terized as surface adhesins mediating microbial persistence within
the lung and adhesion to brain microvascular endothelial cells,
respectively, thereby instigating invasive disease (28, 35, 42).

Each SRR protein is encoded within an operon that also en-
codes components responsible for its glycosylation and transport
to the cell surface. In Streptococcus gordonii, the accessory Sec sys-
tem is comprised of SecA and SecY homologues (SecA2 and
SecY2), suggesting that a Sec-like mechanism may be utilized for
protein transport. Indeed, SecA2 has ATPase activity, and both
SecA2 and SecY2 have domain organizations that match those
of their Sec counterparts (6, 41). The remaining 5 components,
termed Asps (accessory Sec proteins), share no significant se-
quence homology to any protein of known function, and it re-
mains unclear how these Asps contribute toward the transport
process.

Our studies in S. gordonii have shown that these Asps can in-
teract with each other, SecA2, and GspB and that at least some of
these interactions are essential for export. Asp3 and Asp2 can di-
rectly bind to unfolded regions of GspB, suggesting that these Asps
may function in part as molecular chaperones to facilitate GspB
trafficking out of the cell (46). In addition, we have shown that
Asp3 can also bind to other members of the accessory Sec system
(Aspl, Asp2, and SecA2), implicating Asp3 as a central compo-
nent of the accessory system (34).

Glycosylation of GspB is carried out by four other proteins
encoded within the same SRR operon. Modification of GspB is
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initiated by two glycosyltransferases (GtfA and GtfB), which cat-
alyze the transfer of N-acetylglucosamine (GlcNAc) to the SRR
regions of GspB (3, 39). Gly and Nss further add to the glycan
composition of GspB, with Nss being responsible for glucose de-
position (40, 48). Both GtfA and GtfB are present in all bacteria
encoding an SRR operon (24), and their functions in GIcNAc
deposition appear to be conserved (9, 26). The number and ap-
parent type of glycosyltransferases accompanying GtfA and GtfB
differ among SRR operons (24). Gly and Nss themselves can be
either absent or encoded alongside other glycosyltransferases.
Such variation in the number of encoded glycosyltransferases
among SRR operons is thought to contribute to the glycan varia-
tions present in SRR proteins (40, 47).

Since the transport or glycosylation of GspB involves different
sets of proteins, the two processes have been thought to be largely
independent of one another. Although glycosylation of full-length
GspB is essential for its stability, previous studies have not shown
any overlap between these events. Indeed, some truncated, non-
glycosylated forms of GspB are relatively stable in the absence of
glycosylation and are efficiently exported by the accessory Sec
system (34). These and other results have indicated that export
does not require GspB glycosylation and have further suggested
that the modification of GspB is independent of the transport
process. In an attempt to gain a better understanding of Asp
function, we conducted detailed sequence analyses of the ac-
cessory Sec components of Streptococcus gordonii. We now re-
port that Aps2 shares structural homology to a group of en-
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TABLE 1 Strains and plasmids used in this study

Glycosylation Control of the SRR Protein of S. gordonii

Strain or plasmid Relevant characteristics”

Reference or source

Strain

S. gordonii

M99 Parent strain 38

PS614 M99 Aasp2::spec 39

PS615 M99 gspB::pB2061,y;., Aasp2::spec 39

PS1243 M99 gspB::pB736flagC Aasp2::spec 34

PS1740 M99 AgspB 5

PS463 PS1740 gspB::pB1060;;.q 5

PS465 PS1764 gspB::pB3029, . 5

PS2749 PS463 Aasp2::spec This study

PS2750 PS465 Aasp2::spec This study
E. coli

DH5a General cloning strain Invitrogen

OverExpressC43(DE3) F~ ompT hsdSy(ry~ my~ ) gal dem (DE3) C43 Lucigen

Plasmids

pCDFDuet E. coli T7 expression vector, Spec” Novagen
pET28b E. coli T7 expression vector, Kan" Novagen
pACYCDuet E. coli T7 expression vector, Cm* Novagen
pCDFNss Vector expressing ;;,Nss, Spec” This study
pCDEFGly Vector expressing ;;,Gly, Spec” This study
pCDFNss-Gly Vector coexpressing ;,Nss and (;,Gly, Cm" This study
pETAsp2 Vector expressing 1;,sAsp2, Kan" This study
pETAsp2[S362A] Vector expressing ;4;,cAsp2[Ser’®*-Ala*®*], Kan" This study
pGSTGspB1060 Vector expressing srGspB1060, Cm" This study
pGSTGspB1060-GtfA/B Vector coexpressing ;¢rGspB1060, GtfA, and GtfB, Cm" This study
pORF2K E. coli cloning vector, ColE1 Cm" 40
pMSP3545 Nisin expression vector 8
pMSP3545asp2 asp2 in pMSP3545 This study
pMSP3545asp2::tn104 asp2::Tn98 in pMSP3545 This study
pMSP3545asp2::tn152 asp2::Tn105 in pMSP3545 This study
pMSP3545asp2::tn332 asp2::Tn237 in pMSP3545 This study
pMSP3545asp2::tn347 asp2::Tn311 in pMSP3545 This study
pMSP3545asp2::tn349 asp2::Tn340 in pMSP3545 This study
pMSP3545asp2::tn414 asp2::Tn345 in pMSP3545 This study
pMSP3545asp2::tn422 asp2::Tn358 in pMSP3545 This study
pMSP3545asp2::tn452 asp2:Tn391 in pMSP3545 This study
pMSP3545asp2::tn452 asp2::Tn450 in pMSP3545 This study
pMSP3545asp2::tn452 asp2::Tn466 in pMSP3545 This study

@ Erm", erythromycin resistance; Amp", ampicillin resistance; Kan", kanamycin resistance; Cm", chloramphenicol resistance; Spec’, spectinomycin resistance.

zymes that utilize a Ser-His-Asp catalytic triad for enzymatic
function. Moreover, disruption of this catalytic triad results in
the export of an aberrantly glycosylated form of GspB, sugges-
tive of arole for Asp2 in glycosylation. Thus, Asp2 appears to be
a bifunctional protein possessing a role in both the transport
and the glycosylation of GspB.

MATERIALS AND METHODS

Strains and growth conditions. All strains and plasmids used in this study
are listed in Table 1. S. gordonii strains were grown in Todd-Hewitt broth
(THB). Escherichia coli DH5a served as a host for cloning purposes. E. coli
was grown at 37°C under aeration in Luria broth (LB). When appropriate,
the following antibiotics were added to the media at the indicated concen-
trations, unless stated otherwise: ampicillin, 50 g ml~* for E. coli; chlor-
amphenicol, 34 wg ml ™! for E. coli and 5 pg ml~ ! for S. gordonii; kana-
mycin, 30 pg ml ™" for E. coli; erythromycin, 500 wg ml~" for E. coli and 60
pgml ™~ ! for S. gordonii; spectinomycin, 50 wg ml ™~ ! for E. coli and 100 pg
ml ™! for S. gordonii.

DNA manipulations. Routine molecular biology techniques for clon-
ing, sequencing, and PCR amplification were performed as described pre-
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viously (32). Chromosomal DNA was isolated from S. gordonii as de-
scribed by Madoff et al. (25). Plasmid DNA was isolated from E. coli using
miniprep columns (Qiagen). DNA restriction and modification enzymes
were used according to the manufacturer’s recommendations (NEB). E.
coli cells were transformed following CaCl, treatment (32), while S. gor-
donii was transformed by competence-induced transformation as de-
scribed previously (5).

Site-directed mutagenesis. Alanine replacement mutations within
asp2 were made by a two-stage PCR procedure. For codon conversion to
alanine, overlapping primers (Table 2) were used with either primer
pETasp2-F (5'-GCATATGAAGATTCAAAAACATAAGGAA) or primer
pETasp2-R (5'-CGTTCTCGAGTAACCATTTGACTCCTCTAAA) (un-
derlining indicates Nhel and Xhol restriction sites in pETasp2-F and
pETasp2-R, respectively) to generate overlapping DNA fragments span-
ning the entire asp2 open reading frame. The two DNA fragments were
combined for the second-stage PCR and then amplified using primers
pETasp2-F and pETasp2-R. Amplified products were digested with the
appropriate restriction enzymes and ligated into similarly digested
pET28b. The confirmed asp2 mutants were subsequently cloned in
pMSP3545. Sequence analysis was used to verify the correct mutation.
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TABLE 2 Oligonucleotides used for alanine-scanning mutagenesis of asp2

Mutant Direction Mutagenic oligonucleotide® Codon change

S318A Sense TGCCGATCAGCGATTAGACGG TCT — GCC
Antisense AATCGCTGATCGGCAATCAAAAGAAAAGGGC

S331A Sense GGTGCCGATGAATTAGAAGAAGG AGC — GCC
Antisense CTTCTAATTCATCGGCACCTAGATAAAAGACACC

S352A Sense TGCCGAACGAGAATTAATTCTATCC TCT — GCC
Antisense AATTCTCGTTCGGCAAAACCTAGTAATTCCATATG

S359A Sense CTAGCCGGTATATCCATGGGAAC TCC — GCC
Antisense ATATACCGGCTAGAATTAATTCTCGTTCAG

S362A Sense TATAGCCATGGGAACCTATG TCC — GCC
Antisense CCATGGCTATACCGGATAG

E451A Sense GGCTTACATGAAGGCCGAAGACTACGATCCGACAGC GAA — GCC
Antisense GATCGTAGTCTTCGGCCTTCATGTAAGCCAGACC

E452A Sense GCTTACATGAAGGAAGCCGACTACGATCCGACAGCT GAA — GCC
Antisense CGGATCGTAGTCGGCTTCCTTCATGTAAGCCAG

D453A Sense CATGAAGGAAGAAGCCTACGATCCGACAGCTTAC GAC —GCC
Antisense GCTGTCGGATCGTAGGCTTCTTCCTTCATGTAAGCC

H482A Sense CTTTCAGGGCGAGCTAATGACGATTCTAC CAT — GCT
Antisense GAATCGTCATTACGTCGCCCTGAAAGCC

@ Sequences of mutagenic primers are shown in the 5’3" order, with altered codons shown in bold.

Construction of asp2 deletion strains. The deletion of accessory sec
genes from S. gordonii strains that express GspB736flag has been de-
scribed previously (7). PS463 and PS465 are isogenic variants of the
parent strain Streptococcus gordonii M99 that express Hisg-tagged
GspB1070 (GspB1070,y;,6) and GspB3029,y;.. respectively (5). Both of
these strains were used to construct mutants having deletions of asp2
through nonpolar allelic exchange, as described previously (7).

Asp2 protein purification. Plasmid pET28b (Novagen) was used for
the synthesis of an N-terminally His,-tagged Asp2 fusion protein, which
was constructed as follows. A DNA fragment containing the entire coding
sequence of asp2 was amplified from S. gordonii strain M99 chromosomal
DNA using Vent high-fidelity polymerase (NEB) with primers pETasp2-F
and pETasp2-R (incorporating 5" Nhel and 3’ Xhol restriction sites, re-
spectively). The resulting PCR product was cloned into pET28Db, creating
an in-frame insertion of a His, tag at the N terminus, and pET28b was
transformed into E. coli OverExpressC43(DE3) (Lucigen). The identity of
the cloned DNA fragment was verified through restriction digestion anal-
ysis and DNA sequencing. For induction of His,-tagged Asp2 (3;,6ASp2)
protein expression, E. coli was grown at 37°C in LB medium supple-
mented with kanamycin. At an optical density at 600 nm of 0.6, isopropyl-
B-p-thiogalactopyranoside (IPTG) was added at a final concentration of 1
mM, and cells were grown for a further 2 h at 25°C to induce expression.
Induced cultures were pelleted and resuspended in lysis buffer (50 mM Na
phosphate, pH 8, 150 mM NaCl, 10 mM imidazole, and 1% Triton
X-100). Cells were lysed by sonication, and ;;,cAsp2 protein was purified
from the clarified lysates under native conditions by affinity chromato-
graphy, using Ni?*-nitrilotriacetic acid agarose (Qiagen). Purified Asp2
protein was reconstituted in storage buffer (25 mM HEPES, pH 7.4, 150
mM NaCl, and 5% glycerol) and stored in aliquots at —80°C until re-
quired for use.

Hydrolase and esterase activity. Hydrolase activity was determined as
described by Gladden et al. (16). In brief, p-nitrophenyl-p-b-glucopyran-
oside at a final concentration of 1 mg ml~' was mixed with 20 pg of
purified Asp2 in 50 mM sodium acetate in a total reaction volume of 100
pl. The mixture was heated to 70°C and incubated for 1 h, and the reaction
was quenched by adding 50 pl of cold 2% NaCO;. The release of p-
nitrophenol was measured by recording the change of the absorbance at
405 nm.

Esterase activity was determined by measuring the hydrolysis of the
p-nitrophenyl (pNP) esters of acetate (C,), butyrate (C,), caproate (C),
caprylate (Cyg), caprate (C,,), laurate (C,,), myristate (C,,), and palmitate
(Cy4)- PNP esters were dissolved in acetonitrile to give a stock concentra-
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tion of 50 mM. In a total reaction volume of 200 wl, 0.1 mM pNP ester in
50 mM Tris HCI (pH 8) containing 4% ethanol was used as a substrate in
a 96-well microtiter plate assay. Purified Asp2 and its variants were added
to the mixture, and the reaction was allowed to proceed for 30 min at
30°C. The release of p-nitrophenol was measured by recording the change
of the absorbance at 405 nm. A recombinant esterase from Bacillus stearo-
thermophilus (Sigma) served as a positive control for esterase activity.

Coexpression studies. Glutathione S-transferase (GST)-tagged
GspB1060 (;51rGspB1060) was amplified from pGST-GspBg,; (39) and
cloned within the first multiple-cloning site (MCS) of pACYCDuet. DNA
encoding gtfA and gtfB was amplified as a single DNA fragment from
PGEX-GspBg; pr-G-04 (39) and cloned within the second MCS of pACY-
CDuet. DNA encoding nss or gly was cloned as an N-terminal hemagglu-
tinin (HA) tag fusion (jj.nss and ;,¢ly, respectively) within the IPTG-
inducible plasmid pCDFDuet, while asp2 was cloned as an N-terminal
Flag tag fusion within pETDuet. E. coli OverExpressC43(DE3) cells were
simultaneously transformed with the designated plasmid set, and re-
combinant colonies were selected on plates containing the appropriate
antibiotics (ampicillin, 25 pg ml™'; chloramphenicol, 17 pg ml™%;
spectinomycin, 25 pg ml™"). Coexpression of ;srGspB1060 with de-
fined glycosylation and accessory Sec components was carried out as
described previously (39). E. coli lysates were probed with biotinylated
succinylated wheat germ agglutinin (sWGA) or anti-GST antibodies to
identify sGspB1060.

Far Western blot analysis. Culture medium containing nonglycosy-
lated GspB736flag secreted from strain M99 was reconstituted in 4X LDS
sample buffer (Invitrogen). Proteins were separated by SDS-PAGE (4 to
12% gradient) and transferred to nitrocellulose membranes. The mem-
branes were blocked by incubating for 2 h in phosphate-buffered saline
(PBS) containing 5% (wt/vol) skimmed milk at room temperature, fol-
lowed by 2 h of incubation in PBS—0.05% Tween containing recombinant
HiseAsp2 protein (1 wM). Membranes were washed 3 times for 15 min in
PBS-0.05% Tween, and bound ;,Asp2 was detected with mouse anti-
His6 antibody (GE Amersham). Membranes were developed as previ-
ously described.

Densitometry analysis. To quantify differences in GspB transport,
blots were incubated at room temperature (RT) with mouse anti-Flag
antibody (Sigma), used at a concentration of 1:5,000 for 2 h, followed by
another 90 min incubation with a 1:20,000 dilution of Alexa Fluor 680
anti-mouse IgG (LI-COR Biosciences). Immunoreactive bands were vi-
sualized using a LI-COR infrared imager (LI-COR Biosciences) at 700 nm.
Band intensity was measured using Odyssey (version 3.0) software.
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2D gel electrophoresis. Fifteen milliliters of culture medium from
logarithmically growing cells (containing comparable densities of bacteria
[in numbers of CFU/ml]) was concentrated 10-fold with an Amicon-
Ultra 15 centrifugal filter device (Millipore). Concentrated proteins were
processed using a two-dimensional (2D) ReadyPrep kit (Bio-Rad) and
suspended in 8 M urea, 2% CHAPS {3-[(3-cholamidopropyl)-dimethyl-
ammonio]-1-propanesulfonate}, 0.2% Bio-Lyte 3/10 ampholytes, 50 mM
dithiothreitol, and 0.002% bromophenol blue. Protein was hydrated onto
pH 4 to 7 immobilized pH gradient strips (Bio-Rad) overnight and then
focused for 30,000 V-h. Strips were then embedded into 3 to 8% gradient
Tris-acetate SDS-polyacrylamide gels to resolve in the second dimension.
Gels were either stained with Imperial protein stain (Thermo Scientific) or
transferred to nitrocellulose for Western blot analysis.

Whole-cell lectin-binding assay. The ability of S. gordonii strains to
bind to a panel of lectins was assessed as described previously (3, 40). All
lectins tested were biotinylated (Vector) and used at the following con-
centrations: WGA, 1 pg ml™ !; concanavalin A (ConA) and sWGA, 2 g
ml™'; and Griffonia simplicifolialectin (GSL-I, GSL-II) and Maackia amu-
rensis lectin (Mal IT), 10 ug ml ™.

Monosaccharide composition analysis. Secreted GspB2064 (previ-
ously described as GspB194) was purified from strain M99 culture
supernatants for monosaccharide content as previously described (3).
Monosaccharide analysis of purified GspB2064 was performed by the
Glycotechnology Core Resource at the University of California, San
Diego.

Mutagenesis of asp2. Random, in-frame insertions of Tn5 within asp2
were generated as described previously. In brief, an EcoRI-Xhol restric-
tion fragment of asp2 was cloned into pBluescriptANotl. The resulting
construct, pBluescriptKS-asp2, was subjected to EZ-Tn5 transposition,
and the transposition mixture was used to transform E. coli. Colonies
containing EZ-Tn5<KAN> insertions within asp2 were identified by
PCR, and the kanamycin resistance (KAN) cassette was removed through
Notl restriction digestion. The religated plasmid contained asp2 with a
random 19-codon in-frame insertion. The mutated EcoRI-Xhol asp2
gene fragment was amplified using primers ORF3C5 and ORF3C2 (40),
digested with BamHI and Xbal, and cloned into similarly digested
pMSP3545asp2. The resulting plasmids were sequenced to confirm the
presence of the EZ-Tn5 mutation and introduced into S. gordonii strain
PS1243 (asp2 deletion [Aasp2] strain). Supernatants and protoplasts pre-
pared from nisin-induced cells were collected and probed for secreted
GspB736flag and Asp2 expression as described previously (7).

Bacterial binding to sialyl-T antigen. S. gordonii strains were grown
for 18 h, washed twice with Dulbecco’s PBS (DPBS), sonicated briefly to
disrupt aggregate cells, and then diluted to 1 X 10” ml™". Fifty microliters
of bacterial suspensions was then applied to wells of a NeutrAvidin-coated
microtiter plate that had been coated with 20 pM biotinylated sialyl-T
antigen (GlycoTech Corporation). After 2 h of incubation at room tem-
perature under vigorous shaking, the unbound bacteria were removed by
aspiration. Wells were washed three times with DPBS, and the bound
bacteria were released by trypsin treatment (1 h incubation with 50 pl of 1
mg ml ™" trypsin at room temperature). The number of input and bound
bacteria was determined by plating serial dilutions of the bacterial suspen-
sions on sheep blood agar plates, and the binding was expressed as the
percentage of the input bound to sialyl-T antigen. Results are reported as
the mean * standard deviation (SD; with #n = 5). Differences in binding
were compared by the unpaired  test.

RESULTS

The C-terminal region is important for Asp2-mediated export.
Although Asp?2 is essential for GspB transport, its precise role in
export is unknown. Traditional BLASTP analysis of the primary
amino acid sequence has failed to identify significant sequence
similarity to any protein of characterized function, except to other
Asp2 homologues. To determine what features of Asp2 are neces-
sary for GspB export, a series of random in-frame transposon
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insertions of asp2 was generated, and they were assessed for their
ability to support GspB736flag secretion (GspB736flag is a trun-
cated version of GspB that has the same requirements for trans-
port as the native glycoprotein but lacks a cell wall-anchoring
domain, enabling it to be freely secreted into the culture medium).

Atotal of 10 mutations spanning the entire length of the coding
sequence were produced within asp2 (Fig. 1). These mutant alleles
were used to complement a strain M99 variant (PS1243) contain-
ing a deletion of asp2, and the resulting transformants were tested
for the ability to support export of GspB736flag. Western blot
analysis of the protoplast fraction of the complemented strains
showed comparable expression levels of all the Asp2 variants (Fig.
1D). Export of GspB736flag was maintained in Asp2 containing
insertions at amino acids (aa) 98, 105, 237, 311, 340, 391, and 466.
Insertion at amino acid 391 appeared to have a minor effect upon
transport, with a partial effect manifesting in an accumulation of
GspB736flag within the protoplast. Interestingly, an insertion at
amino acid 98 resulted in a GspB736flag with altered electro-
phoretic mobility, suggesting that Asp2 can affect the glycosy-
lation of GspB. In contrast, export was abolished by insertions
atamino acids 345, 358, and 450, where a clear accumulation of
GspB736flag was seen within the protoplast fraction, confirming
an export defect. Analysis of these Western blots by densitometry
confirmed that insertion at amino acids 345, 358, and 450 resulted
in a clear reduction in GspB736flag export to the culture medium,
with a corresponding accumulation of the preprotein within the
protoplast (Fig. 1C). Collectively, these findings suggest that the
C-terminal end of Asp2 is essential for GspB secretion.

Asp2 shares structural similarities to proteins possessing a
Ser-His-Asp catalytic triad. The finding that a particular domain
of Asp2 was essential for GspB transport prompted us to analyze
what determinants within this region may be responsible. To this
end, we examined the predicted structural similarities of Asp2 to
other proteins in the public databases. The tertiary structure pre-
diction programs PHYRE2 (19), HHpred (37), Robetta (20), and
SMART (22, 33) consistently identified a region within the C-ter-
minal half of Asp2 resembling the catalytic region of numerous
enzymes that utilize a Ser-His-Asp catalytic triad for catalytic ac-
tivity. PHYRE2 identified the closest structural homologue as a
copper-inducible hydrolase of Bacillus cereus (20% sequence iden-
tity with 98.1% confidence), followed by a 2,6-dihydropseu-
dooxynictotine hydrolase from Arthrobacter nicotinovorans (12%
sequence identity, 98.1% confidence) and a carboxylesterase of
Mesorhizobium loti (12% sequence identity with 98% confidence).
Enzymes possessing an identical catalytic triad were also identified
as structural homologues from HHpred (Fig. 2) and Robetta anal-
ysis, with the esterase EstA of S. pneumoniae consistently being
identified as a structural homologue to the C-terminal half of
Asp2. In addition, protein domain analysis using the SMART al-
gorithm identified an o/ hydrolase domain within aa 274 to 389
of Asp2, comparable to the region showing structural similarity to
bacterial esterases. In combination, these findings suggest that the
C terminus of Asp2 may possess enzymatic activity that involves a
conserved Ser-His-Asp catalytic triad.

Mutation of the catalytic triad affects the electrophoretic
mobility of GspB but not transport. Since Asp2 is required for
GspB export, we first examined whether the predicted catalytic
triad was important for the transport of the glycoprotein. To di-
rectly test this, we generated a series of alanine substitutions spe-
cifically targeting residues predicted to be essential for catalytic
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FIG 1 Effects of Asp2 domain disruption upon the export of GspB736flag. (A) Schematic illustrating the locations of EZ-Tn5 insertions within asp2. (B) Western
blot analysis of GspB736flag export by PS1243 derivative strains carrying in-frame insertions within asp2. Culture media (M) and protoplasts (P) were collected
from exponentially growing strains and prepared as described in the Methods and Materials. (C) Densitometry analysis of GspB736flag levels within media or
protoplasts. The y axis represents GspB736flag levels, based on band intensity analysis via LI-COR imaging. (D) Western blot detection of Asp2 and the in-frame
insertion mutants. Proteins were separated by SDS-PAGE and subjected to Western blot analysis using anti-Flag and anti-His antibodies for GspB736flag and

Asp2 detection, respectively.

activity. Structural modeling of the carboxyl-terminal region of
Asp2 identified residues Ser362, Glu452, and His482 as constitut-
ing a catalytic triad, when threaded on multiple enzymes (where
Ser362 was found to reside within the putative catalytic GXSXG
motif) (Fig. 3). To determine whether these residues did indeed
constitute a catalytic triad, Ser362, Glut452, and His482 together
with other candidate catalytic residues (Ser318, Ser331, Ser352,

Ser359, Glu451, and Asp453) were replaced by alanine, which is
known to eliminate catalytic activity (1, 43). Mutant alleles were
cloned within the nisin-inducible expression plasmid and used to
complement an asp2 deletion in strain PS1243.
Complementation with y;casp2 in trans restored GspB736flag
secretion into the culture medium, with little to no preprotein
retention within the protoplasts (Fig. 4A). Similarly, all of the asp2
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FIG 2 Predicted structural homology analysis of Asp2. The predicted structural

similarity of Asp2 to proteins with a solved crystal structure was assessed using

the homology detection and structure prediction server HHpred (http://toolkit.tuebingen.mpg.de/hhpred). Proteins exhibiting structural similarity are shown
aligned to the relevant region of Asp2 and are listed with their Protein Data Bank functional designation together with their species of origin.
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S.pneumoni;z_e GFDHKDLILS FPAL YYGASFEPHA 380
. mitis GFDRKDLILS FPAL YYGASFEPHA 356
S. oralis GLDRSDLILS FPAL YYGAYFEPKG 379
S. parasanguinis GFDQDQLIFS YPSL YYGADFEPHA 379
S. salivarius GFDNSQLILS FPSM YYGADFEPHA 382
Asp2 GFSERELILS YGAA YYGAcFSPRA 379
S. sanguinis GFTERDLILS YGAV YYGSEFRPRA 379
Staphylococcus epidermidis GFANNQLILS |GLSMG[SFGAL YYATKLNPAA 385
Staphylococcus hemolyticus GFKHDELILS |GLSMG|SFGAL YYAAQLEPAA 385
Staphylococcus aureus NFKSHELILS |GLSMG|SFGAL YYGAQLNPQA 385
Staphylococcus carnosus NFSDRDLIMS [GLSMG|SFGAL YYSGKLKPKA 382
S. agalactiae QFDHCQLILS |GLSMG[SFGAL YYGSTFSPHA 397
Gap2 GFSSSELILS [GI SMG[SFGAA YYAVDLNPTA 399
Lactobacillus johnsonii GFDESQLLVN [GI SMG[TYPAI KYGAKMSAHA 380
'Eubacterium rectale RFKKSDVI 1S |GMSMGITFGSL YFGSKLSPHA 370
Pediococcus pentosaceus GFTANQLVLS |GLSMGTYASL YYSSYLNPEW 386
Leuconostoc citreum HLSAQEVILT YYAADIKPGA 378

A B

Consensus GFXXXXLILS [GXSMGXFXAL YYGXXXXPXA

SI!{) Sdlﬂ
S. pneumoniae |EEMDPQAYEQ LVSY-LCNT- G-AKILSKGT DDTDT 489
S. mitis [EEMDPQAYEK LVTY-LCNT- G-AKILSKGT DDTDT 465
S. orql{s MDSGAYDQ LVET-LCQT- G-AKILSKGT DDTGT 488
S. parasanguinis |EDMDPTAYDD LTTA-LYYS- G-AKILSKGT DDSTT 488
S. salivarius |EDMDPTAYED ITKS-LYYS- G-AKILSKGT DDSYT 491
Asp2 YDPTAYED LVQY-LYPT- E-TQLMSNGL DDSTM 488
S. sanguinis [EDYDPTAYED LVAA-LHLT- E-AKLISRGV DDST! 488
Staphylococcus epidermidis YDKYAFQD LLPV-LTKQ- H-ARVISKRI DDSAT 494
Staphylococcus hemolyticus |DDYDATAFQN LSPV-LSQQ- G- SHVMSRGV DDSPT 494
Staphylococcus aureus YDPHAFQE LLPV-LTAH- Q-ARVMNRSI DDSPT 494
Staphylococcus carnosus |DPYDPRAHDD LVNY-FGKQ- K-VKI I SRGI DDTPT 491
S. agalactiae YDRNATPR LIDY-FSKT- N-TLLYASGY DNSQS 506
Gap2 YDGYATQR LTNY-LSQK- G-VHIYSVGY DNSQA 508
Lactobacillus johnsonii YDDKAVKE LKESPAVKQ- A-AQFSAKGF DD-PQ 489
Eubacterium rectale YDTDGYKN ILEH-LKSE- G-VEVYGKGS DNHES 479
Pediococcus pentosaceus YDRNAFDD LYRYLHQNSP K-SRI IHKGL DDTNG 497
Leuconostoc citreum YDGQSLQQ LLTFWATRDV ALTHVIAE-- VK1 PE 487

Consensus YDXXAXXX LXXX=LXXXs X=XXXXSXGX DDXXX

FIG 3 Predicted structure of the conserved catalytic region of Asp2. (A) Proposed structure of the carboxyl-terminal region (aa 227 to 494) of Asp2 based on
homology modeling using the crystal structure of the known thioesterase of Vibrio harveyi. Spatial arrangement of the catalytic residues Ser362, Glu452, and
His482. The diagram was generated using PyMOL software. (B) Amino acid alignment of the catalytic region among Asp2 homologues. The conserved GXSXG
motif and Glu/Asp and His catalytic residues are highlighted in pink.

mutants tested also restored secretion of GspB736flag into the the protein was now readily detectable in the cell wall fraction.

culture medium, indicating that replacement of these residues
does not affect the export of GspB736flag. Interestingly, a slight
change in electrophoretic mobility was observed in GspB736flag
secreted from PS1243 complemented with the Ser362, Glu452, or
His482 alanine replacement mutant (Fig. 4A).

We next examined the Asp2 mutants for their ability to export
native full-length GspB. The Asp2 mutants were used to comple-
ment an asp2 deletion in strain PS614, which expresses full-length
cell wall-anchored GspB. As was observed with GspB736flag ex-
port, complementation with wild-type (WT) Asp2 and all of the

However, the GspB exported by strains expressing the Asp2 vari-
ants with substitutions in the catalytic triad (Ser362, Glu452, and
His482) migrated with a higher molecular mass than the WT pro-
tein. Furthermore, GspB secreted from S. gordonii expressing
these Asp2 variants was more readily detectable with anti-GspB
antiserum, an antibody predominately reactive against the carbo-
hydrate moieties present on native GspB (3, 40) (Fig. 4B). Collec-
tively, these findings indicate that the catalytic triad present within
Asp2 does not influence the export of GspB but is important for
the posttranslational modification of the protein.

alanine replacement mutants restored GspB surface expression, as The Srr region is a site of Asp2 activity. The observation that
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FIG 4 Effects of mutating the catalytic triad upon the export of GspB736flag and native GspB. Western blot analysis of GspB736flag (A) and native full-length
GspB (B) export by S. gordonii strains carrying the designated serine-alanine substitutions within Asp2. Residues constituting the catalytic triad of Asp2 are
highlighted in red. Culture media (M) and protoplasts (P) were collected from exponentially growing strains, while cell wall (CW) proteins were released by
mutanolysin digestion, as described in the Materials and Methods. Proteins were separated by SDS-PAGE (3 to 8%) and analyzed by Western blotting, using
anti-Flag antibody to detect GspB736flag and anti-GspB serum to detect native GspB. GspB*, the excessively glycosylated form of GspB due to Asp2 mutation;
Asp2®, an overexposure of native GspB detected with anti-GspB serum.
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FIG 5 Asp2-dependent export of GspB truncates from S. gordonii strains.
Western blot analysis of secreted GspB variants in culture media (M) or in
protoplasts (P). S. gordonii Aasp2 strains were complemented with either na-
tive asp2 or asp25°°**. Proteins were separated by SDS-PAGE through 3 to 8%
polyacrylamide gradient gels and subjected to Western blot analysis using
anti-GspB antiserum.

mutating the catalytic triad of Asp2 had a greater impact on the
electrophoretic mobility of native GspB than the truncated variant
GspB736flag suggested that the site of Asp2 activity was within the
SRR2 region (a target site for glycosylation). This was consistent
with our previous finding that Asp2 could bind the SRR regions
directly (46). To define the regions of GspB affected by Asp2, we
expressed a series of GspB C-terminal truncates differing in the
length of their SRR2 region and assessed the effects of the S362A
mutation upon export and electrophoretic mobility (Fig. 5).

We first examined by Western blotting the export of
GspB1060, which has an SRR2 region that is 324 aa longer than
that of GspB736flag. When expressed in the presence of native
Asp2, GspB1060 was exported into the culture medium as a 268-
kDa band, while export of this variant in an Asp25**** background
resulted in a form of GspB exhibiting a larger apparent mass (ap-
proaching 460 kDa), with no accumulation seen within proto-
plasts, suggesting that transport is not affected by this mutation.
This slower migration pattern became more pronounced in ex-
ported GspB variants containing more of the SRR2 region
(GspB2061 and GspB3029). Moreover, the size of GspB secreted
by the catalytic mutant mirrored the size of nonexported GspB in
the corresponding Aasp2 strain (data not shown). In combina-
tion, these findings suggest that the effect of altering the catalytic
site of Asp2 becomes more apparent as the number of glycosyla-
tion sites (the SRR region) increases.

Mutations in the catalytic triad of Asp2 alter glycosylation of
GspB. Changes in the electrophoretic mobility of glycoproteins
can often be associated with a change in glycan content. To di-
rectly test this possibility, we examined the glycosylation of full-
length GspB expressed by M99 strain PS614 (an asp2 deletion
strain) complemented with selected variants of Asp2. Immobi-
lized bacteria were probed with a panel of lectins (ConA, WGA,
sWGA, Mal II, GSL-I, and GSL-II) that recognize glycans present
on GspB. As was seen for PS614 complemented with asp2, GspB
expressed in the background of any of the asp2 mutants also ex-
hibited detectable binding to all of the lectins tested (Fig. 6A),
suggesting that glycan structures found in native GspB are still
present in the Asp2 mutant strains. Interestingly, bacteria express-
ing GspB in an Asp2 background with the S-to-A change at amino
acid 362 (Asp2%*°**) had significantly higher levels of sWGA and
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GSL-1II binding than WT Asp2 (P < 0.05). Since both lectins bind
glucosamine, these findings indicated that the carbohydrate com-
position of GspB was altered, with higher levels of the monosac-
charide being produced by the Asp25*°* variant. To confirm that
this change in lectin binding by bacteria was due to GspB, we
assessed lectin binding to a secreted form of GspB. M99 strain
PS615 was complemented with either asp2 or the asp2 variants,
and the culture supernatants were probed with sWGA to detect
secreted GspB2061. A band with a molecular mass corresponding
to that of GspB2061 was identified in the culture supernatants of
cells complemented with asp2, asp2>'#4, asp253°'4, asp253°24 and
asp2537°4, while sSWGA failed to recognize any proteins secreted in
PS615 transformed with the vector alone (Fig. 6B). Consistent
with the whole-cell lectin-binding assay, the higher-molecular-
mass form of GspB2061 from the strain complemented with
asp253°** (also previously recognized with anti-GspB; Fig. 5)
bound considerably more sWGA than GspB2061 secreted from
any other Asp2 background. These combined results suggest that
mutation of the catalytic triad within Asp2 leads to a change in the
carbohydrate content of GspB by either an increase in GIcNAc
levels or a removal of the distal sugars that may mask GlcNAc.

The Asp25°°** mutation leads to an excessive GIcNAc depo-
sition. To more directly characterize the change in GspB glycosyl-
ation resulting from the S362A mutation, we assessed the impact
of this mutation on the monosaccharide content of GspB2061. We
have previously characterized the monosaccharide composition
of this secreted form of GspB and have shown that it is comparable
to that of the native glycoprotein (3). GspB2061 exported ina WT
Asp2 background predominantly contained glucose and GlcNAc,
with minor amounts of N-acetylgalactosamine, galactose, fucose,
and mannose (Table 3), consistent with previous reports. The
same monosaccharides were also detected on GspB2061 when ex-
ported in an Asp2%**** background. However, the amount of
GIcNAc liberated from this form of GspB was approximately
5-fold greater than that seen on native GspB2061, with minor
changes in the amounts of galactose and fucose also detected (Ta-
ble 3).

This increase in the content of GIcNAc (a sugar of neutral
charge) of GspB was further assessed through 2D electrophoretic
analysis of secreted GspB2061. Nonglycosylated GspB has a pre-
dicted pI of 3.9, while the truncated variant GspB2061 has a pre-
dicted pI of 4.08, indicating that both are acidic proteins. Indeed,
glycosylated GspB2061 was resolved over a pl range of 4 to 5,
suggesting that its native glycan composition did not strongly in-
fluence the plI (Fig. 7). Furthermore, a shift from heterogeneity of
native GspB2061 to an exclusive high-molecular-mass glycoform
exported from the Asp25°** variant, both at the same pI position,
indicates a change in molecular mass and not net charge. These
results, in combination with the lectin affinity analysis described
above, demonstrate that the disruption of the catalytic triad
within Asp2 leads to an increase in the GIcNAc content of GspB.

Asp2 does not exhibit direct hydrolase or esterase activity. As
mentioned above, structural similarity analysis indicated that
Asp2 resembles a number of esterases and hydrolases that uti-
lize a Ser-Asp-His triad for catalytic activity. This prompted us
to examine directly whether Asp2 indeed possessed esterase or
hydrolase activity. Recombinant iy, Asp2 and y;cAsp252°**
were purified to homogeneity, and each was assessed for enzy-
matic activity against pNP ester and hydrolase substrates.
When tested against a panel of monoesters of various chain
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FIG 6 Impact of mutating the Asp2 catalytic triad on the glycosylation of GspB. (A) Binding of a panel of biotinylated lectins to immobilized S. gordonii strain
PS614 expressing full-length GspB in the designated asp2 background. Levels of lectin binding were detected with a horseradish peroxidase-conjugated antibiotin
antibody and expressed as means = SDs of triplicate measurements. *, values that are significantly different (P < 0.05) from the value for PS614 (with asp2). (B)
Lectin blot analysis of GspB2061 secreted by PS615 complemented with asp2 variants. Proteins in the culture media were separated by SDS-PAGE (3 to 8%) and

probed with sSWGA.

lengths (C, to C,4), neither ;;;sAsp2 nor 15;,,Asp2 5*** exhib-
ited significant activity in comparison to that of a defined es-
terase from Bacillus stearothermophilus (Fig. 8A). Similarly,
both 1;.sAsp2 and ;s Asp25°°** displayed low activity against
the hydrolase substrate (pNP-N-acetyl-B-D-glucosaminide)
(data not shown). Collectively, these findings suggest that un-
der the conditions tested, Asp2 does not possess detectable
esterase or hydrolase activity.

TABLE 3 Monosaccharide associated with GspB2061 secreted from S.
gordonii and S. gordonii Asp257°**

Amt bound (nmol)

Monosaccharide® Asp2 Asp253624
GlcNAc 0.4408 5.2101
Glc 1.3847 1.1639
GalNAc 0.191 0.1679
Gal 0.2347 0.4838
Fucose 0.0029 0.0296
Mannose 0.5624 0.5501

“ Monosaccharides bound to 2 ug of purified GspB2061.
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Asp2 does not affect the activity of GtfA/GtfB, Nss, or Gly.
The observation that expression of the Asp2 catalytic mutant re-
sulted in secretion of GspB with increased GIcNAc content sug-
gested that Asp2 could either modify GspB directly or affect the
activity of GtfA, GtfB, Gly, or Nss. Of note, GtfA and GtfB act
synergistically to add the proximal GlcNAc sugar, while Gly and
Nss add distal sugars to the final glycan composition of GspB (3,
40). To test these possibilities, we examined the impact of Asp2 on
the glycosylation of the SRR regions of GspB, when expressed in
conjunction with the four glycosylation proteins. We utilized an
established in vivo glycosylation system where truncated forms of
GspB undergo glycosylation in E. coli, when coexpressed with the
above-described proteins (39). This system permits the specific
coexpression of different glycan-modifying proteins in conjunc-
tion with a GspB variant, thereby permitting analysis of the spe-
cific contribution of each protein in glycosylation.

We first assessed the glycosylation of a GST-GspB variant en-
compassing the SRR1-BR and SRR2 regions of GspB1060 by GtfA/
GtfB. As expected, little to no GspB was detected in cell lysates
when expressed by itself (Fig. 8B). This is consistent with our
previous findings, where any GspB variant with an SRR region
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FIG 7 Positional shift of secreted Gsp2061 due to asp2 mutation. M99 Aasp2
complemented with asp25°°** (A) or wild-type asp2 (B) was grown to mid-log
phase, and the culture media were analyzed by 2D electrophoresis. Different
glycoforms of secreted GspB2061 were detected using anti-GspB antiserum.
Arrows, positional shift of native GspB2061 (boxed in green) to a larger variant
glycoform (boxed in red) due to asp2 mutation. IEF, isoelectric focusing.

longer than ~100 aa is unstable if nonglycosylated (7). Coexpres-
sion with GtfA/GtfB resulted in the appearance of GspB that was
recognized by both anti-GST and sWGA, with recognition by the
latter indicative of modification with GlcNAc (Fig. 8B). Coexpres-
sion of GspB with either Nss or Gly failed to produce any detect-
able GspB (results identical to those shown in the first lane of Fig.
8B), as these enzymes require the deposition of GIcNAc to modify
GspB (39, 40). Expression of all four glycosylation proteins re-
sulted in a form of GspB with an apparent molecular mass that was
larger than that seen with GtfA/Gt{B alone, indicating that addi-

tional glycan modification had occurred. However, no changes in
the electrophoretic mobility of these GspB glycoforms were evi-
dentin E. coli when collectively expressed with Asp2 or its catalytic
mutant, suggesting that Asp2 does not directly affect the activity of
GtfA/GtfB, Gly, or Nss on GspB. Moreover, no enzymatic cleavage
of Gly and Nss was observed within E. coli lysates when coex-
pressed with Asp2 or its catalytic mutant (data not shown), sug-
gesting that Asp2 does not directly process the enzymes mediating
glycosylation. These findings are consistent with those of zymo-
gram analysis of purified recombinant Asp2, where no protease
activity was observed (data not shown). In aggregate, these data
indicate that Asp2 does not directly affect the glycosylation activ-
ities of GtfA/GtfB, Gly, and Nss.

Incorrect glycosylation of GspB leads to a reduced binding to
sialyl-T antigen. The finding that GspB can be produced and ex-
ported as a different glycoform following Asp2 mutation raised
the issue of whether this altered glycosylation had an impact on
the biologic activity of the glycoprotein. One function of GspB is
to mediate attachment to human platelets through the interaction
of the nonglycosylated binding region to sialyl-T antigen, an O-
linked saccharide found on the platelet membrane glycoprotein
Iba (GPIbar). To examine the impact of aberrant glycosylation on
GspB function, we compared binding to immobilized sialyl-T an-
tigen by strain PS614 complemented with asp2 and PS614 com-
plemented with the asp25°°** variant. As expected, PS614 express-
ing WT asp2 exhibited high levels of binding to sialyl-T antigen
compared with that of the asp2 deletion strain (Fig. 9). Interest-
ingly, PS614 expressing the Asp25*“** mutation had significantly
reduced binding to sialyl-T antigen, with levels being no higher
than those seen with the asp2 deletion strain. These results indi-
cate that the incorrect glycosylation of GspB can impair binding to
its host receptor.

DISCUSSION

The SRR glycoproteins are a family of adhesins that are increas-
ingly recognized as important virulence factors expressed by
Gram-positive bacteria. They are unique virulence determinants,
in that glycosylated proteins are strikingly rare among Gram-pos-
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FIG 8 Esterase activity of Asp2 and its influence upon other glycosylation components. (A) Relative activities of Asp2 and its catalytic mutant (Ser362) toward
PNP esters with different carbon chain lengths. Release of p-nitrophenyl is shown relative to the activity of a known carboxyl esterase (Bacillus Est). Data shown
are means = SDs of triplicate measurements. (B) GST-GspB1061 glycosylation in E. coli. The presence (+) or absence (—) of individual components of the
glycosylation machinery is indicated. E. coli lysates were separated by SDS-PAGE (3 to 8%), transferred to membranes, and probed with either ant-GST or sWGA.
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FIG 9 Binding of S. gordonii strains to sialyl-T antigen. S. gordonii strain
PS614 complemented with asp2, empty vector (Aasp2), or asp25°°** was as-
sessed for binding to immobilized sialyl-T antigen. Binding is expressed as the
percentage (mean * SD) of input bacteria that remained bound to sialyl-T
antigen after repeated washing of the wells. *, P < 0.05 compared with WT
asp2.
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itive bacteria, and they are exported to the cell surface through a
dedicated transport system. Both glycosylation and export involve
multicomponent processes. Studies within S. gordonii show that
glycan production and assembly are mediated through 4 sugar-
modifying enzymes (GtfA, GtfB, Nss, and Gly), while GspB trans-
portis accomplished through the coordinated activity of a 7-com-
ponent accessory Sec system. We have previously shown that
GspB glycosylation occurs independently of export and that gly-
cosylation is not required for transport by this pathway (7).

The roles of the Asps in this specialized export system remain
elusive. Asp2 is one of the least-characterized components of the
accessory Sec system. We identified a serine-based catalytic triad
within the C-terminal end of the protein, a motif that forms the
catalytic site for a diverse group of enzymes, including proteases,
lipases, hydrolases, and esterases (2, 14, 31), mutation of which led
to an aberrantly glycosylated but exported form of GspB. This
altered glycosylation was due to an increase in GIcNAc content,
suggesting that the enzymatic activity of Asp2 was either directly
or indirectly involved in the glycosylation of GspB. In addition,
mutation of these key catalytic residues did not affect the ability of
Asp2 to support GspB export, indicating that this catalytic activity
is dispensable for transport.

The precise substrate and catalytic step mediated through the
enzymatic activity of Asp2 remains to be elucidated. However, our
studies showed that Asp2 did not influence the activity of Gly or
Nss or the ability of GtfA and GtfB to initiate glycosylation. These
findings are consistent with the possibility that Asp2 may directly
modify glycosylated GspB. Protein glycosylation, involving nu-
merous glycan-modifying components, generally employs a gly-
can-processing or -trimming step to ensure export of a correct
glycoform (17, 18, 21). Loss in trimming of eukaryotic glycopro-
teins is associated with hyperglycosylation (10, 17, 27), as was seen
in GspB following Asp2 mutation. Interestingly, glycoside hydro-
lases (which cleave glycosidic linkages to release a sugar moiety)
are associated with trimming and typically function through a
serine-based catalytic triad (15). Although the native glycan struc-
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ture present on GspB has yet to be determined, it is possible that
Asp2 may function in a similar role toward maintaining a partic-
ular glycoform of GspB.

Asp2 alone failed to exhibit detectable enzymatic activity
against a panel of synthetic esters and hydrolase substrates, sug-
gesting that the catalytic activity seen in S. gordonii requires addi-
tional cofactors to be reproduced in vitro. Of note, we have previ-
ously shown that Asp3 can mediate multiple protein-protein
interactions among the accessory Sec components (34). Thus, it is
possible that Asp2 forms a multimeric protein complex with one
or more of these transport proteins that facilitates its catalytic
activity. Precedent for this can be seen in the glycosylation ma-
chinery utilized within the Golgi apparatus, where a conserved
oligosaccharyl transferase complex (COG) is responsible for N-
linked protein glycosylation. Such complex formation not only
enables colocalization of the glycosylation components, so that
they may function in sequence, but also serves as a means to con-
trol the activity of each enzyme individually (11, 12). The contrib-
utory role of other accessory Sec components toward the catalytic
activity of Asp2 is being vigorously pursued.

Interestingly, complex formation between homologues of the
Asps in other SRR pathogens has also been described to be impor-
tant for the glycosylation of SRR proteins. In Streptococcus para-
sanguinis, disruption of an interaction between Gapl and Gap3
(Aspl and Asp3 homologues, respectively) results in the export of
a high-molecular-mass form of Fap1 (the SRR protein of S. para-
sanguinis) (23, 29, 44). It has been proposed that this high-molec-
ular-mass variant represents an intermediate Fap1 glycoform and
that these proteins (with Gap1 proposed to be a possible glycosyl-
transferase) contribute toward the final glycosylation state of Fap1
(23). Aspl-Asp3 binding has also been identified in S. gordonii,
although no effect upon GspB glycosylation was evident following
disruption of this interaction (34). However, the ability of Asp3 to
bind both Aspl and Asp2 is consistent with the possibility that a
larger protein complex may be required for effective GspB glyco-
sylation.

Although the catalytic mutants of Asp2 (S362A, E452A, and
H489A) were still able to efficiently export GspB (albeit an aber-
rantly glycosylated form), several insertions surrounding the cat-
alytic triad were found to negatively impact GspB transport. We
have previously shown that Asp2 can directly bind the SRR region
of GspB (46). None of the catalytic mutants lost the ability to bind
GspB (data not shown). However, if this protein interaction is
necessary for GspB transport, it is a distinct possibility that the
residues lining the catalytic site may be responsible for preprotein
binding. Moreover, if GspB is indeed a substrate for Asp2, the
binding of GspB near or at its catalytic site would promote effi-
cient enzymatic activity. Alternatively, if Asp2 promotes a stable
Asp-based complex, it could also indirectly affect GspB export if
one or more of its binding partners have a direct role upon GspB
transport (as has been speculated for Asp3 [34]).

The observation that GspB can be expressed as a different gly-
coform with greater glycan deposition suggests that there are con-
trol mechanisms in place for GspB to maintain a particular glyco-
sylation state. Furthermore, the significant reduction in strain
M99 binding to sialyl-T antigen following aberrant glycosylation
of GspB strongly suggests that maintenance of a particular GspB
glycosylation state is physiologically relevant toward M99 binding
to platelets. Indeed, excessive glycosylation could foreseeably lead
to a conformational change of GspB or occlude its binding region,
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thereby preventing platelet adhesion. These findings support the
concept that excessive glycosylation of an SRR protein affects its
physiological function. Indeed, the ability to modulate glycosyla-
tion of GspB could serve as a means to regulate bacterial adhesin.
Of note, Mistou et al. demonstrated that alterations in glycosyla-
tion of the SRR protein Srrl of Streptococcus agalactiae resulted in
impaired bacterial adhesion and reduced virulence (26). These
findings further demonstrate the necessity of linking the processes
of glycosylation and protein transport in the biogenesis of an ef-
fective virulence factor.

Finally, the findings presented here show that a specific region
within Asp2 is required to support GspB export while also influ-
encing its glycosylation state. Indeed, Asp2 appears to be a novel
bifunctional protein, acting as a mediator of GspB transport while
also modulating its glycosylation. Although we have previously
shown that the processes of GspB transport and glycosylation are
separable, our findings presented here suggest that there is a con-
vergence of the two pathways and that Asp2 may be responsible
for the successful coordination of these two activities. Moreover,
since the maintenance of a correct glycoform appears to be essen-
tial for SRR protein function, it would be advantageous to link the
two processes. The contributory roles of other accessory Sec mem-
bers toward GspB glycosylation are now being explored.
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