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Surface display of proteins by sortases in Gram-positive bacteria is crucial for bacterial fitness and
virulence. We found a unique gene locus encoding an amylase-binding adhesin AbpA and a sortase B in
oral streptococci. AbpA possesses a new distinct C-terminal cell wall sorting signal. We demonstrated
that this C-terminal motif is required for anchoring AbpA to cell wall. In vitro and in vivo studies revealed
that SrtB has dual functions, anchoring AbpA to the cell wall and processing AbpA into a ladder profile.
Solution structure of AbpA determined by NMR reveals a novel structure comprising a small globular
/B domain and an extended coiled-coil heliacal domain. Structural and biochemical studies identified
key residues that are crucial for amylase binding. Taken together, our studies document a unique
sortase/adhesion substrate system in streptococci adapted to the oral environment rich in salivary
amylase.

Gram-positive cell wall anchored proteins play important roles in bacteria-host interactions and disease patho-
genesis. This family of proteins mediates diverse cellular functions through binding to various host receptors!=.
Many surface proteins are covalently linked to the cell wall by sortases*, membrane-associated cysteine transpep-
tidase enzymes that catalyze cleavage of a conserved cell wall sorting signal (CWSS), such as the LPXTG motif,
within the C-terminus of their cognate substrates, and subsequently attach the cleaved substrates to peptidogly-
can®. Sortase deficiency attenuates bacterial virulence in diverse infection models®~’.

Sortase homologs and their substrates have been classified into four groups based on sequence homology and
substrate recognition in Gram-positive bacteria*!°. Sortase A (SrtA) is often referred to as a housekeeping sortase.
It anchors the majority of LPXTG containing proteins to the bacterial cell wall. Accessory sortases, including
sortase B (SrtB)!!2, sortase C'*!* and sortase D> either anchor their specific substrates to the bacterial cell wall
or assemble cell surface pili*®-2°. Many genes coding for accessory sortases, found in the same gene operons that
encode their substrate proteins'>!#1621-22 recognize a variety of C-terminal CWSSs within different substrates,
which is crucial for the cell surface display.

Oral streptococci are primary colonizers of dental biofilms in the oral cavity?*. Like other Gram-positive bac-
teria, oral streptococci possess numerous cell wall anchored proteins that contain typical housekeeping CWSS
mediated by SrtA. Oral streptococci have also evolved to bind the most abundant salivary protein, amylase, which
contributes to the development of the dental biofilms?%. Amylase binding streptococci only colonize hosts that pro-
duce amylase in their saliva?®, indicating a specific bacterium-host interaction. In Streptococcus gordonii, amylase
binding is mediated by amylase-binding protein A (AbpA)?. Mutation of AbpA causes deficient biofilm formation
and bacterial adhesion in vitro?”. However, AbpA lacks the classic CWSS and is released into the culture superna-
tant?®, but is also found on the cell surface of S. gordonii*®. Moreover, binding of amylase by AbpA in S. gordonii
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Figure 1. AbpA binds to amylase and is anchored to the bacteria cell wall. (A) abpA mutation abolished
amylase binding. Bacterial cells harvested from S. parasanguinis wild-type strain, abpA mutant and the
complemented strain (abpA—/4-) were incubated with saliva for amylase binding assay. The intact bacterial cells
(left) were separated from saliva supernatants (right), and subjected to SDS-PAGE analysis and protein staining.
An arrow labels amylase. (B) AbpA is anchored to the cell wall. Subcellular fractionation was prepared from

S. parasanguinis wild-type strain, abpA mutant and the complemented strain (abpA—/+) and examined by
Western blot analysis using anti-AbpA antibody. TPX, a cytoplasmic protein, was used as a control.

differentially regulates expression of genes involved in fatty acid biosynthesis, and alters bacterial survival in stress
conditions?. The precise mechanisms underlying these complex and diverse phenomena remain unknown.

Streptococcus parasanguinis and other amylase-binding streptococci (including S. gordonii) encode a unique
two-gene cluster consisting of abpA and an accessory sortase, srtB. In this report, we demonstrate that AbpA is
processed and anchored to the bacterial cell wall by SrtB. We have also solved the high-resolution solution struc-
ture of AbpA by NMR, determined key residues important for amylase binding, and identified the sub-domain
that contributes to appearance of the AbpA ladder profile. This sortase-AbpA system is only found in selected
species of oral streptococci, and is distinct from previously reported sortase and substrate systems. Thus, the
current study should shed new insights on the bacterium-host interaction, which could suggest novel approaches
for modulating the oral microbiota.

Results

A genetic locus consisting of abpA and srtB is highly conserved in oral streptococci. S. paras-
anguinis is a primary colonizer of the oral cavity. It has the ability to bind to salivary amylase. A gene coding for a
putative amylase-binding protein (AbpA) is located upstream of a gene encoding a putative sortase B (SrtB). This
abpA-srtB gene organization is highly conserved in oral streptococcal genomes (Fig. S1A), but not found in any
other bacterial species.

Salivary amylase is known to bind to amylase-binding streptococci, with amylase completely removed from
saliva following incubation with the bacterial cells*. Thus, the ability of a strain to bind to salivary -amylase
was determined by examining the level of amylase in saliva supernatant after incubating bacterial cells with
human saliva. Inactivation of abpA in S. parasanguinis rendered the bacteria unable to bind amylase, caus-
ing the enzyme to remain in the saliva supernatant (Fig. 1A, lane 2). Subsequent complementation restored
wild-type levels of binding (Fig. 1A lanes 1 and 3, 4 and 6). Comparison of AbpA homologs revealed that
significant sequence homology exists in both N-terminal signal sequence and C-terminal region (Fig. S1B).
The C-terminal region contains the LPKTS motif followed by a short tail (AVK). It is distinct from reported
classical cell wall sorting signals, which are much longer and contain the LPXTG motif, a hydrophobic domain
and a charged tail (Fig. S1C).

AbpA is anchored to the cell wall and presents as a ladder profile. To verify whether AbpA is
anchored to the cell surface, we determined the subcellular localization of AbpA. AbpA was detected in both cul-
ture supernatant and cell wall fractions, but not in the cytoplasm (Fig. 1B). Tpx, a known cytoplasmic protein, was
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used as a positive control®!. Detection of Tpx in the cytoplasm, but not in the cell wall, verified the purity of these
subcellular fractions (Fig. 1B). Interestingly, a protein ladder profile was evident for AbpA only in the cell wall
fraction but not in the supernatant, suggesting that AbpA is displayed on the cell wall as a higher order structure.

SrtB mediates the cell surface localization of AbpA and amylase binding. ~ Given the fact that abpA
and srtB genes are adjacent on the chromosome and AbpA was found on the cell wall, we hypothesized that SrtB
mediates the anchorage of AbpA to the cell surface. Indeed, a SrtB-deficient mutant mimicked the AbpA mutant
in terms of failing to bind amylase to the cell (Fig. 2A, lane 2 versus lanes 1 and 3). In addition, AbpA was released
into the supernatant, and absent from the cell wall fraction when srtB was inactivated (Fig. 2B, lanes 5 and 8). The
same protein distribution pattern was also seen in S. gordonii (Fig. 2C, lanes 5 and 8). Moreover, inactivation of
srtA, a gene coding for the housekeeping sortase did not affect amylase binding (Fig. 2D, lanes 3 and 6), suggest-
ing SrtB, not SrtA, enables the amylase binding through the presentation of AbpA on the cell surface.

We next tested whether SrtB from different oral streptococci would cross-complement each other. Indeed, the
srtB mutant could be complemented by srtB from either S. parasanguinis or S. gordonii (Fig. 2E, lanes 4 and 8, 12
and 16), suggesting that SrtB from these species is functionally conserved. In contrast, SrtB from S. aureus or S.
pneumoniae failed to complement the srtB mutant of either S. parasanguinis or S. gordonii (Fig. 2F, lanes 5 and 6,
11 and 12), suggesting that SrtB from these oral streptococci represents a distinct subfamily of B-class sortases.
Sequence comparison of these sortases also supported this notion (Fig. SID).

SrtB polymerizes AbpA in vitro. Since our in vivo studies suggest that SrtB anchors and processes AbpA
(Fig. 2B, lanes 4 and 6), we established an enzymatic assay to determine whether SrtB can process AbpA in vitro.
A simple protein ladder profile was visualized only when recombinant AbpA of S. parasanguinis was co-incubated
with SrtB (Fig. 3A, lane 3), suggesting that oligomerization of recombinant AbpA is SrtB-dependent, albeit in a
pattern different from that observed in vivo. To assess the specificity of SrtB, we overexpressed recombinant SrtB
from S. aureus and S. pneumoniae that failed to complement srtB mutants of oral streptococci, and then used these
reagents in the in vitro assay. No ladder profile for S. parasanguinis recombinant AbpA was detected, suggesting
these SrtB sortases are unable to process AbpA in vitro (Fig. 3A, lanes 5 and 7). These data are consistent with
our in vivo studies, further validating the specificity of SrtB. To determine which region of AbpA is important
for producing the ladder profile, AbpA was split into two fragments, the N-terminal (24-138aa) and C-terminal
(139-207aa) regions, and subjected to in vitro enzymatic studies with SrtB. The protein ladder profile was
observed only when the C-terminal domain or the full-length AbpA was used (Fig. 3B, left panel, lanes 6 and 5),
indicating that the C-terminal region harbors the motif(s) responsible for generating the ladder profile.

To further examine whether the ladder profile of AbpA would translate into a higher order of AbpA polymer
on the bacterial cell surface, immunogold labeling electron microscopy (EM) was used to visualize AbpA (Fig. 4).
It is apparent that AbpA is presented and likely covalently localized on the cell surface, and mostly accumulates
in the septal area, which resembles the localization of AbpA from S. gordonii*®. These data do not distinguish
whether AbpA is presented as monomers, polymers or both on the cell surface. It is conceivable that pilus-like
polymers of AbpA could be present at a significantly lower abundance than monomers or that these species are
flexible and collapse onto the bacterial surface during EM sample preparation.

The C-terminal conserved domain is essential for AbpA anchoring and amylase binding. To
determine the requirement of the C-terminal conserved motif of AbpA for cell wall anchoring, we carried out
domain swapping experiments by constructing a variety of recombinant AbpA constructs that contain an AbpA
signal sequence, the green fluorescent protein (GFP) and a variety of C-terminal tail lengths, and then evaluated
the subcellular distribution of recombinant GFP fusion proteins (Fig. 5A). The strain in which GFP was fused
to the signal peptide (SP-GFP) without a C-terminal tail was used as a negative control. Without the conserved
C-terminal domain, GFP was found released into the culture supernatant (Fig. 5B, lane 9) and could not be
detected in the cell wall fraction (Fig. 5B, lane 5). However, in all three AbpA-GFP swap strains with varying sizes
of the C-terminal tail, GFP was readily detected in both cell wall (Fig. 5B, lanes 6-8) and supernatant fractions
(Fig. 5B, lanes 10-12). These data confirm that the C-terminal KAGKALPKTSAVK motif acts as the cell wall
sorting signal to anchor the protein to the cell wall.

Key residues in C-terminus are important for AbpA anchoring to the cell wall. To further deter-
mine the conservation of the C-terminal motif in anchoring AbpA to the cell wall, a series of deletion and site
directed mutant strains were constructed and evaluated (Table S3 and Fig. 6). Three deletion mutants, devoid of
either the entire conserved KAGKALPKTSAVK domain, the LPKTSAVK domain or only 3 amino acids AVK all
lost amylase binding (Table S3). We then targeted the LPKTS motif more precisely with site-directed mutagenesis
to assess the role of key residues. Amino acid residues LP within this motif are essential, as substitution of either
L or P abolished amylase binding and the ladder profile on the cell wall (Fig. 6). Although substitution of K with
L abolished amylase binding, the K to E substitution retained amylase binding (Fig. 6A). Substitution of T with
either A or S completely abolished amylase binding and the ladder profile of AbpA on the cell wall, while substitu-
tion of S had minimal effect (Fig. 6). In addition, the mutations (200L and 201P) that abolished amylase binding
and presumably cell wall anchoring also blocked the ladder profile (Fig. 6), suggesting the anchoring is prerequi-
site for the polymerization. These results also indicate the L and P residues within the LPKTS motif are conserved
and crucial; however, K can be substituted by a similar residue and S is the most variable residue.

SrtB specifically cleaves AbpA between T and S. Canonical sortases cleave between T and G within
the LPXTG motif, and subsequently anchor the cleaved peptide ending with T to peptidoglycans. To identify the
SrtB cleavage site on AbpA, we generated a recombinant AbpA in which a GFP construct followed by a 6xHis tag
was fused to the C-terminal LPKTSAVKLE (Fig. 7A). This construct allowed us to identify the cleavage site by
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Figure 2. SrtB mediates the cell surface localization of AbpA and amylase binding. Amylase binding to
bacterial cells was performed as described in Fig. 1. Amylase bound to the bacterial cells (left) and remained

in the saliva supernatants (right) were analyzed by SDS-PAGE and Coomassie Blue protein staining. (A) srtB
mutation abolished amylase binding. (B) S. parasanguinis and (C) S. gordonii srtB mutation abolished the cell
wall display of AbpA. Subcellular fractions of wild-type strain, srtB mutant and the complemented strain were
subjected to Western blot analysis with corresponding anti-AbpA antibody. (D) srtA mutation did not affect
amylase binding. (E) Cross-complementation between S. parasanguinis SrtB and S. gordonii SrtB. Amylase was
indicated by an arrow. +p, from S. parasanguinis; +g, from S. gordonii. (F) SrtB from S. aureus (srtB —/+c) and
S. pneumoniae (srtB —/+t) cannot restore amylase binding of srtB mutant from S. parasanguinis. +p, from S.
parasanguinis; +g, from S. gordonii; +c, from S. aureus; +t, from S. pneumoniae.
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Figure 3. SrtB processes AbpA in vitro. (A) SrtB of S. parasanguinis processes AbpA in vitro. Recombinant
AbpA-His was incubated with SrtB from different species and then probed with anti-AbpA and anti-His by
Western blot analysis. (B) C-terminus of AbpA is crucial for the formation of a higher order of the AbpA
structure. Recombinant AbpA and its variants were incubated with SrtB-His and then probed with anti-AbpA
and anti-His by Western blot analysis. 1, SrtB-His; 2, AbpA; 3, AbpA-CT (139-207aa); 4, AbpA-NT (24-138aa);
5, AbpA + SrtB-His; 6, AbpA-CT (139-207aa) + SrtB-His; 7, AbpA-NT (24-138aa) + SrtB-His.

performing N-terminal protein sequencing of the nickel affinity purified product after the cleavage by SrtB. When
AbpA-GFP-6xHis co-incubated with SrtB, additional protein bands other than input proteins, SrtB and AbpA
were evident (Fig. 7B, Lane 3 versus lanes 1 and 2), suggesting that an active cleavage occurred. After nickel affin-
ity chromatography, a 28-kDa polypeptide was purified from the reaction and N-terminal sequencing revealed
the first four amino acids were SAVK (data not shown), demonstrating that the cleavage site in the LPKTS motif
lies between T and S.

AbpA comprises two domains arranged in a novel elongated structure. To provide a more
detailed insight into the structure, architecture and amylase binding of S. parasanguinis AbpA, we solved the solu-
tion structure of AbpA by NMR (Table 1 and Fig. 8A,B). Initial analysis of NMR line-widths for full-length AbpA
reveals that the C-terminal 10 amino acid residues that encompass the LPKTS motif are flexible in solution, there-
fore final data collection and structural calculation were performed on an AbpA construct lacking this region
(referred to AbpA herein). The structure reveals two distinct domains: an extended N-terminal helical coiled-coil
region (25-131) and a small globular C-terminal domain (144-197) comprising a mixed o/{3 fold. Recently, the
structure of truncated AbpA of S. gordonii was reported®?, which revealed four principal helices between resides
45-145 that are folded into a similar anti-parallel coiled-coil arrangement as S. parasanguinis AbpA (Fig. 8C).
In S. parasanguinis AbpA helical coiled-coil is extended relative to that observed for S. gordonii AbpA and the
C-terminal region adopts a small globular fold, which in S. gordonii AbpA is ill-defined and largely unfolded®.
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Figure 4. Localization of AbpA on S. parasanguinis cell. Cells were immobilized on honey-carbon grids and
stained with antibody against AbpA, followed by goat anti-rabbit IgG conjugated to 6-nm gold particles. Grids
were stained with 1% phosphotungstic acid and viewed with an electron microscope. (Scale bars: 0.1 pm).
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Figure 5. The C-terminal conserved domain is essential for anchoring of AbpA to the cell wall. (A)
Diagram of the Swap constructs. GFP was fused after the signal sequence, and N-terminal to varying lengths
of C-terminal region. Construct with no C-terminal domain was used as a control. (B) Subcellular localization
of recombinant GFP proteins. Subcellular fractions of recombinant GFP from different S. parasanguinis strains
were prepared and examined by Western blot analysis. DnaK detected by anti-DnaK antibody was used as a
loading control.

Furthermore, the structure of S. gordonii AbpA failed to identify amylase-binding motifs. Even two major regions
of AbpA (24-56aa and 124-165aa) were suggested to be required for S. gordonii binding to amylase®, the key
motifs are still unclear. Therefore, the mode of amylase-binding by S. gordonii AbpA remains unknown.

To explore the inter-domain orientation of S. parasanguinis AbpA, we used small angle X-ray scattering
(SAXS). After gel filtration chromatography of recombinant AbpA, SAXS measurements were recorded (Table 2).
The SAXS density indicated that AbpA exists as an elongated, multi-domain structure with dimensions of approx-
imately 90 x 30 x 30 A, and the N- and C-terminal domains from our solution structure AbpA fitted well into the
two halves of the SAXS density (Fig. 8D) and confirmed the overall extended shape. Although a DALI* search
failed to identify any similar structures deposited in the protein data bank, S. parasanguinis AbpA resemble the
overall fibrillary topology of the A;VP, fragment of S. mutans Agl/II (Fig. 8E)*. This structure comprises a cen-
tral globular domain, which is flanked by an N-terminal alanine-rich region that adopts an extended «--helix and
a C-terminal polyproline type IT (PPII) helix. These two distinct helical features interact to form a 155 A long
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Figure 6. The C-terminal conserved domain is essential for amylase binding and anchoring to the cell wall.
(A) Site-directed mutagenesis of the LPKTS motif was applied to precisely assess the role of key residues. Cell
pellet of S. parasanguinis wild-type strain and the complemented abpA variants were incubated with saliva for
amylase binding. Samples from the cell lysate and supernatant were analyzed by SDS-PAGE. (B) Subcellular
localization of S. parasanguinis wild-type strain and the complemented abpA variants were examined by
Western blot analysis.

stalk. It has been proposed that elongated helical stalk projects the apical tip from the bacterial surface for inter-
action with its host receptor salivary agglutinin (SAG) and a subsequent additional interaction occur within the
C-terminal region close to the LPXTG sorting motif, which is responsible for anchorage to the cell wall*. The api-
cal globular domain is not present in AbpA while the mixed /3 domain is located adjacent to the LPKTS motif.
This arrangement would suggest that receptor binding likely involves the helical coiled coil of AbpA.

Key residues crucial for AbpA binding to amylase. To explore the amylase-binding interface on
ADbpA, we initially performed an NMR titration experiment with human a-amylase to locate the interface on our
refined solution structure. "H-'>N HSQC spectra were recorded on a '*N-labelled AbpA sample before and after
step-wise addition of human «-amylase. Spectra were subsequently analyzed for perturbations in peak positions
and line-widths, which would indicate the amylase-interaction surface on AbpA. A global decrease in the inten-
sity of all AbpA resonances was observed upon the addition of amylase (Fig. S2A). At a 1:1 stoichiometric ratio
the spectrum was undetectable indicating that a large multimeric complex had formed. This is consistent with the
observation that the addition of amylase to culture supernatants of S. gordonii results in a precipitate®.

Although these global effects on the NMR spectrum of AbpA were the most striking, additional subtle, spe-
cific line-broadening effects could be observed in the early stages of the titration, which could indicate residues
proximal to the amylase-binding surface. Most of the residues that broadened in presence of low concentrations
of amylase, localized to a central region within N-terminal coiled-coiled domain.

Based on proximity to the NMR mapped surface as well as surface accessibility, we chose a selection of resi-
dues on the helical coiled coil region (Figs 8B and 9A) for site-directed mutagenesis and subsequent functional
tests. Mutant variants were transformed into the abpA mutant of S. parasanguinis and subsequently evaluated for
amylase binding. We also produced the AbpA mutant protein variants and examined their structural integrity and
in vitro amylase binding by NMR. All mutant variants produced comparable level of engineered AbpA proteins
in the native host (Fig. 9B, middle panel). However, K37/K38A, H56A, V117/L118 and Y132/Y133A variants
failed to enable amylase binding while Y114A reduced the binding, demonstrating the role of these residues in the
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Figure 7. SrtB cleaves AbpA between T and S. (A) Diagram of a construct for the fusion protein AbpA-
GFP-His,. (B) SDS-PAGE and Western blot analysis of enzymatic reactions with AbpA and SrtB in vitro. The
reactions and appropriate controls were probed with anti-His and anti-AbpA antibody.

NMR distance & dihedral constraints

Distance constraints

Total NOE 1671
Intra-residue 690
Inter-residue 981
Sequential (i-j|=1) 443
Medium-range (Ji-j| <4) 93
Long-range (|i-j > 5) 345
Intermolecular 0
Hydrogen bonds 0
Total dihedral angle restraints
Phi 136
Psi 136
Total RDCs 95
Structure Statistics

Violations (mean and s.d.)

Distance constraints (A) 0.035+0.004
Dihedral angle constraints (°) 1.40
Max. dihedral angle violation (°) 1.11
Max. distance constraint violation (A) 0.46

Deviations from idealized geometry

Bond lengths (A) 0.004 =+ 0.001

Bond angles (°) 0.56+0.001

Impropers (°) 1.645+0.076
Average pairwise r.m.s.d. 10 (A)

Heavy 0.323

Backbone 0.349

Table 1. NMR structure calculation statistics data for S. parasanguinis AbpA.
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S. mutans Agl/ll

S. gordonii AbpA (32-146)

S. parasanguinis AbpA

Figure 8. NMR and SAXS structure of AbpA (PDB ID: 2ND4). (A) Superimposition of the ten lowest energy
NMR structures of S. parasanguinis AbpA over the N-terminal coiled-coil domain (top) and the C-terminal o/
domain (bottom). (B) Cartoon representation of the NMR structure of S. parasanguinis AbpA. The 3-strands
(B1-3) are colored in yellow and the five helices (a1-5) in red. Positions of the secondary structure elements are
indicated on Fig. S1B. (C) Superposition of the N-terminal coiled-coil domains from the solution structure of
S. parasanguinis AbpA and S. gordonii AbpA (PDB ID: 2MXX, residues 32-146). RMSD is 3.1 A over 79 Ca
atoms. (D) SAXS derived electron density for S. parasanguinis AbpA with the solution structures of N- and
C-terminal domains separated and rigid body fit into the envelope and refined with RDCs. (E) Comparison of
AntigenI/II of S. mutans and AbpA of S. parasanguinis.

g-range (A1) 0.022-0.219
R, (A) 26.440.01
1(0) 904 0.06
Do (A) 102
Estimated molecular mass® 23kDa
Mass calculated from sequence 19kDa
Ab initio GASBOR modelling

Ensemble average x? to raw data 1.98 £0.02

NSD® 1.1340.06

Table 2. SAXS data collection, processing and modelling for AbpA. °By normalisation against data for
BSA, calculated using the formula [I(0)gp <+ 1(0)5s,*66 kDa] where 1(0)gs, was 188.3. °For the definition of
normalised spatial discrepancy (NSD), see Kozin & Svergun, 2001).

amylase binding (Fig. 9B upper panel). NMR spectra for these mutants were consistent with full-folded proteins
and titrations with amylase confirmed the absence of an interaction with human a-amylase (Fig. S2B).

NMR evidence for the interaction of AbpA with SrtB. To further examine the polymerization of
AbpA, an NMR titration was performed with AbpA (either with the LPKTS motif present or absent) and SrtB.
Upon immediate addition of SrtB, the specific signal in the spectrum of AbpA- LPKTS shows peak broadening
indicating an interaction occurs (Fig. 10A). Furthermore, after two hours new signals appear, which are charac-
teristic of short peptide fragments consistent with SrtB cleavage of the LPKTS motif (Fig. 10B). Furthermore, an
overall decrease in signal intensity is seen suggestive of the presence of a higher order species (Fig. 10B). This is
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Figure 9. Key residues crucial for amylase binding. (A) Residues on the helical coiled coil region of AbpA
were chosen for site-directed mutagenesis. (B) Mutation of key residues K37/K38A, Y132/Y133A, V117/

L118A abolished amylase binding. Cell pellets of S. parasanguinis wild-type strain, abpA mutant and the
complemented AbpA variants were incubated with saliva for the amylase-binding assay. Samples from cell
lysates and supernatants were examined using anti-Amylase and anti-AbpA antibodies by Western blot analysis.
FimA was used as a loading control. 1, abpA—; 2, abpA—/+; 3, K37K/38A; 4, H56A; 5, Y114A; 6, V117/L118A;
7,Y132/Y133A; 8, V138A; 9, Saliva.
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Figure 10. NMR titration of SrtB to AbpA. (A) Overlay of 'H-'*N HSQC spectrum of AbpA alone (LPKTS
motif - black) with that after the addition of one equivalent of SrtB (Red). (B) Overlay of "H-"N HSQC
spectrum of AbpA alone (LPKTS motif - black) with that after the addition of equivalent amount of SrtB and
incubated for 2h (red). Box indicates the appearance of peptide cleavage products likely from the C-terminal
LPKTS motif. An inset of the SDS-PAGE for the NMR sample indicates that while substantial AbpA remains
monomeric, some larger multimeric species are formed. (C) Overlay of 'H-"*N HSQC spectrum of AbpA alone
(without the LPKTS motif) with that after the addition of equivalent amount of SrtB (red). No spectral changes
are observed indicating the absence of an interaction.

confirmed by the SDS-PAGE gel of the NMR sample in which the AbpA ladder is observed (Fig. 10B inset). No
peak changes were observed using the construct of AbpA with the LPKTS motif absent, which is consistent with

alack of an interaction (Fig. 10C).

Discussion
Colonization of the oral cavity by streptococci involves bacterial interactions with salivary components

this study, we have determined that S. parasanguinis AbpA and its homologs in oral streptococci belong to a

37,38 In
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unique class of bacterial proteins that bind to salivary amylase. This class shares a conserved N-terminal signal
sequence domain and a C-terminal CWSS domain that is only found in oral streptococci. The C-terminal domain
has an LPKTS motif followed by a very short AVK tail, and is essential for the surface display of AbpA and for the
amylase binding. This short AVK tail is distinct from the longer tails recognized by canonical sortases, which nor-
mally includes both hydrophobic and charged features®. The long charged tails from canonical sortases play a role
in retaining targeted proteins at the bacterial cell membrane for sortases to modify***!. The short C-terminal tail
of AbpA from S. parasanguinis and S. gordonii may have reduced its ability to retain AbpA, which could explain
why AbpA is readily released into the culture supernatant.

The abpA-srtB gene organization is highly conserved in oral streptococci. Every abpA-like gene identified
to date is followed by a sr¢B gene on the chromosome, which encodes an accessory sortase. N-terminal and
C-terminal conserved motifs of AbpA are essential for recognition and modification by SrtB. SrtB of S. aureus
and S. pneumoniae failed to complement the srtB mutant of S. parasanguinis in vivo or process the recombinant
AbpA in vitro. Comparison of the oral streptococcal SrtB proteins with reported SrtA and SrtB proteins from
other bacteria revealed that they share similar active sites, as they are required for the conserved sorting reactions.
SrtB of S. parasanguinis indeed possesses the same activity (Fig. SID). However, sequence conservation across the
entire sortase open reading frame is very low, reflecting their diverse function. In addition, both N-terminal and
C-terminal region are longer in oral streptococcal SrtB sortases and these structural features may contribute to
the selective recognition of AbpA-like proteins.

In vivo and in vitro studies showed that AbpA could be processed into a ladder profile on the cell wall by oral
streptococcal SrtB, but not by the housekeeping SrtA, or SrtB from either S. pneumoniae or S. aureus. The ladder
profile was not evident in culture supernatants where only monomeric AbpA accumulates. This indicated that
such presentation of AbpA may only occur on the cell wall, where the sortase B locates. As sortases are trans-
membrane proteins, it is possible that AbpA in the cultural supernatant is too distant from the enzyme so that
the reaction could not be catalyzed. Interestingly, the in vitro protein ladder profile reconstituted with AbpA
and SrtB is different from that observed in the cell wall fraction in vivo. The in vitro ladder profile may represent
simple association of AbpA according to its molecular weight (Fig. 3B). However, in the in vivo study, additional
protein bands smaller than the AbpA dimer were observed (Fig. 1B), which indicates that other unknown cellular
factors may be involved in the process. In Gram-positive bacteria, many cell surface pili are assembled by difter-
ent protein subunits such as the pilius-1 from S. pneumoniae, which includes one major component (RrgB) and
two minor components (RrgA and RrgC)*2. Further investigations on the composition of AbpA ladder pattern
observed is ongoing, which should help reveal underlying mechanisms.

SrtB from S. parasanguinis has dual functions. It can catalyze the reaction to anchor AbpA to the cell wall first,
and then process AbpA to form the ladder profile. This pattern of AbpA distribution is reminiscent of pili or fim-
briae found on many Gram-positive bacteria®***-4>. However EM studies we conducted did not provide evidence
indicative of a pilus-like structure for AbpA. Nevertheless, SrtB from S. parasanguinis can catalyze the reaction of
anchoring AbpA to the cell wall first, and then process AbpA into the ladder pattern. Its role as a hybrid sortase
is also supported by its significant sequence identity with both SrtC and SrtA sortase. The potential covalent
linkage of AbpA into a ladder pattern would offer functional advantages over the presentation of a simple, cell
wall anchored monomeric entity. Such a presentation pattern not only offers a degree of mechanical strength,
but would enable to the adhesive properties of AbpA to engage optimally with its host binding partner, human
a-amylase. AbpA may also function as a regulator as mutation of abpA in S. gordonii down-regulates expression
of a bacterial two component signal transduction system and a variety of metabolic pathways*. Abundant distri-
bution of AbpA on the cell surface would assist its role as a receptor and amply signals it transduces.

In addition, we solved the solution structure of AbpA by NMR and SAXS, which revealed a distinctive
two-domain structure comprising an N-terminal extended helical coiled coil and a globular mixed o/ domain
at C-terminus adjacent to the sortase signal motif. The overall shape of AbpA resembles a boomerang shape and
the key residues that mediate the binding to human salivary amylase line the helical coiled-coil feature. NMR
evidence is also provided to support that the C-terminal domain interacts with SrtB. Our NMR structure of AbpA
reveals an architectural resemblance with the fibrillary coiled-coil structure of the A;VP, fragment of S. mutans
Agl/IL These data together with the presence of a C-terminal domain harboring the SrtB motif support its role in
anchoring AbpA to the bacterial cell surface and possible the assembly of AbpA into a ladder profile on the cell
surface. In this scenario the helical coiled-coil domain would likely project away from the anchored C-terminus
for optimal presentation and interaction with its receptor.

The present studies uncovered a novel mechanism by which a single sortase SrtB of S. parasanguinis has the
dual role in anchoring AbpA to the cell surface, and processing AbpA. Our data support SrtB as a distinct class
of sortases that target an unusual cell wall sorting signaling within the C-terminus of its cognate substrate AbpA.
This unique AbpA-SrtB pair is highly conserved in oral streptococci that have adapted to grow and survive in the
oral cavity rich in salivary amylase. Our studies illustrate this unique bacterium-host interaction.

Methods

Construction of abpA mutant and complementation strains in S. parasanguinis.  Allelic replace-
ment mutagenesis strategy was used to construct abpA mutants. All strains and primers used in this study are
listed in SI Tables 1 and 2. A 2491-bp PCR fragment of abpA was amplified from S. parasanguinis using the
primer pair, abpA-F1/abpA-R1, and then cloned into the pGEM-T easy vector (Promega). The resulting con-
struct was used as template, inverse PCR were performed with the primer pair, abpA-F2/abpA-R2, in which
EcoRI was introduced. The resulting PCR product was digested with EcoRI and ligated in-frame with a same
enzyme digested promoterless kanamycin resistance cassette aphA3* to generate the plasmid pAL820. Through
the inverse PCR, a 480-bp DNA fragment that encodes the 23-183 amino acid residues of AbpA was deleted and
replaced with aphA3. This plasmid was used to transform S. parasanguinis FW213 and the kanamycin resistance
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transformants were isolated. The replacement of the genomic copy of abpA with the disrupted alleles by dou-
ble-crossover recombination in the strain AL821 was confirmed by colony PCR and sequencing analysis.

To construct the abpA complement strain, the full-length abpA gene was PCR amplified from the genomic
DNA of S. parasanguinis, using the primer pair, abpA-F3/abpA-R3, with engineered Sall and KpnI restriction
enzyme sites. The PCR product was digested with Sall and Kpnl, and cloned into pVPT-gfp*® to generate pAL822.
This plasmid was transformed into the abpA mutant AL821 to construct the complemented strain AL823.

Expression and purification of recombinant AbpA and SrtB.  S. parasanguinis abpA was amplified
with the primer pair, abpA-F4/abpA-R4, in which Ncol and Xhol were introduced. PCR product was digested
with Ncol and Xhol and ligated with the same enzyme digested pET28a-sumo to generate plasmid pAL832. A
recombinant SrtB strain was also constructed. In brief, srtB was amplified with the primer pair, srtB-F5/srtB-R5,
in which BamHI and Xhol were introduced. The PCR product was digested with BamHI and Xhol and ligated
with the same enzyme digested pET28a-sumo to produce plasmid pAL833. These two plasmids were transformed
into E. coli BLR (DE3) to generate recombinant AL832 and AL833 respectively for protein expression and puri-
fication. Recombinant AbpA and SrtB were induced and purified as described®. The recombinant AbpA has
a C-terminal His-tag and the SrtB has an N-terminal His-SUMO-tag. Same strategy was applied to construct,
express and purify SrtB-His, His-SUMO-AbpA (24-138aa) and other AbpA variants. Site-directed mutagenesis
was used to construct AbpA variants by PCR using a QuikChange mutagenesis kit (Stratagene).

Subcellular localization of AbpA. Proteins from different subcellular fractions were prepared by the
method described previously®. Briefly, 10 ml of exponentially grown S. parasanguinis or S. gordonii cells were
harvested, washed and subjected to cell lysis in 200 ul of spheroplasting buffer as reported® with 60 U mutanoly-
sin (Sigma). The supernatant separated from the spheroplast by centrifugation was used as the cell wall-associated
protein fraction. The pellet re-suspended in 200 ul of spheroplasting buffer was used as the cytoplasmic protein
fraction.

Amylase-binding assays. Human saliva was used as the source of amylase. 3 ml exponentially grown §.
parasanguinis or S. gordonii cells were harvested, and washed with PBS buffer once. The cells were resuspended
with 150 pl saliva and incubated 1h at 4°C. Cells and the saliva were separated by centrifugation (8000 x g rpm
for 5min) and the cell pellets were washed three times with PBS to remove the residual saliva. The cell pellets
and the saliva supernatant were boiled in SDS-PAGE loading buffer and subjected to SDS-PAGE or Western blot
analysis.

Immunoelectron microscopy. One ml of bacterial cells were washed twice with PBS and suspended
in 500 pl PBS. A drop of bacterial suspension was placed onto glow-discharged carbon-only grids (Electron
Microscopy Sciences), and fixed with 0.1% glutaraldehyde. After washing in 10 mM glycine buffer, the grids
were blocked for 1h in PBS with 1% BSA. Cells were incubated with a primary antibody diluted 1:200 in PBS
with 1% BSA for 1h, followed by washing. Grids were incubated with gold-labeled goat anti-rabbit IgG (Electron
Microscopy Sciences) diluted 1:20 in PBS with 1% BSA for 1h, followed by washing in PBS with 1% BSA. The
grids were washed five times with water before they were stained with 1% phosphotungstic acid. Samples were
analyzed using FEI Tecnai T12 electron microscope.

NMR spectroscopy and structure calculation. NMR samples were prepared as described previously®.
NMR spectra were collected at 310 K on Bruker DRX600 and DRX800 spectrometers equipped with cryo-probes.
NMR structural determination including the aliphatic and aromatic side chain H and C assignments, the back-
bone assignment, and the assignment of high content of alanine residues was carried out as described®.

The ARIA protocol was used for completion of the NOE assignment and structure calculation®. Dihedral
angle restraints derived from TALOS were also incorporated in the calculation. The frequency window tolerances
for assigning NOEs were £0.05 ppm for direct proton dimensions, £0.05 ppm for indirect proton dimensions,
and 0.5 ppm for nitrogen dimensions and 1.1 ppm for carbon dimensions. The 20 lowest energy structures
had no NOE violations >0.5 A and no dihedral angle violations >5°. Residual Dipolar Couplings (RDCs) were
measured using In-phase Anti-phase (IPAP) experiments with samples containing 14 mgml~! Pf1 phage. The
alignment tensor was obtained from PALES and then used in MODULE® for refinement of the relative domain
orientation. A set of "H-'"N RDCs was used to refine the relative orientation of the two domains within the SAXS
density, using the program MODULE®.

Amylase, SrtB and AbpA NMR titration. Inamylase-binding experiments, unlabeled amylase was added
to 1*N labeled AbpA according to stoichiometric ratio to perform NMR titration. Maximal five-fold amylase was
added to AbpA in order to reach saturation. In SrtB/AbpA titration, equivalent amount of unlabeled SrtB was
mixed with '*N labeled AbpA, and spectra were recorded at different time points.

Small angle X-ray scattering. SAXS samples were prepared using BIOSAXS robot in 96-well plate.
Exposures (205s) in triplicate were collected on protein at 3 mg ml~! passed through a flow capillary. I(0) and
the pair distance distribution function P(r) were calculated using software SCATTER™. Scattering from sample
buffer 50 mM NaCl, 100 mM KH,PO,, pH 5.7 was subtracted. Guinier analysis showed no signs of radiation
damage or aggregation. Twenty low-resolution ab initio models from GASBOR> were automatically averaged
using DAMAVER.

SCIENTIFICREPORTS | 6:30966 | DOI: 10.1038/srep30966 12



www.nature.com/scientificreports/

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Nobbs, A. H., Lamont, R. ]. & Jenkinson, H. E. Streptococcus adherence and colonization. Microbiology and molecular biology
reviews: MMBR 73, 407-450, Table of Contents, doi: 10.1128/mmbr.00014-09 (2009).

Rivas, J. M., Speziale, P,, Patti, J. M. & Hook, M. MSCRAMM -targeted vaccines and immunotherapy for staphylococcal infection.
Current opinion in drug discovery & development 7, 223-227 (2004).

Navarre, W. W. & Schneewind, O. Surface proteins of gram-positive bacteria and mechanisms of their targeting to the cell wall
envelope. Microbiology and molecular biology reviews: MMBR 63, 174-229, doi: 0019-9567/92/114726-08$02.00/0 (1999).

. Marraffini, L. A., Dedent, A. C. & Schneewind, O. Sortases and the art of anchoring proteins to the envelopes of gram-positive

bacteria. Microbiology and molecular biology reviews: MMBR 70, 192221, doi: 10.1128/mmbr.70.1.192-221.2006 (2006).

. Mazmanian, S. K., Liu, G., Ton-That, H. & Schneewind, O. Staphylococcus aureus sortase, an enzyme that anchors surface proteins

to the cell wall. Science (New York, N.Y.) 285, 760-763, doi: 10.1126/science.285.5428.760 (1999).

. Leigh, J. A., Egan, S. A, Ward, P. N,, Field, T. R. & Coffey, T. J. Sortase anchored proteins of Streptococcus uberis play major roles in

the pathogenesis of bovine mastitis in dairy cattle. Veterinary research 41, 63, doi: 10.1051/vetres/2010036 (2010).

. Lalioui, L. et al. The SrtA Sortase of Streptococcus agalactiae is required for cell wall anchoring of proteins containing the LPXTG

motif, for adhesion to epithelial cells, and for colonization of the mouse intestine. Infection and immunity 73, 3342-3350, doi:
10.1128/iai.73.6.3342-3350.2005 (2005).

. Kharat, A. S. & Tomasz, A. Inactivation of the srtA gene affects localization of surface proteins and decreases adhesion of

Streptococcus pneumoniae to human pharyngeal cells in vitro. Infection and immunity 71, 2758-2765, doi: 10.1128/IA1.71.5.2758-
2765.2003 (2003).

. Mazmanian, S. K., Liu, G., Jensen, E. R, Lenoy, E. & Schneewind, O. Staphylococcus aureus sortase mutants defective in the display

of surface proteins and in the pathogenesis of animal infections. Proceedings of the National Academy of Sciences of the United States
of America 97, 55105515, doi: 10.1073/pnas.080520697 (2000).

Dramsi, S., Trieu-Cuot, P. & Bierne, H. Sorting sortases: a nomenclature proposal for the various sortases of Gram-positive bacteria.
Research in microbiology 156, 289-297, doi: 10.1016/j.resmic.2004.10.011 (2005).

Kang, H. J., Coulibaly, E, Proft, T. & Baker, E. N. Crystal structure of Spy0129, a Streptococcus pyogenes class B sortase involved in
pilus assembly. Plos One 6, €15969, doi: 10.1371/journal.pone.0015969 (2011).

Maresso, A. W,, Chapa, T. J. & Schneewind, O. Surface protein IsdC and Sortase B are required for heme-iron scavenging of Bacillus
anthracis. Journal of bacteriology 188, 8145-8152, doi: 10.1128/jb.01011-06 (2006).

Manzano, C. et al. Sortase-mediated pilus fiber biogenesis in Streptococcus pneumoniae. Structure (London, England: 1993) 16,
1838-1848, doi: 10.1016/j.5tr.2008.10.007 (2008).

Dramsi, S. et al. Assembly and role of pili in group B streptococci. Molecular microbiology 60, 1401-1413, doi: 10.1111/j.1365-
2958.2006.05190.x (2006).

Budzik, J. M., Oh, S. Y. & Schneewind, O. Sortase D forms the covalent bond that links BepB to the tip of Bacillus cereus pili. The
Journal of biological chemistry 284, 12989-12997, doi: 10.1074/jbc.M900927200 (2009).

Ton-That, H., Marraffini, L. A. & Schneewind, O. Sortases and pilin elements involved in pilus assembly of Corynebacterium
diphtheriae. Molecular microbiology 53, 251-261, doi: 10.1111/j.1365-2958.2004.04117.x (2004).

Hendrickx, A. P, Budzik, J. M., Oh, S. Y. & Schneewind, O. Architects at the bacterial surface - sortases and the assembly of pili with
isopeptide bonds. Nature reviews. Microbiology 9, 166-176, doi: 10.1038/nrmicro2520 (2011).

El Mortaji, L., Terrasse, R., Dessen, A., Vernet, T. & Di Guilmi, A. M. Stability and assembly of pilus subunits of Streptococcus
pneumoniae. The Journal of biological chemistry 285, 12405-12415, doi: 10.1074/jbc.M109.082776 (2010).

Mandlik, A., Swierczynski, A., Das, A. & Ton-That, H. Pili in Gram-positive bacteria: assembly, involvement in colonization and
biofilm development. Trends in microbiology 16, 33-40, doi: 10.1016/.tim.2007.10.010 (2008).

Telford, J. L., Barocchi, M. A., Margarit, I, Rappuoli, R. & Grandi, G. Pili in gram-positive pathogens. Nature reviews. Microbiology
4, 509-519, doi: 10.1038/nrmicro1443 (2006).

Zong, Y., Mazmanian, S. K., Schneewind, O. & Narayana, S. V. The structure of sortase B, a cysteine transpeptidase that tethers
surface protein to the Staphylococcus aureus cell wall. Structure (London, England: 1993) 12, 105-112, doi: 10.1016/j.5tr.2003.11.021
(2004).

Bierne, H. et al. Inactivation of the srtA gene in Listeria monocytogenes inhibits anchoring of surface proteins and affects virulence.
Molecular microbiology 43, 869-881, doi: 10.1046/j.1365-2958.2002.02798.x (2002).

Kolenbrander, P. E. Oral microbial communities: biofilms, interactions, and genetic systems. Annual review of microbiology 54,
413-437, doi: 10.1146/annurev.micro.54.1.413 (2000).

Scannapieco, E A. Saliva-bacterium interactions in oral microbial ecology. Critical reviews in oral biology and medicine: an official
publication of the American Association of Oral Biologists 5, 203-248, doi: 10.1177/10454411940050030201 (1994).

Scannapieco, E A., Solomon, L. & Wadenya, R. O. Emergence in human dental plaque and host distribution of amylase-binding
streptococci. Journal of dental research 73, 1627-1635, doi: 10.1177/00220345940730100701 (1994).

Rogers, J. D. et al. Identification and analysis of a gene (abpA) encoding a major amylase-binding protein in Streptococcus gordonii.
Microbiology (Reading, England) 144(Pt 5), 1223-1233, doi: 10.1099/00221287-144-5-1223 (1998).

Rogers, J. D., Palmer, R. J. Jr., Kolenbrander, P. E. & Scannapieco, E. A. Role of Streptococcus gordonii amylase-binding protein A in
adhesion to hydroxyapatite, starch metabolism, and biofilm formation. Infection and immunity 69, 7046-7056, doi: 10.1128/
iai.69.11.7046-7056.2001 (2001).

Scannapieco, F. A., Haraszthy, G. G., Cho, M. I. & Levine, M. J. Characterization of an amylase-binding component of Streptococcus
gordonii GIB. Infection and immunity 60, 4726-4733, doi: 0019-9567/92/114726-08$02.00/0 (1992).

Nikitkova, A. E., Haase, E. M., Vickerman, M. M., Gill, S. R. & Scannapieco, F. A. Response of fatty acid synthesis genes to the
binding of human salivary amylase by Streptococcus gordonii. Applied and environmental microbiology 78, 1865-1875, doi: 10.1128/
aem.07071-11 (2012).

Douglas, C. W. The binding of human salivary alpha-amylase by oral strains of streptococcal bacteria. Archives of oral biology 28,
567-573, doi: 10.1016/0003-9969(83)90003-1 (1983).

Fenno, J. C., Shaikh, A., Spatafora, G. & Fives-Taylor, P. The fimA locus of Streptococcus parasanguis encodes an ATP-binding
membrane transport system. Molecular microbiology 15, 849-863, doi: 10.1111/j.1365-2958.1995.tb02355.x (1995).

Sethi, A., Mohanty, B., Ramasubbu, N. & Gooley, P. R. Structure of amylase-binding protein A of Streptococcus gordonii: A potential
receptor for human salivary alpha-amylase enzyme. Protein science: a publication of the Protein Society, doi: 10.1002/pro.2671 (2015).
Gopa, P, Ragunath, C., Vyas, V., Shanmugam, M. & Ramasubbu, N. Pub: Probing the Interaction of Human Salivary Alpha-Amylase
and Amylase Binding Protein A (ABPA) of Streptococcus gordonii. Molecular Biology 2013, doi: 10.4172/2168-9547.1000111 (2013).
Holm, L. & Sander, C. Dali - a Network Tool for Protein-Structure Comparison. Trends in biochemical sciences 20, 478-480, doi:
10.1016/S0968-0004(00)89105-7 (1995).

Larson, M. R. et al. Elongated fibrillar structure of a streptococcal adhesin assembled by the high-affinity association of alpha- and
PPII-helices. Proceedings of the National Academy of Sciences of the United States of America 107, 5983-5988, doi: 10.1073/
pnas.0912293107 (2010).

Li, L., Tanzer, J. M. & Scannapieco, E. A. Identification and analysis of the amylase-binding protein B (AbpB) and gene (abpB) from
Streptococcus gordonii. FEMS microbiology letters 212, 151-157, doi: http://dx.doi.org/10.1111/j.1574-6968.2002.tb11259.x (2002).

SCIENTIFICREPORTS | 6:30966 | DOI: 10.1038/srep30966 13


http://dx.doi.org/10.1111/j.1574-6968.2002.tb11259.x

www.nature.com/scientificreports/

37. Carlsson, J., Grahnen, H., Jonsson, G. & Wikner, S. Establishment of Streptococcus sanguis in the mouths of infants. Archives of oral
biology 15, 1143-1148, doi: 10.1016/0003-9969(70)90005-1 (1970).

38. Schachtele, C. F, Angela, H. Nobbs, Zhang, Y., Costalonga, M. & Herzberg, M. C. Oral streptococci: commensals and opportunistic
pathogens. 411-462 (Horizon Bioscience, 2007).

39. Guttilla, I. K. et al. Acyl enzyme intermediates in sortase-catalyzed pilus morphogenesis in gram-positive bacteria. Journal of
bacteriology 191, 5603-5612, doi: 10.1128/jb.00627-09 (2009).

40. Navarre, W. W. & Schneewind, O. Proteolytic cleavage and cell wall anchoring at the LPXTG motif of surface proteins in gram-
positive bacteria. Molecular microbiology 14, 115-121, doi: 10.1111/j.1365-2958.1994.tb01271.x (1994).

41. Schneewind, O., Mihaylova-Petkov, D. & Model, P. Cell wall sorting signals in surface proteins of gram-positive bacteria. The EMBO
Journal 12, 4803-4811 (1993).

42. Hilleringmann, M. et al. Molecular architecture of Streptococcus pneumoniae TIGR4 pili. The EMBO journal 28, 3921-3930, doi:
10.1038/embo0;j.2009.360 (2009).

43. Chang, C., Mandlik, A., Das, A. & Ton-That, H. Cell surface display of minor pilin adhesins in the form of a simple heterodimeric
assembly in Corynebacterium diphtheriae. Molecular microbiology 79, 1236-1247, doi: 10.1111/j.1365-2958.2010.07515.x (2011).

44. Nobbs, A. H. et al. Sortase A utilizes an ancillary protein anchor for efficient cell wall anchoring of pili in Streptococcus agalactiae.
Infection and immunity 76, 3550-3560, doi: 10.1128/1ai.01613-07 (2008).

45. Falker, S. et al. Sortase-mediated assembly and surface topology of adhesive pneumococcal pili. Molecular microbiology 70, 595-607,
doi: 10.1111/§.1365-2958.2008.06396.x (2008).

46. Haase, E. M., Feng, X, Pan, ., Miecznikowski, J. C. & Scannapieco, F. A. Dynamics of the Streptococcus gordonii Transcriptome in
Response to Medium, Salivary alpha- Amylase, and Starch. Applied and environmental microbiology 81, 5363-5374, doi: 10.1128/
aem.01221-15 (2015).

47. Kremer, B. H. et al. Characterization of the sat operon in Streptococcus mutans: evidence for a role of Ffh in acid tolerance. Journal of
bacteriology 183, 2543-2552, doi: 10.1128/jb.183.8.2543-2552.2001 (2001).

48. Zhou, M., Fives-Taylor, P. & Wu, H. The utility of affinity-tags for detection of a streptococcal protein from a variety of streptococcal
species. Journal of Microbiological Methods 72, 249-256, doi: 10.1016/j.mimet.2007.12.002 (2008).

49. Liu, B, Zhu, F, Wu, H. & Matthews, S. NMR assignment of the amylase-binding protein A from Streptococcus parasanguinis.
Biomolecular NMR assignments 9, 173-175, doi: 10.1007/s12104-014-9568-9 (2015).

50. McNab, R. & Jenkinson, H. E. Altered adherence properties of a Streptococcus gordonii hppA (oligopeptide permease) mutant result
from transcriptional effects on cshA adhesin gene expression. Microbiology (Reading, England) 144(Pt 1), 127-136, doi:
10.1099/00221287-144-1-127 (1998).

51. Rieping, W. et al. ARIA2: automated NOE assignment and data integration in NMR structure calculation. Bioinformatics (Oxford,
England) 23, 381-382, doi: 10.1093/bioinformatics/bt1589 (2007).

52. Dosset, P, Hus, J.-C., Marion, D. & Blackledge, M. A novel interactive tool for rigid-body modeling of multi-domain macromolecules
using residual dipolar couplings. Journal of biomolecular NMR 20, 223-231, doi: 10.1023/A:1011206132740 (2001).

53. Forster, S., Apostol, L. & Bras, W. Scatter: software for the analysis of nano- and mesoscale small-angle scattering. Journal of Applied
Crystallography 43, 639-646, doi: doi: 10.1107/50021889810008289 (2010).

54. Petoukhov, M. V. & Svergun, D. I. New methods for domain structure determination of proteins from solution scattering data.
Journal of Applied Crystallography 36, 540-544, doi: 10.1107/50021889803000591 (2003).

Acknowledgements

This work was supported by NIH/NIDCR R01 DE017954 and R01 DE022350 (H. Wu), and R01 DE022673
(EA.S.), the Welcome Trust (Senior Investigator Award 100280 to S.M.) and by the BBSRC. We thank the high
resolution imaging facility at UAB for helping with EM images.

Author Contributions

X.L.,B.L., EZ, S.M. and H.W. designed studies; X.L., B.L. and FZ. performed experiments and prepared all the
figures; X.L., B.L., EZ., S.M. and H.W. analyzed data; X.L., B.L., EZ,, S.M., EH., EA.S. and H.-W. wrote the paper.
All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Liang, X. et al. A distinct sortase SrtB anchors and processes a streptococcal adhesin
AbpA with a novel structural property. Sci. Rep. 6, 30966; doi: 10.1038/srep30966 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

= or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:30966 | DOI: 10.1038/srep30966 14


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	A distinct sortase SrtB anchors and processes a streptococcal adhesin AbpA with a novel structural property

	Results

	A genetic locus consisting of abpA and srtB is highly conserved in oral streptococci. 
	AbpA is anchored to the cell wall and presents as a ladder profile. 
	SrtB mediates the cell surface localization of AbpA and amylase binding. 
	SrtB polymerizes AbpA in vitro. 
	The C-terminal conserved domain is essential for AbpA anchoring and amylase binding. 
	Key residues in C-terminus are important for AbpA anchoring to the cell wall. 
	SrtB specifically cleaves AbpA between T and S. 
	AbpA comprises two domains arranged in a novel elongated structure. 
	Key residues crucial for AbpA binding to amylase. 
	NMR evidence for the interaction of AbpA with SrtB. 

	Discussion

	Methods

	Construction of abpA mutant and complementation strains in S. parasanguinis. 
	Expression and purification of recombinant AbpA and SrtB. 
	Subcellular localization of AbpA. 
	Amylase-binding assays. 
	Immunoelectron microscopy. 
	NMR spectroscopy and structure calculation. 
	Amylase, SrtB and AbpA NMR titration. 
	Small angle X-ray scattering. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ AbpA binds to amylase and is anchored to the bacteria cell wall.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ SrtB mediates the cell surface localization of AbpA and amylase binding.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ SrtB processes AbpA in vitro.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Localization of AbpA on S.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ The C-terminal conserved domain is essential for anchoring of AbpA to the cell wall.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ The C-terminal conserved domain is essential for amylase binding and anchoring to the cell wall.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ SrtB cleaves AbpA between T and S.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ NMR and SAXS structure of AbpA (PDB ID: 2ND4).
	﻿Figure 9﻿﻿.﻿﻿ ﻿ Key residues crucial for amylase binding.
	﻿Figure 10﻿﻿.﻿﻿ ﻿ NMR titration of SrtB to AbpA.
	﻿Table 1﻿﻿. ﻿  NMR structure calculation statistics data for S.
	﻿Table 2﻿﻿. ﻿  SAXS data collection, processing and modelling for AbpA.



 
    
       
          application/pdf
          
             
                A distinct sortase SrtB anchors and processes a streptococcal adhesin AbpA with a novel structural property
            
         
          
             
                srep ,  (2016). doi:10.1038/srep30966
            
         
          
             
                Xiaobo Liang
                Bing Liu
                Fan Zhu
                Frank A. Scannapieco
                Elaine M. Haase
                Steve Matthews
                Hui Wu
            
         
          doi:10.1038/srep30966
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep30966
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep30966
            
         
      
       
          
          
          
             
                doi:10.1038/srep30966
            
         
          
             
                srep ,  (2016). doi:10.1038/srep30966
            
         
          
          
      
       
       
          True
      
   




