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Abstract

Bacterial binding to platelets is a key step in the development of infective endocarditis (IE).

Sialic acid, a common terminal carbohydrate on host glycans, is the major receptor for strep-

tococci on platelets. So far, all defined interactions between streptococci and sialic acid on

platelets are mediated by serine-rich repeat proteins (SRRPs). However, we identified

Streptococcus oralis subsp. oralis IE-isolates that bind sialic acid but lack SRRPs. In addi-

tion to binding sialic acid, some SRRP- isolates also bind the cryptic receptor β-1,4-linked
galactose through a yet unknown mechanism. Using comparative genomics, we identified a

novel sialic acid-binding adhesin, here named AsaA (associated with sialic acid adhesion

A), present in IE-isolates lacking SRRPs. We demonstrated that S. oralis subsp. oralis AsaA

is required for binding to platelets in a sialic acid-dependent manner. AsaA comprises a

non-repeat region (NRR), consisting of a FIVAR/CBM and two Siglec-like and Unique

domains, followed by 31 DUF1542 domains. When recombinantly expressed, Siglec-like

and Unique domains competitively inhibited binding of S. oralis subsp. oralis and directly

interacted with sialic acid on platelets. We further demonstrated that AsaA impacts the path-

ogenesis of S. oralis subsp. oralis in a rabbit model of IE. Additionally, we found AsaA ortho-

logues in other IE-causing species and demonstrated that the NRR of AsaA fromGemella

haemolysans blocked binding of S. oralis subsp. oralis, suggesting that AsaA contributes to

the pathogenesis of multiple IE-causing species. Finally, our findings provide evidence that

sialic acid is a key factor for bacterial-platelets interactions in a broader range of species

than previously appreciated, highlighting its potential as a therapeutic target.
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Author summary

Infective endocarditis (IE) is typically a bacterial infection of the heart valves that causes

high mortality. Infective endocarditis can affect people with preexisting lesions on their

heart valves (Subacute IE). These lesions contain platelets and other host factors to which

bacteria can bind. Growth of bacteria and accumulation of host factors results in heart

failure. Therefore, the ability of bacteria to bind platelets is key to the development of IE.

Here, we identified a novel bacterial protein, AsaA, which helps bacteria bind to platelets

and contributes to the development of disease. Although this virulence factor was charac-

terized in Streptococcus oralis, a leading cause of IE, we demonstrated that AsaA is also

present in several other IE-causing bacterial species and is likely relevant to their ability to

cause disease. We showed that AsaA binds to sialic acid, a terminal sugar present on plate-

lets, thereby demonstrating that sialic acid serves as a receptor for a wider range of IE-

causing bacteria than previously appreciated, highlighting its potential as a therapeutic

target.

Introduction

The human oral cavity is inhabited by more than 700 bacterial species. Streptococcus oralis,

Streptococcus mitis and Gemella haemolysans are among the early colonizers of the oral cavity

[1,2]. Although often associated with oral health, oral commensals can also gain access to the

bloodstream where some can cause diseases including infective endocarditis (IE) [3–5].

IE is typically a bacterial infection of the heart valve endothelium. One of the hallmarks of

IE is the formation of vegetations, produced by the accumulation of host factors and bacterial

proliferation. These vegetations can affect heart valve function and lead to congestive heart

failure [6]. IE can have two presentations. Acute IE is sudden and severe; it typically affects

previously normal heart valves and is commonly caused by staphylococci. Subacute IE devel-

ops gradually and has a more subtle onset, it affects previously damaged heart valves and is

commonly caused by oral streptococci, including S. oralis [7].

Although the exact mechanisms that lead to IE development are unknown, it is proposed

that bacterial binding to platelets plays a key role in the pathogenesis of this disease [8]. For

many streptococcal species, binding to platelets involves the direct interaction of serine-rich

repeat proteins (SRRPs) with sialic acid, a common terminal carbohydrate [9–15]. SRRPs are

large, surface-associated glycoproteins that form fibrils. Members of this adhesin family pos-

sess a modular organization, typically including an N-terminal secretion signal that mediates

export through an accessory Sec-system, and a C-terminal cell-wall anchoring domain. SRRPs

also have a non-repeat region (NRR) that mediates adhesion and one or two regions consisting

of serine-rich repeats (SRR), which are highly glycosylated and proposed to serve as stalks that

extend the NRR from the cell surface [16–18].

The NRR of many sialic acid-binding SRRPs consists of a sialic acid-binding immunoglob-

ulin-like lectin (Siglec)-like and a Unique domain [9–11,15,19,20]. The Unique domain is pro-

posed to influence the conformation of the Siglec-like domain [21], which directly interacts

with sialic acid. The Siglec-like domains of the SRRPs Fap1 (S. oralis), GspB (Streptococcus gor-

donii), Hsa (S. gordonii) and SrpA (Streptococcus sanguinis) contain an arginine residue essen-

tial for sialic acid binding within the semi-conserved YTRY motif [9–11,15,21,22].

Studies have demonstrated that the expression of some SRRPs containing Siglec-like and

Unique domains is important in IE [15,23–25]. Since the arginine residue, essential for

PLOS PATHOGENS Novel sialic acid binding adhesin

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009222 January 19, 2021 2 / 36

PRJNA635656 at the NCBI BioProject database

(https://www.ncbi.nlm.nih.gov/bioproject/).

Funding: This work was supported by grants from

the American Heart Association (https://www.

heart.org/) (17GRNT33660749 and

19TPA34760750) to SJK and from the National

Institute of Health (https://www.nih.gov/)

(R01AI114926) to TK. We thank the Infectious

Disease Consortium at Nationwide Children’s

Hospital for a trainee grant to M.O.G. (https://www.

nationwidechildrens.org/research). A.V.-P.D.L.

received support from “Apoyo para estancias

posdoctorales en el extranjero del Consejo

Nacional de Ciencia y Tecnologia (CONACYT),

Mexico.” (https://www.conacyt.gob.mx/ 2019-

000012-01EXTV-00267). The funders had no role

in study design, data collection and analysis,

decision to publish, or preparation of the

manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.ppat.1009222
https://www.ncbi.nlm.nih.gov/bioproject/
https://www.heart.org/
https://www.heart.org/
https://www.nih.gov/
https://www.nationwidechildrens.org/research
https://www.nationwidechildrens.org/research
https://www.conacyt.gob.mx/


binding of the SRRP GspB to sialic acid on platelets, contributes to the pathogenesis of S. gor-

donii in a rat model of IE, virulence is attributed to the specific interaction of SRRPs with sialic

acid [15]. Hence, the current paradigm establishes that binding to sialic acid on platelets via

Siglec-like and Unique domain-containing SRRPs contributes to the pathogenesis of IE.

The SRRP-sialic acid-binding mechanism has been described in the IE-causing bacteria S.

gordonii, S. sanguinis and S. oralis [9–11,15,19,20]. However, many other bacterial species

cause IE through yet undefined mechanisms. Recent work demonstrated that, in addition to

binding sialic acid on platelets, S. oralis and S. gordonii also bind to β-1,4-linked galactose,

exposed upon sialic acid removal [9,26]. In S. oralis, adhesion to both sialic acid and β-
1,4-linked galactose requires the SRRP Fap1 [9]. This novel strategy of binding multiple recep-

tors reveals that streptococcal-platelet interactions are more complex than previously

considered.

In this study, we identified S. oralis subsp. oralis IE-isolates that bind sialic acid and β-
1,4-linked galactose but lack SRRPs. We demonstrated that these strains have a novel sialic

acid-binding adhesin, here named AsaA (associated with sialic acid adhesion A), that contrib-

utes to the colonization of vegetations in an animal model of IE. AsaA orthologues were also

found in several other IE-causing bacterial species suggesting this mechanism of adhesion con-

tributes to the pathogenesis of multiple species.

Results

Serine-rich repeat proteins are not essential for adhesion of S. oralis subsp.
oralis to sialic acid

Bacterial binding to platelets is a key step in the development of IE [8]. Many streptococcal

species, including S. oralis subsp. oralis, bind to sialic acid on platelets via an SRRP [9–

11,15,19,20]. Here we demonstrated that only two of five S. oralis subsp. oralis IE-isolates

screened encode the sialic acid-binding SRRP Fap1 (Fig 1A). Since previous reports estab-

lished that Fap1 binds sialic acid, we tested adhesion of the IE-isolates to this carbohydrate by

competing binding with a carbohydrate-binding module (CBM) specific for sialic acid

(CBM40, [27]). As shown in Fig 1B, adhesion of the five IE-isolates tested was significantly

reduced by CBM40. This indicates that while sialic acid is a conserved receptor for all strains

tested, Fap1 is not essential for binding this carbohydrate.

Isolates that bind sialic acid but lack fap1must either encode a distinct SRRP or employ an

alternative adhesion mechanism. To address the first possibility, we screened for the presence

of the three different secA2 variants identified in S. oralis (Uo5, F0392 and ATCC6249). SecA2

is the ATPase that energizes export of SRRPs and is more highly conserved than members of

the SRRP family [28]. The gene encoding SecA2 was only detected in the fap1+ isolates, sug-

gesting that the fap1- isolates lack other SRRPs (S1 Fig). The absence of genes encoding an

SRRP and the machinery required for its export were confirmed by genomic sequencing of

two fap1- isolates. Overall, these data indicate that sialic acid is a conserved receptor for S. ora-

lis subsp. oralis, but that SRRPs are not essential for binding this carbohydrate. Instead, SRRP-

isolates must bind sialic acid through a novel mechanism.

β-1,4-linked galactose can serve as a receptor for some SRRP- S. oralis
subsp. oralis isolates

We previously demonstrated that β-1,4-linked galactose, exposed upon removal of sialic acid

by bacterial neuraminidase, serves as an additional receptor for S. oralis subsp. oralis binding

to platelets [9]. Binding to β-1,4-linked galactose was reported to be Fap1 dependent, hence, it
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was unclear whether the fap1- isolates can bind this carbohydrate. In order to address this

question, carbohydrates underlying sialic acid were exposed by neuraminidase pretreatment

and binding to β-1,4-linked galactose tested by determining whether CBMs previously shown

to specifically bind this carbohydrate (CBM71-1.2) [29] can competitively inhibit adhesion. As

previously reported for other Fap1+ isolates, the two Fap1+ strains included in this study were

significantly reduced in adhesion upon neuraminidase treatment and further reduced upon

addition of CBM71-1.2 (Fig 2B). This result supports previous data demonstrating that Fap1+

isolates bind both sialic acid and β-1,4-linked galactose [9]. Binding of the Fap1- isolates IE1

and IE18 was not reduced by removal of sialic acid, indicating that binding to underlying car-

bohydrates is as efficient as binding to sialic acid (Fig 2A). The fact that addition of CBM71-

1.2 significantly reduced adhesion of these strains to neuraminidase treated platelets demon-

strates that these SRRP- isolates can bind β-1,4-linked galactose. Unlike IE1 and IE18, binding

of the SRRP- isolate IE12 to neuraminidase treated platelets was not reduced by CBM71-1.2,

indicating that this strain binds sialic acid but not β-1,4-linked galactose (Fig 2A). Together,

our data demonstrate that SRRPs are not essential for binding to sialic acid and β-1,4-linked
galactose. Therefore, SRRP- strains must use an alternative mechanism to bind these carbohy-

drates. Furthermore, the differences in carbohydrate binding capabilities displayed by the

SRRP- isolates suggest that distinct adhesins mediate binding to sialic acid and β-1,4-linked
galactose.

Fig 1. Fap1 is not essential for adhesion to sialic acid. (A) Southern blot of EcoRV-digested gDNA from five different S. oralis subsp. oralis IE-
isolates using a DIG-labeled fap1 probe. gDNA from S. oralis subsp. oralis strain ATCC10557 was used as a positive control (+). fap1 was detected in
only two IE-isolates. (B) Adherence of five S. oralis subsp. oralis IE-isolates to platelets in the presence of 30 μMCBM40 (+). Adherence was
expressed as a percentage relative to the same strain in the absence of CBM40 (-). Values are the means for at least three independent experiments,
each performed in triplicate, ± SD. �Statistical significance was tested by two-tailed Student’s t-test. �, P� 0.0015.

https://doi.org/10.1371/journal.ppat.1009222.g001
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SRRP- isolates employ a novel mechanism of adherence that requires a
Sortase A-dependent surface protein(s)

To identify the mechanism(s) by which S. oralis subsp. oralis strains lacking SRRPs bind to car-

bohydrates on platelets, we first tested the effect of a Sortase A (SrtA) mutant on bacterial

binding. SrtA mediates covalent attachment of many adhesins to the cell wall of Gram-positive

bacteria [30,31]. Deletion of srtA from SRRP- isolates, IE12 and IE18, significantly reduced

bacterial binding to platelets (Fig 3A). Complementation of the srtAmutants significantly

increased adhesion, confirming that the phenotype observed was due to the mutation intro-

duced. These results indicate that a surface protein(s), attached to the cell wall by SrtA, is

required for adhesion. Sialic acid serves as the main receptor for IE12 and IE18 on platelets

(Fig 1B). However, IE18 also binds β-1,4-linked galactose exposed upon sialic acid removal

(Fig 2A). Adhesion of an IE18 srtAmutant to neuraminidase-pretreated platelets was also

reduced (Fig 3A). The adhesion phenotype was recovered upon complementation. These

results indicate that a SrtA-dependent surface protein(s) is also required for adhesion to β-
1,4-linked galactose.

The above experiments established that SRRP- isolates bind to platelets through a novel

mechanism that requires a surface protein(s), anchored by SrtA. To identify putative sialic

acid and β-1,4-linked galactose binding adhesins we performed comparative genomic analysis.

Since SrtA recognizes surface proteins that possess an LPxTG amino acid motif [32], the com-

parative analysis was restricted to genes encoding proteins with this motif. Potential sialic

acid-binding adhesins were identified as LPxTG-containing proteins encoded by IE12 and

IE18, two SRRP- isolates that bind this carbohydrate, but absent in the SRRP+ strain

ATCC10557. Proteins encoded by IE18, but absent in IE12 and ATCC10557, were considered

as potential β-1,4-linked galactose binding adhesins. As seen in Fig 3B, four potential adhesins

for each carbohydrate were identified (S1 Table). However, the distribution of only one poten-

tial adhesin for each carbohydrate correlated with the binding phenotypes of the isolates (Figs

3C and S2). These results support the hypothesis that SRRP- isolates bind sialic acid and β-
1,4-linked galactose through novel mechanisms involving the SrtA-dependent proteins

encoded by IE12_1764 and IE18_0557, respectively.

Fig 2. β-1,4-linked galactose serves as a receptor for some S. oralis subsp. oralis isolates. Binding to β-1,4-linked galactose was tested by the addition of
50 μMCBM71-1.2 following pretreatment with neuraminidase (NPRE) or PBS (-). The graphs show adherence of the SRRP- (A) and SRRP+ (B) IE-isolates to
untreated or neuraminidase-pretreated platelets in presence or absence of CBM71-1.2. Adherence is expressed as a percentage relative to binding of the strains
to untreated platelets in the absence of CBM71-1.2. Values are the means for at least three independent experiments, each performed in triplicate, ± SD.
Statistical significance was tested by two-tailed Student’s t-test. �, P� 0.015; NS, not significant.

https://doi.org/10.1371/journal.ppat.1009222.g002
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IE18_0557 encodes a Csh-like protein

IE18_0557 was the only gene encoding a putative β-1,4-linked galactose binding adhesin pres-

ent in all SRRP- strains that bind this carbohydrate (Figs 3C and S2B). IE18_0557, which is

expressed in IE18 (S3 Fig), is predicted to encode a 3097 amino acid protein that shares 76%

amino acid identity with S. gordonii CshA (Sg_CshA). Sg_CshA is a fibril-forming adhesin

involved in autoaggregation and adhesion to extracellular matrix proteins and other bacterial

species [33–35]. The NRR of S. gordonii CshA consists of three distinct non-repetitive

domains: NR1, NR2 and NR3. The NR2 adopts a lectin-like fold, which is characteristic of car-

bohydrate binding proteins [36]. In addition, the expression of CshA is associated with lac-

tose-sensitive interactions between S. gordonii and Actinomyces naeslundii [33]. Together,

these data suggest that the protein encoded by IE18_0557, which we have named “Csh-like,” is

involved in binding to β-1,4-linked galactose.

The Csh-like protein encoded by IE18 contains an YSIRK-type signal peptide, an NRR and

23 repeats of the CshA-type fibril repeat (Fig 4A). Homology detection and structural predic-

tion using HHpred [37], revealed that the NRR of this protein shares structural similarity with

Fig 3. A Sortase A-dependent surface protein(s) is required for binding of S. oralis IE-isolates lacking SRRPs. (A) a srtAmutant is reduced in binding to
platelets. Graphs indicate adherence of IE12 and IE18 srtAmutants and complements, with srtA or the empty vector (pABG5), relative to parental strains. The
contribution of SrtA-dependent surface proteins to β-1,4-linked galactose binding was tested by comparing adhesion to neuraminidase-pretreated platelets
(NPRE). Adherence data are the means for at least three independent experiments, each performed in triplicate, ± SD. Statistical significance was tested by two-
tailed Student’s t-test. �, P� 0.006.(B) Venn diagram showing shared and unique LPxTG-containing proteins in three different S. oralis subsp. oralis IE-isolates.
Comparisons were made by BLASTP, proteins with>80% amino acid identity were considered as shared between strains. (C) As demonstrated by PCR, the
presence of IE12_1764 and IE18_0557 correlates with the ability of fap1- isolates to bind sialic acid or β-1,4-linked galactose, respectively. rpoB was used as a
positive control.

https://doi.org/10.1371/journal.ppat.1009222.g003
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the NR2 of S. gordonii CshA (PDB: 5L2D_B, [36]), supporting the hypothesis that Csh-like is

required for binding to β-1,4-linked galactose. To validate this hypothesis, we generated a csh-

likemutant. However, when performing adherence assays with the IE18 csh-likemutant bacte-

rial numbers added to the assay were inconsistent; after examination following Gram-staining

we observed that the mutant was forming aggregates (S4 Fig) that were not disrupted by vor-

texing and hence interfered with the platelet-binding assays. As an alternative approach, we

examined the effect of adding recombinant Csh-like NRR (Csh_NRR) to IE18 adhesion assays.

As expected, binding of IE18 to neuraminidase-pretreated platelets was reduced by CBM71-

1.2; however, the addition of Csh_NRR did not significantly reduce binding (Fig 4B). Proper

folding of the Csh_NRR was confirmed by circular dichroism (CD) spectroscopy (S5 Fig).

These results do not support the hypothesis that Csh-like mediates binding of SRRP- strains to

β-1,4-linked galactose.

IE12_1764 encodes a putative sialic acid-binding protein

Through comparative genomics we identified four potential sialic acid-binding adhesins pres-

ent in IE12 and IE18 (Fig 3B). However, only IE12_1764 (IE18_0535) was absent in Fap1+

strains but present in all SRRP- strains that bind sialic acid (Figs 3C and S2A). This putative

sialic acid-binding adhesin encoded by IE12 and IE18 consists of an N-terminal YSIRK-type

secretion signal, followed by an NRR and 31 or 28 DUF1542 domains, respectively. The NRRs

of these proteins share 98.72% amino acid identity, suggesting that they both perform the

Fig 4. Csh-like protein is not involved in IE18 binding to β-1,4-linked galactose. (A) Schematic illustrating the
predicted protein architecture of Csh-like from S. oralis subsp. oralis IE18 (IE18_0557). Csh-like consists of an N-
terminal secretion signal (SS), followed by the NR2 domain (PDB: 5L2D), 23 CshA-type fibril repeats and a cell wall
anchoring motif (LPxTG). (B) The non-repeat region of Csh-like (Csh_NRR) is not involved in binding to β-
1,4-linked galactose. Unlike CBM71-1.2, the addition of 30 μM of the recombinantly expressed Csh_NRR did not
significantly reduce binding of IE18 to neuraminidase-pretreated (NPRE) platelets. Adherence is expressed as a
percentage relative to binding of IE18 to neuraminidase-pretreated (NPRE) platelets in the absence of CBM71-1.2 or
Csh_NRR. Values are the means for at least three independent experiments, each performed in triplicate, ± SD.
Statistical significance was tested by two-tailed Student’s t-test. �, P� 0.001; NS, not significant.

https://doi.org/10.1371/journal.ppat.1009222.g004
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same function. To facilitate data interpretation, further studies were performed only in IE12,

which unlike IE18, binds only to sialic acid.

IE12_1764, which we confirmed is expressed in IE12 (S3 Fig), encodes a 3146 amino acid

protein. Homology detection and structural prediction using HHpred [37] revealed that the

N-terminal region of the NRR shares structural homology with both a putative CBM (77.74%

probability, PDB: 4NUZ) and a FIVAR (found in various architectures) domain (60.11% prob-

ability, PDB: 6GV8). FIVAR domains are also found in some characterized adhesins like Ebh

and Embp from Staphylococcus aureus and Staphylococcus epidermidis, respectively, and are

involved in binding to fibronectin [38]. The FIVAR/CBM region is followed by two predicted

Siglec-like and Unique domains that share structural similarity with similar domains found in

the sialic acid-binding SRRPs Hsa (99.38 and 99.26% probability, PDB: 6EFC), SrpA (99.21

and 99.15% probability, PDB: 5KIQ) and GspB (99.06 and 98.97% probability, PDB: 3QC5)

(Fig 5A and 5B); however, most characterized SRRPs have only one Siglec-like and Unique

domain [15,21,39]. The NRR is followed by 31 DUF1542 domains, which were previously

shown to form fibrils when overexpressed [40]. Overall, these data lead to the hypothesis that

IE12_1764 encodes a novel sialic acid-binding adhesin, here named AsaA (Associated with

sialic acid adhesion A).

AsaA is a novel sialic acid-binding adhesin

A non-polar mutation in asaA (IE12 ΔasaA) significantly reduced binding of IE12 to platelets.

Moreover, sialic acid removal by neuraminidase pretreatment did not further reduce adhesion

of IE12 ΔasaA (Fig 5C), demonstrating that AsaA is required for bacterial binding to platelets

in a sialic acid-dependent manner. Our attempts to complement the asaAmutant were unsuc-

cessful, likely due to the high number of repeats; however, a second independent asaAmutant

was similarly reduced in adhesion (S6 Fig).

AsaA consists of an NRR followed by 31 DUF1542 domains. In SRRPs, the NRR, specifi-

cally the Siglec-like and Unique domain within it, mediates adhesion to sialic acid. To dissect

the role of the different AsaA domains in adhesion we constructed isogenic mutants lacking

the entire NRR or the Siglec-like and Unique domains. To monitor protein stability and locali-

zation a 3xFLAG tag was added to the parental strain (IE12 asaAWT-3F) used to generate the

mutants (IE12 asaA ΔNRR-3F and ΔSU-3F). Binding of the WT-3F strain to platelets was

reduced as compared to the untagged IE12 (S7 Fig). However, the isogenic mutants lacking

either the entire NRR or the Siglec-like and Unique domains were significantly reduced in

adhesion to platelets as compared to the WT-3F parental strain (Fig 5D). Importantly, we

demonstrated that the isogenic mutants are stable and localized on the cell surface (Fig 5E and

5F). These results indicate that the NRR of AsaA, specifically the Siglec-like and Unique

domains, are required for bacterial binding to platelets.

Next, we demonstrated that the recombinantly expressed NRR (AsaA_NRR) competitively

inhibits binding of IE12 to platelets in a dose-dependent manner (Fig 6A). IE12 adhesion was

not reduced by glutathione S-transferase (GST) alone, indicating that the competitive inhibi-

tion of IE12 binding by AsaA_NRR is specific (S8 Fig). We confirmed that this reduction in

adhesion is mediated by the predicted Siglec-like and Unique domains, since addition of a

recombinant protein containing only these domains (AsaA_SU_1–2) significantly reduced

binding. This reduction in binding is AsaA and sialic acid-dependent (Fig 6B).

Finally, we addressed whether the reduction in IE12 binding caused by the addition of

AsaA_NRR and AsaA_SU_1–2 was due to the direct interaction of these recombinant proteins

with sialic acid on platelets. To this end, we examined the ability of platelets pretreated with PBS

or neuraminidase to bind to immobilized AsaA_NRR, AsaA_SU_1–2 or GST.While platelets

PLOS PATHOGENS Novel sialic acid binding adhesin

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009222 January 19, 2021 8 / 36

https://doi.org/10.1371/journal.ppat.1009222


Fig 5. AsaA is a novel sialic acid-binding adhesin. (A) Schematic illustrating the predicted protein architecture of AsaA (IE12_1764) from S. oralis subsp. oralis IE12.
AsaA consists of an N-terminal secretion signal (SS), followed by the non-repeat region predicted to contain a FIVAR/CBM domain and two Siglec-like and Unique
domains, followed by 31 DUF1542 domains and a C-terminal LPxTGmotif. (B) Comparison of the AsaA Siglec-like and Unique domains tertiary structure, predicted
by SWISS-MODEL, to the solved structure of SrpA Siglec-like and Unique domain (5KIQ). (C) An IE12 asaAmutant was reduced in binding to platelets.
Neuraminidase pretreatment (NPRE) did not further reduced binding of the mutant. (D) Left: schematic illustrating the domains removed in the isogenic IE12 variants.
To further evaluate protein production and localization, a 3xFLAG tag (black box) was added to all constructs, including the parental strain (WT-3F). Right: Adhesion
of WT-3F and the isogenic AsaA-deletion mutants to platelets. (E) Production of the AsaA deletion variants evaluated by the detection of the 3xFLAG tag in whole-cell
lysates by immunodot-blot. (F) Detection of the AsaA-deletion variants on the cell surface by immunofluorescent microscopy. Representative images of Nile red-stained
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pretreated with PBS bound efficiently to both recombinant proteins, essentially no binding of

neuraminidase treated platelets was observed (Fig 6C). Likewise, no binding of platelets to GST

was observed. These results establish that AsaA directly binds sialic acid on platelets through the

Siglec-like and Unique domains. In summary, our results demonstrate that S. oralis subsp. oralis

AsaA is a novel adhesin that mediates direct binding to sialic acid on platelets.

AsaA contributes to the colonization of vegetations by S. oralis IE12 in a
rabbit model of IE

Since binding to sialic acid on platelets is a key step in the development of IE, the impact of

AsaA on the virulence of IE12 was evaluated in vivo, using a rabbit model of IE [41]. To that

bacteria (red) incubated with anti-FLAG and Alexa Fluor 488-conjugated secondary antibody (green). Bars 1 μm. Adherence is expressed as a percentage relative to
binding of the parental strain to untreated platelets. Values are the means for at least three independent experiments, each performed in triplicate, ± SD. Statistical
significance was tested by two-tailed Student’s t-test. �, P� 0.0004. NS, not significant.

https://doi.org/10.1371/journal.ppat.1009222.g005

Fig 6. The Siglec-like and Unique domains of AsaAmediate direct binding to sialic acid on platelets. (A) Adhesion of IE12 was reduced in a dose-dependent
manner by increasing concentrations of AsaA_NRR. (B) Adhesion of IE12 and the asaAmutant to untreated and neuraminidase-pretreated (NPRE) platelets in the
presence of 5 μMAsaA_NRR or AsaA_SU_1–2. Adherence is expressed as a percentage relative to binding of IE12 to untreated platelets in the absence of recombinant
proteins. (C) Direct binding of platelets pretreated with PBS or neuraminidase (NPRE) to immobilized AsaA_NRR, AsaA_SU_1–2 or GST. A representative image of
platelets binding to immobilized protein is shown. The graph shows the average number of platelets recovered in three independent experiments performed in triplicate.
Statistical significance was tested by two-tailed Student’s t-test. �, P� 0.002. NS, not significant.

https://doi.org/10.1371/journal.ppat.1009222.g006
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end, the IE12 asaAmutant and a chloramphenicol-resistant derivative of IE12 (IE12 Cmr)

were co-inoculated into rabbits in which aortic valve damage was induced by catheterization.

The following day, rabbits were euthanized and vegetations in or near the aortic valves were

removed. The mean colony-forming units (CFUs) recovered for the asaAmutant were signifi-

cantly lower than those recovered for IE12 Cmr (1.06x108 vs 3.36x108) (Fig 7). These studies

demonstrate that S. oralis subsp. oralis AsaA contributes to the colonization of vegetations and

is a potential virulence factor for IE.

To further investigate the role of AsaA in binding to other host components present on

damaged cardiac surfaces [42,43], we tested the ability of an IE12 asaAmutant to bind to

immobilized human fibrinogen and fibronectin. While binding to fibrinogen was not signifi-

cantly affected for the asaAmutant, binding to fibronectin was significantly increased (Fig 8).

While this may be the result of more efficient exposure of additional adhesins upon removal of

AsaA, these results demonstrate that AsaA does not play a role in binding to fibrinogen or

fibronectin.

AsaA is present in other IE-causing bacterial species

Most studies of bacterial-platelet interactions have focused on a limited number of bacterial

species, such as S. gordonii and S. aureus [44]. However, there are other bacterial species that

cause IE through unknown mechanisms. To investigate if AsaA orthologues were present in

other IE-causing species, we performed BLAST searches using the full-length amino acid

sequence of S. oralis subsp. oralis AsaA as a query. AsaA orthologues were identified in other

IE-causing bacterial species including S.mitis, Staphylococcus pasteuri, Granulicatella elegans

Fig 7. AsaA contributes to S. oralis IE12 virulence in a rabbit model of IE. The two strains indicated were co-
inoculated into six rabbits from two independent experiments (three rabbits each) performed on different days.
Individual values and geometric means of bacteria recovered from vegetations are shown. Identical symbols indicate
bacteria recovered from the same animal. Log-transformed values were analyzed by paired Student’s t-test. �,
P� 0.002.

https://doi.org/10.1371/journal.ppat.1009222.g007
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and G. haemolysans [45–55]. Overall, the protein architecture of these AsaA orthologues is

similar to that of S. oralis AsaA. They all contain a secretion signal, an NRR, DUF1542 repeats

and a cell-wall anchoring motif. The NRR of S. oralis AsaA consists of a predicted FIVAR/

CBM domain followed by two Siglec-like and Unique domains. The same domains were pre-

dicted in the AsaA orthologues in G. haemolysansM341, S. pasteuri 915_SPAS and G. elegans

ATCC700633, although in the latter the N-terminal region of the NRR only shares structural

homology with the FIVAR domain. Notably, we identified three Siglec-like and Unique

domains in the NRR of the AsaA orthologue in S.mitis B6 (Fig 9A).

As a proof of principle that AsaA orthologues can also act as adhesins, we demonstrated

that the NRR of AsaA from G. haemolysansM341 (Gh_AsaA_NRR), significantly reduced

binding of IE12 to platelets. This reduction in binding was AsaA-dependent as adherence of

the IE12 asaAmutant was not further reduced by the addition of Gh_AsaA_NRR (Fig 9B).

These results demonstrate that AsaA from G. haemolysans can serve as a sialic acid-binding

adhesin. Thus, this novel mechanism is potentially relevant to the pathogenesis of multiple IE-

causing bacterial species.

Discussion

Adhesion to host surfaces is a key step in bacterial pathogenesis. As such, bacterial binding to

platelets plays an important role in the development of IE [8]. Initial studies in streptococci

demonstrated that these interactions are mediated by SRRPs binding to sialic acid on platelets

[9–15]. However, we previously demonstrated that the S. oralis subsp. oralis SRRP, Fap1, also

mediates binding to the cryptic receptor β-1,4-linked galactose. This work revealed that these

interactions are more complex than previously appreciated. Here, we confirm sialic acid and

β-1,4-linked galactose as platelet receptors for S. oralis subsp. oralis. Nevertheless, our data

demonstrate that SRRPs are not essential for binding these carbohydrates. Instead, we identi-

fied a novel sialic acid-binding adhesin, here named AsaA, which contributes to S. oralis

Fig 8. AsaA is not required for binding to fibrinogen or fibronectin. The IE12 asaAmutant displayed increased
binding to immobilized fibronectin, while binding to fibrinogen was not significantly different from that of IE12.
Adherence is expressed as a percentage relative to binding of IE12. Values are the means for at least three independent
experiments, each performed in triplicate, ± SD. Statistical significance was tested by two-tailed Student’s t-test. �,
P� 0.02; NS, not significant.

https://doi.org/10.1371/journal.ppat.1009222.g008
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subsp. oralis colonization of vegetations in an animal model of IE. The identification of AsaA

orthologues in additional IE-causing species and the demonstration that one of these proteins

can competitively inhibit adhesion of a sialic acid-binding strain suggest that this novel adhe-

sin contributes to the pathogenesis of multiple bacterial species that cause IE.

Previous reports have shown that binding of streptococci to platelets glycans is mediated by

SRRPs [9–15]. Consistent with this, a previous study identified SRRPs in all 19 S. gordonii and

S. sanguinis genomes analyzed [56]. In contrast, our results demonstrated that SRRPs are not

present in all S. oralis subsp. oralis IE-isolates screened. While the requirement of SRRPs to

bind platelet glycans may be specific for certain streptococcal species, our results stablish that

SRRPs are not essential for binding of S. oralis subsp. oralis to sialic acid and β-1,4-linked
galactose.

S. oralis subsp. oralis IE-isolates lacking SRRPs showed different binding dynamics to β-
1,4-linked galactose than isolates encoding Fap1. While binding of Fap1-encoding isolates is

reduced upon neuraminidase treatment (Fig 2B and [9]), that of the SRRP- isolates IE1 and

IE18 was either unaffected or increased, respectively (Fig 2A). This suggests that isolates lack-

ing SRRPs bind to carbohydrates underlying sialic acid with higher affinity than those depen-

dent on Fap1. This novel binding mechanism requires a SrtA-associated protein. Through

comparative genomics and gene distribution analysis, we identified a Csh-like protein as a

putative S. oralis β-1,4-linked galactose-binding protein.

Csh-like proteins are a widespread family of fibril-forming surface proteins found in oral

streptococci such as S. gordonii, S. oralis, S.mitis and S. sanguinis. These proteins consist of an

antigenically variable NRR and a conserved repetitive domain [57,58]. The Csh-like protein

identified in IE18 shares the highest amino acid identity (76%) with CshA from S. gordonii,

which mediates lactose-sensitive interspecies interactions and possesses a binding domain

with a lectin-like fold (NR2) [33,35,36,59]. The presence of Csh-like correlated with binding of

SRRP- IE-isolates to β-1,4-linked galactose; however, we could not confirm a role for Csh-like

in binding this carbohydrate. A csh-likemutant displayed a marked aggregation phenotype

that interfered with binding assays; the reason for this aggregation phenotype is unknown but

Fig 9. AsaA can serve as an adhesin in other IE-causing bacterial species. (A) Schematic illustrating the predicted protein architecture of the NRR of
AsaA orthologues from G. haemolysansM341 (EGF87895.1), G. elegans ATCC700633 (EEW93886.2), S. pasteuri 915_SPAS (WP_048803571.1) and S.mitis
B6 (CBJ22549.1). The percentage of amino acid identity to the NRR of AsaA from S. oralis subsp. oralis IE12 is shown to the right of the schematic. (B)
Adhesion to platelets of IE12 and the asaAmutant in the presence of 5 μMGh_AsaA_NRR. Adherence is expressed as a percentage relative to binding of
the same strain in the absence of Gh_AsaA_NRR. Values are the means for at least three independent experiments, each performed in triplicate, ± SD.
Statistical significance was tested by two-tailed Student’s t-test. �, P� 0.0015; NS, not significant.

https://doi.org/10.1371/journal.ppat.1009222.g009
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could be due to changes in cell hydrophobicity or to the exposure of other surface adhesins

involved in aggregation. As an alternative approach, we tested the ability of the recombinantly

expressed NRR of Csh-like to competitively inhibit binding to β-1,4-linked galactose; however,

despite being properly folded, it did not reduce binding significantly. While our data do not

support the hypothesis that Csh-like mediates binding of S. oralis to β-1,4-linked galactose, we

cannot rule out this possibility.

In this work, we identified a novel sialic acid-binding adhesin, named AsaA, that is present

in S. oralis subsp. oralis IE-isolates lacking SRRPs. An asaAmutant was reduced in binding to

platelets, indicating that AsaA is required for adhesion. Additionally, we established that bind-

ing was sialic acid-dependent as removal of this carbohydrate did not further reduce binding

of the mutant. We demonstrated that binding to platelets requires the AsaA Siglec-like and

Unique domains, as a deletion mutant lacking these domains was reduced in adhesion. Finally,

we established the role of AsaA as an adhesin by demonstrating that the recombinantly

expressed NRR, specifically the Siglec-like and Unique domains, competitively inhibited adhe-

sion of S. oralis subsp. oralis and directly bound to sialic acid on platelets.

In the most extensively studied SRRPs, Fap1, GspB, Hsa and SrpA, sialic acid interactions

are mediated by a single Siglec-like domain [9–11,15,19–21]. This domain is invariably fol-

lowed by a Unique domain, proposed to allosterically modulate the conformation of the

Siglec-like domain [21]. In these SRRPs, Siglec-like domains have a semi-conserved YTRY

motif containing an arginine residue essential for sialic acid binding [9–11,15,21,22]. AsaA

contains two Siglec-like and Unique domains. AsaASiglec1 contains a non-canonical YTRY

motif (GTRY), which includes the arginine required for sialic acid binding. However, AsaASi-

glec2 does not possess a YTRY motif. Two previously characterized SRRPs, FapC and SK1, also

possess two Siglec-like and Unique domains. In FapC, only the first Siglec-like domain has the

conserved arginine; however, it is not essential for FapC binding to sialic acid on salivary pro-

teins [39]. In SK1, neither of the Siglec-like domains has a conserved arginine and yet the pro-

tein binds sialic acid. How Siglec-like domains lacking the arginine of the YTRY motif bind

sialic acid is unknown; however, a recent study suggests that additional interactions can occur

between Siglec-like domains and sialoglycans through three flexible loops [20]. Together, these

data suggest that both AsaA Siglec-like domains bind sialic acid. The impact of having two tan-

dem repeats of Siglec-like and Unique domains is also unknown. However, previous studies

showed that increasing the number of binding domains can increase affinity [29,60]. Addition-

ally, the NRR of SK1, containing two Siglec-like and Unique domains, binds a wider variety of

sialoglycans than characterized SRRPs containing only one Siglec-like and Unique domain

[21]. Hence, it is possible that increasing the number of Siglec-like and Unique domains

broadens protein selectivity and impacts tropism, by expanding the range of host receptors

than can be bound.

As indicated by their name, FIVAR domains are found in various bacterial proteins.

FIVAR domains have been found in some CAZymes (Carbohydrate-active enzymes), and

hence they are referred to as putative, yet uncharacterized, CBMs [61–65]. Since these domains

share structural homology with heparin binding modules, it was suggested that they could

bind negatively charged polysaccharides [63]. In agreement with the hypothesis that FIVAR

domains bind carbohydrates, this region of AsaA was predicted to share structural homology

with a putative CBM present in an endo-β-N-acetylglucosaminidase (EndoS) from Streptococ-

cus pyogenes (PDB: 4NUZ) [66]. The putative CBM from EndoS shares structural homology to

CBM62, which binds galactose-containing polysaccharides [66]. Although the ligands of the

EndoS CBM remain unknown, nuclear magnetic resonance analysis showed potential low

affinity binding to D-galactose [67]. These data suggest that, like Fap1, AsaA is involved in

binding β-1,4-linked galactose exposed by neuraminidase cleavage of sialic acid [9]. However,
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an asaAmutant did not reduce binding of IE18 to neuraminidase-pretreated platelets (S9 Fig).

Additionally, the fact that neuraminidase-pretreated platelets, which have exposed β-
1,4-linked galactose, did not bind to the immobilized AsaA_NRR rules out a role for AsaA in

binding to β-1,4-linked galactose. Although the role of the FIVAR domain is unclear, in our

deletion mutants (Fig 5D) and platelet-binding assay (Fig 6C) the presence of this domain

tends to increase platelet binding. These data did not reach significance (P� 0.250 and 0.09,

respectively), therefore further studies are required to define the role of the FIVAR domain in

AsaA.

FIVAR domains are also found in adhesive molecules such as Ebh from S. aureus and

Embp from S. epidermidis [38,68–70], which possess more than 40 FIVAR domains. Tandem

FIVAR domains directly interact with the glycoprotein fibronectin [38]. However, we demon-

strated that AsaA, which has only one FIVAR domain, is not involved in binding to fibronec-

tin; whether this activity requires the presence of several FIVAR domains remains to be

determined.

According to Lin et al, DUF1542 is the most repeated domain in streptococci [71].

Although Ebh and Embp consist mainly of FIVAR domains, these adhesins also possess four

and seven DUF1542 domains, respectively [38,68]. Additionally, S. aureus SasC, Lactobacillus

rhamnosusMabA and S. pyogenes Epf possess 17, 26 and 18 DUF1542 domains, respectively

[40,72,73]. Previous studies demonstrated that the DUF1542 domains present in SasC and Epf

are not involved in adhesion, cell aggregation or biofilm enhancement [40,72]. Instead, these

domains form long, flexible, thin, fiber-like structures when overexpressed [40]. Thus, it is

likely that AsaA forms a surface fibril.

A protein architecture similar to that of AsaA, consisting of an NRR followed by a

DUF1542 domain stalk, is also found in Epf, MabA and SasC [40,72,73]. However, as observed

in the SRRP family, each adhesin possesses a unique NRR. The NRR of Epf is comprised of

two subdomains, one is structurally similar to CBMs and the other adopts a fibronectin type

III fold [40]. The structure of the NRRs of MabA and SasC are unknown; however, HHPred

searches identified structural similarity between the NRR of MabA and the CBM-like domain

of Epf [37,40]. We propose that AsaA, Epf, SasC and MabA form part of a novel family of bac-

terial adhesins, here named DRAs (DUF1542-Repeat Adhesins), with a similar protein

architecture.

Different NRRs are present in both DRAs and SRRPs, suggesting that these protein families

can be a source of intra and interspecies diversity in receptor binding. Horizontal gene transfer

between these organisms could lead to replacement of binding domains. The repeat domains

in each protein family (Serine-rich and DUF1542) are not involved in adhesion, but are pro-

posed to function as a stalk that helps the adhesive NRR protrude beyond the cell surface

[40,74,75]. However, these domains are clearly different and may have a distinct impact on the

biology of the organism. Serine-rich repeats are heavily glycosylated, which is important in

biofilm development [76]. Additionally, these glycosylated adhesins require a specialized

accessory Sec-System for their export [17]. No accessory Sec-system was found in the AsaA-

encoding isolates, additionally, AsaA possesses a YSIRK-type signal peptide that may drive its

export through the general Sec-system. These data suggest that AsaA is not glycosylated and its

synthesis and export is likely less energetically expensive than that of SRRPs. The expression of

SRRPs has also been associated with high cell hydrophobicity [77]; therefore, SRR and

DUF1542 domains will likely impact the biology of the organism in ways that are yet to be

appreciated. Further experiments, beyond the scope of this study, are underway to establish

the role of the repeat domains and their biological implications.

Adhesion is a key bacterial process during to host colonization, and hence it is linked to the

virulence potential of bacteria. In streptococci, the expression of SRRPs is important for
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virulence in animal models of IE [15,23–25,78]. This phenotype is attributed to the ability of

SRRPs to bind sialic acid on platelets [15]. Likewise, our data indicate that S. oralis AsaA is

important for the colonization of vegetations in an in vivomodel of IE. We observed a 3-fold

reduction in the number of mutant bacteria recovered from the vegetations. Although a direct

comparison with other in vivo studies is impractical due to variations in the models employed,

this result is consistent with previous observations [14,25,78]. Additionally, the reduction in

asaAmutant bacteria recovered is likely associated with the inability of the asaAmutant to

bind sialic acid on platelets. In addition to platelets, other host factors such as fibrinogen and

fibronectin are present on the damaged valve surface and contribute to initial bacterial binding

[42,43]. An asaAmutant was increased in binding to fibronectin, likely due to the absence of

AsaA exposing other adhesins. This increased binding to other host factors may have partially

compensated for the loss of AsaA in vivo. Our data demonstrate that AsaA contributes to the

colonization of vegetations; however, more studies will be required to determine the impact

on the course of disease.

We identified AsaA orthologues in other IE-causing species including G. haemolysans, G.

elegans, S. pasteuri and S.mitis [45,47,48,52,53]. A previous study identified DUF1542-con-

taining proteins in five S.mitis strains [79]. Although these were not characterized, we used

Pfam and HHpred to determine that these proteins are AsaA orthologues, possessing Siglec-

like and Unique domains in the N-terminal region. The overall architecture of these proteins

is similar, however, some display differences in the NRR domains and the number of

DUF1542 repeats. The AsaA orthologue in S.mitis B6 lacks the FIVAR/CBM domain, suggest-

ing it is dispensable for protein function. Of note, the S.mitis AsaA orthologue contains three

distinct Siglec-like and Unique domains in the NRR; to our knowledge, this is the first report

of a streptococcal adhesin predicted to contain three such domains. These differences will

likely impact the binding affinity and selectivity as discussed above.

The ability of the G. haemolysans AsaA orthologue (Gh_AsaA) to act as an adhesin was

demonstrated by the reduction of S. oralis adhesion in the presence of the recombinantly

expressed Gh_AsaA_NRR. The 40% reduction in binding to platelets was less than that

observed in the presence of So_AsaA_NRR, the recombinantly expressed NRR of S. oralis

AsaA. This result could be explained by variation in binding specificity or affinity derived

from differences in the amino acid sequence. These results suggest the novel sialic acid-bind-

ing adhesin AsaA is a virulence factor important for the pathogenesis of multiple bacterial spe-

cies that cause IE.

In summary, this study identified a novel sialic acid-binding adhesin that contributes to the

virulence of S. oralis subsp. oralis. AsaA is broadly distributed and likely relevant to the patho-

genesis of multiple IE-causing species. We propose that AsaA forms part of a novel family of

bacterial adhesins that employ DUF1542 repeats to extend different NRRs beyond the cell sur-

face. The NRRs, which determine the receptors bound, are shared with at least some of those

found in SRRPs. However, since the repeat regions of these two families of bacterial adhesins

are different, we hypothesize that they will differentially impact traits such as cell hydrophobic-

ity and biofilm formation. Finally, our work demonstrates that sialic acid is a more broadly

conserved receptor than previously appreciated, highlighting the importance of this bacterial

adhesion mechanism in the biology of these organisms.

Materials andmethods

Ethics statement

Blood draws involved the informed written consent of donors, with ethical approval obtained

from the Institutional Review Board of Nationwide Children’s Hospital under protocol
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number IRB16-01173. For the endocarditis model, rabbits were premedicated with aceproma-

zine, buprenorphine, and bupivacaine at the incision site, and then anesthetized for surgery

with isoflurane and sevoflurane. Buprenorphine SR LAB (ZooPharm) was provided for post-

surgical analgesia. Euthanasia was achieved by administration of Euthasol (pentobarbital

sodium and phenytoin sodium solution; Virbac AH Inc.). All procedures performed in rela-

tion to the rabbit endocarditis model were approved by the Institutional Animal Care and Use

Committee of Virginia Commonwealth University under protocol number AM10030, and

were consistent with United States Department of Agriculture Animal Welfare Act and Regu-

lations, the United States Office of Laboratory Animal Welfare Policies and Laws, and The

Guide for the Care and Use of Laboratory Animals published by the National Research

Council.

Bacterial strains and culture media

All bacterial strains and plasmids used in this study are listed in Table 1. The five S. oralis

strains included in the study, confirmed as subsp. oralis by MLSA, were selected from a group

of eight isolates for their ability to bind efficiently and reproducibly to platelets in a sialic acid-

dependent manner. S. oralis subsp. oralis was grown on tryptic soy agar plates (TSA) supple-

mented with 5% sheep blood (Becton, Dickinson and Co.) at 37˚C in a 5% CO2 atmosphere

for 16 h. Liquid cultures were grown statically at 37˚C in Todd-Hewitt broth (Becton, Dickin-

son and Co.) supplemented with 0.2% (w/v) yeast extract (Becton, Dickinson and Co.) (THY).

Escherichia coli strains were grown aerobically in lysogeny broth (LB) at 37˚C with constant

shaking at 250 rpm. When necessary, S. oralis subsp. oralis growth media was supplemented

with the appropriate antibiotics at the following concentrations: 200 μg/mL spectinomycin,

500 μg/mL kanamycin or 2.5 μg/mL chloramphenicol. E. coli growth media was supplemented

with 100 μg/mL ampicillin, 50 μg/mL spectinomycin, 50 μg/mL kanamycin or 30 μg/mL chlor-

amphenicol when required.

For in vivo studies, bacteria were grown overnight at 37˚C in brain heart infusion (BHI)

broth under microaerobic conditions (6% O2, 7% H2, 7% CO2 and 80% N2) created with a pro-

grammable Anoxomat Mark II jar-filling system (AIG, Inc.); then diluted 10-fold into fresh,

pre-warmed BHI and incubated statically at 37˚C.

Multilocus sequence analysis (MLSA)

S. oralis subsp. oralis isolates were identified using a previously published MLSA scheme [82].

Concatenated sequences of seven housekeeping genes were added to M. Kilian’s database of

concatenated sequences from mitis group isolates. The species was confirmed and subspecies

assigned using MEGA (version 6.06) software as previously described [83,84].

Genomic DNA isolation and sequencing

Genomic DNA (gDNA) was isolated as previously described [85] with slight modifications.

Briefly, cells were grown in THY to an optical density at 600 nm (OD600) of 0.6 and harvested

by centrifugation. The cell pellet was incubated at 37˚C with 150 U of mutanolysin (Sigma) fol-

lowed by treatment with RNAse A/N1 (100 μg/mL, Thermo Scientific), Proteinase K (100 μg/

mL) and N-lauryl sarcosine (final concentration 1.5%). Two Phenol:Chloroform:Isoamyl alco-

hol (25:24:1) extractions were performed followed by two extractions with Chloroform. DNA

was precipitated with isopropanol and washed with cold 70% ethanol. Finally, samples that

were sequenced by PacBio were processed in accordance with the Guidelines for Using a Salt:

ChloroformWash to Clean Up gDNA (Pacific Biosciences).
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Table 1. Strains and plasmids.

Strain or plasmid Characteristics or genotypea Source or reference

Strain

Streptococcus oralis subsp. oralis

SN16516 (IE1) Infective endocarditis isolate GNRCSb

SN18825 (IE4) Infective endocarditis isolate GNRCS

SN59433 (IE15) Infective endocarditis isolate GNRCS

SN51445 (IE12) Infective endocarditis isolate GNRCS

IE12 ΔsrtA srtA::aad9 Spcr This study

IE12 ΔsrtA/pABG5 srtA::aad9 Spcr transformed with the empty pABG5 vector. This study

IE12 ΔsrtA/pABG5-srtA srtA::aad9 Spcr transformed with pABG5 expressing srtA This study

IE12 ΔasaA asaA::kan Kanr This study

IE12 asaA_NRR::Cm asaA_NRR::cat Cmr This study

IE12 asaAWT-3F asaA-3xFLAG Spcr This study

IE12 asaA ΔNRR-3F asaA ΔNRR-3xFLAG Spcr This study

IE12 asaA ΔSU-3F asaA ΔSU-3xFLAG Spcr This study

IE12 Cmr IRc::cat Cmr This study

SN64428 (IE18) Infective endocarditis isolate GNRCS

IE18 ΔsrtA srtA::aad9 Spcr This study

IE18 ΔasaA asaA::kan Kanr This study

IE18 ΔsrtA/pABG5 srtA::aad9 Spcr transformed with the empty pABG5 vector. This study

IE18 ΔsrtA/pABG5-srtA srtA::aad9 Spcr transformed with pABG5 expressing srtA This study

IE18 Δcsh-like csh-like::aad9 Spcr This study

Uo5 Highly penicillin- and cephalosporin-resistant strains isolated from the nasal cavity of a
healthy individual

[80]

Streptococcus oralis subsp. dentisani F0392 Originally identified as Streptococcus mitis, isolated from the human oral cavity BEI Resourcesd

Streptococcus oralis genomosubspecies 1 ATCC
6249

Human blood from a patient with septicemia and endocarditis ATCC

Gemella haemolysansM341 Strain M341, HM-239. Isolated from the human oral cavity BEI Resourcesd

Escherichia coli

Stellar Cloning host Takara

BL21 (DE3) fhuA2 [lon] ompT gal (λ DE3) [dcm] ΔhsdS New England Biolabs

Plasmids

pDrive Cloning vector, Ampr Kanr Qiagen

pDriveΔsrtA pDriveΔsrtA::aad9 Spcr Ampr Kanr This study

pJET1.2/Blunt Cloning vector, Ampr Thermo Fisher
Scientific

pJETΔasaA pJETΔasaA::kan/rpsL+ rpsL(K56T) Kanr Ampr This study

pJETasaA_NRR::Cme pJETasaA NRR::cat Cmr Ampr This study

pJETasaAWT-3F pJETaad9_asaA-3xFLAG Spcr Ampr This study

pJETasaAΔNRR-3Fe pJETaad9_asaAΔNRR-3xFLAG Spcr Ampr This study

pJETasaAΔSU-3F pJETaad9_asaAΔSU-3xFLAG Spcr Ampr This study

pJETΔcsh pJETΔcsh::aad9 Spcr Ampr This study

pJETIR::Cm pJETIR::cat Cmr Ampr This study

pABG5 Streptococcal shuttle vector, Cmr Kanr [81]

pABG5-srtA pABG5.1 encoding the srtA gene This study

pOPINF T7-based expression vector, Ampr Novagen

pOPINFSpCBM40 pOPINF, encoding S. pneumoniae CBM40, Ampr [39]

pOPINFSpCBM71 1.2 pOPINF, encoding S. pneumoniae CBM71 1.2, Ampr [29]

pOPINF_18_Csh_NRRe pOPINF, encoding the NRR of Csh-like from S. oralis IE18, Ampr This study

(Continued)
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gDNA from S. oralis subsp. oralis strains IE12 and IE18 was sheared to 10 kb with the Diag-

enode Megaruptor 2 converted into a SMRTbell library (Pacific Biosciences) using the

SMRTbell express template preparation standard protocol. A total of 2–3.5 μg of the recovered

library was concentrated with 0.6X AMPure PB carboxylated paramagnetic beads (Pacific Bio-

sciences). The libraries were prepared for sequencing with Sequel binding kit 3.0 (Pacific Bio-

sciences) at a 3 pM final loading concentration. Each purified library complex was sequenced

on one 1Mv2LR SMRT cell with a 6 h pre-extension and 20 h movie time using diffusion load-

ing. Raw sequence data was processed in SMRT Link with the “Circular Consensus Sequenc-

ing” application to produce>Q20 consensus reads.

S. oralis subsp. oralis strain ATCC10557 was sequenced and assembled by the University of

Washington PacBio Sequencing Services.

Genome assembly and annotation

All>Q20 consensus reads from the IE12 and IE18 genomes were assembled using Canu v 1.8

assembler with the following parameters genomeSize = 1.9m maxThreads = 10

maxMemory = 20g [86]. BBmap aligner from the BBTools package (https://jgi.doe.gov/data-

and-tools/bbtools/) was used to calculate the general assembly statistics (contig length, cover-

age and GC content) by re-aligning all reads to the corresponding assembly. The assemblies

resulted in a circular contig (2,113,732 bp, 407.25x coverage and 40.97% GC content) and two

non-circular contigs (14,198 bp 745.15x coverage and 42.6% GC content; 2,092,871 bp,

726.19x coverage and 40.94% GC content) for the IE12 and IE18 genomes, respectively. For

both genomes, completeness was estimated as 100% by the BUSCO 3.2.0 pipeline using the

Firmicutes group orthologue database with translations of predicted open reading frames in

each genome [87]. PROKKA version 1.12 was used for gene prediction and annotation, with

SignalP for Gram-positive signal peptides prediction and Infernal for noncoding RNA annota-

tion (—gram +/pos—rfam parameters, respectively) [88–90].

Distribution of fap1, secA2 and genes encoding potential carbohydrate
binding adhesins

The presence of fap1 and secA2 in five S. oralis subsp. oralis IE-isolates was analyzed by South-

ern blotting using 2 μg of EcoRV digested gDNA as previously described [26]. Briefly, con-

served internal fragments of fap1 and three different secA2 genes representing the different

variants of this gene identified in S. oralis, were amplified using primers Sb.1 - Sb.2 and Sb.3 to

Sb.8 (Table 2) and labeled with digoxigenin (DIG) using the PCR DIG probe synthesis kit

Table 1. (Continued)

Strain or plasmid Characteristics or genotypea Source or reference

pGEX-5X-3 Expression vector, Ampr GE Biosciences

pGEX_So_AsaA_NRRe pGEX containing the NRR of AsaA from S. oralis IE12, Ampr This study

pGEX_So_AsaA_SU1-2 pGEX containing the both Siglec-like and Unique domains of AsaA from S. oralis IE12,
Ampr

This study

pGEX_Gh_AsaA_NRRe pGEX containing the NRR of AsaA from G. haemolysans, Ampr This study

a Spcr, spectinomycin resistant; Kanr, kanamycin resistant; Cmr, chloramphenicol resistant; Ampr, ampicillin resistant.

b GNRCS, German National Reference Center for Streptococci.

c IR, intergenic region.

d This strain was obtained through BEI Resources, NIAID, NIH as part of the Human Microbiome Project.

e Non-repeat region

https://doi.org/10.1371/journal.ppat.1009222.t001
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(Roche Diagnostics). Membranes were hybridized with these probes at 65˚C and then washed

at 68˚C with decreasing concentrations (from 2X to 0.2X) of SSC (150 mMNaCl, 15 mM

sodium citrate). Bound probes were detected using the DIG nucleic acid detection kit. As a

positive control, all membranes were re-probed with secA.

The presence of the genes encoding potential carbohydrate binding adhesins in the five dif-

ferent IE-isolates was determined by PCR using the corresponding primer pairs (Table 2).

RNA isolation and RT-PCR

RNA isolation was conducted with the RNeasy mini kit (Qiagen) as previously reported [39].

Briefly, the cell pellet of 1 mL of bacterial culture grown to an OD600 of 0.4 was washed twice

with phosphate-buffered saline (PBS) and resuspended in 540 μL of acid phenol containing

6 μL of 10% SDS. After flash-freezing, the samples were thawed at 70˚C and then 540 μL of

chloroform and 100 μL of Tris-EDTA buffer were added. Samples were further incubated for

30 minutes at 70˚C and vortexed every 5 minutes. RLT buffer was added to the sample, vor-

texed and centrifuged at 12,000 x g for 12 minutes. The aqueous phase was mixed with 70%

ethanol, loaded into a RNeasy minicolumn (Qiagen) and further processed following the man-

ufacturer’s instructions. RNA was treated with DNase I (Invitrogen) and further purified with

the RNeasy mini kit. cDNA was synthesized from 1 μg of RNA using SuperScript II reverse

transcriptase (Invitrogen) according to the manufacturer’s instructions.

Expression of srtA, asaA and csh-like was confirmed with the primer pairs S.1 - S.2, A.1 -

A.2 and C.1 - C.2, respectively. To exclude possible polar effects caused by the deletion of srtA,

asaA or csh-like, expression of the genes encoded downstream was confirmed using primer

pairs S.7 - S.8, A.5 - A.6 and C.7 - C.8, respectively. In all cases, rpoB was used as a positive con-

trol (primers R.1 and R.2).

Plasmid construction

The plasmid constructs used to generate the S. oralis subsp. oralis ΔsrtA, ΔasaA and Δcsh-like
mutants are described below. The regions upstream and downstream of the srtA gene were

amplified from S. oralis subsp. oralis gDNA using the primer pairs S.3 - S.4, and S.5 - S.6,

respectively. The spectinomycin cassette was amplified with primers Sp.1 and Sp.2. These

three fragments were cloned into EcoRI-digested pDrive (Qiagen) using the In-Fusion HD

EcoDry cloning kit (Takara Bio), resulting in the plasmid pDriveΔsrtA. The construct to gen-
erate the asaAmutant was generated by amplifying a 1.5 kb fragment, corresponding to the

NRR of asaA, with primers A.3 and A.4. The product was blunt-end ligated into the pJET1.2/

Blunt PCR cloning vector (Thermo Fisher Scientific). The resulting plasmid was digested with

HincII, which removed ~400 bp of asaA, then the Janus cassette was blunt-end ligated into

this construct, generating the pJETΔasaA plasmid. A 1.9 kb region, corresponding to the

NRR-encoding region of csh-like, was amplified using primers C.3 and C.4, and blunt-end

ligated into pJET1.2. The generated construct was used as a template for inverse PCR with

primers C.5 and C.6. The resulting PCR product was blunt-end ligated to the spectinomycin

resistance cassette, generating the pJETΔcsh plasmid. For complementation studies, the srtA

gene was amplified by PCR using primers S.10 and S.11 and cloned by In-fusion in pABG5.

The plasmids used to generate the deletion mutants lacking the NRR or Siglec-like and

Unique domains are described below. First, to generate a strain lacking the NRR (see below),

we constructed the plasmid pJETasaA_NRR::Cm. To this end, two PCR products comprising

~800 bp upstream of the promoter of asaA (Up) and ~400 bp downstream of codon 704 (Dn)

were amplified using primer pairs A.7 - A.8 and A.9 - A.10, respectively. The chloramphenicol

cassette (Cm) was amplified using primers Ca.1 and Ca.2. These three PCR fragments (Up-
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Cm-Dn) were cloned into pJET1.2/Blunt using the In-Fusion HD EcoDry cloning kit. Next,

we constructed a plasmid in which a spectinomycin resistance cassette was introduced before

the promoter of asaA. We did so by cloning the following PCR products into pJET1.2/Blunt: a

fragment comprising ~800 bp upstream the asaA promoter, amplified using primers A.7 and

A.11, the spectinomycin resistant cassette and a 2.7 kb DNA region (amplified using primers

A.12 and A.10) comprising the promoter and the first 846 codons of asaA. The resulting con-

struct was used as a template to amplify two PCR fragments using primer pairs A.7 - A.13 and

A.14 - A.10 (primer A.13 and A.14 introduce a 3xFLAG tag) that were cloned by In-Fusion

into pJET1.2/Blunt. The resulting plasmid was named pJETasaAWT-3F. Finally, to generate

the pJETasaAΔNRR-3F and pJETasaAΔSU-3F constructs, two PCR fragments for each con-

struct were amplified using gDNA from IE12 asaAWT-3F as a template with the following

primer pairs: A.7 - A.15/A.16 - A.10 and A.7 - A.17/A.19 - A.10, respectively. These PCR frag-

ments were cloned by In-Fusion into pJET1.2/Blunt.

For co-infection studies in a rabbit model of IE we generated an isogenic IE12 strain resis-

tant to chloramphenicol (IE12 Cmr). To that end, we used primers I.1 and I.2 to amplify a con-

served intergenic region (IR) between two convergent genes encoding: a TrkH family

potassium uptake protein (TrkG) and an oligopeptide ABC transporter ATP-binding protein

(OppF). The product was blunt-end ligated into pJET1.2 and used as a template for inverse

PCR with primers I.3 and I.4. The resulting PCR product was blunt-end ligated to the chlor-

amphenicol resistance cassette (pJETIR::Cm).

For protein purification, pGEX_So_AsaA_NRR, pGEX_So_AsaA_SU_1–2 and pGEX_-

Gh_AsaA_NRR were constructed as follows. The full-length NRRs of AsaA from S. oralis

subsp. oralis IE12 and G. haemolysansM341 (comprising amino acids 37 to 702 and 50 to 739,

respectively), were amplified from gDNA using primers A.19 - A.20 and A.21 - A.22, respec-

tively. A region comprising both Siglec-like and Unique domains of So_AsaA (amino acids

184–704) was amplified using primers A.23 - A.24. The resulting PCR products were cloned

by In Fusion into pGEX-5X-3, which allows the expression of N-terminally GST-tagged pro-

teins. The construct pOPINF_18_Csh_NRR was design to express the NRR of the Csh-like

protein with an N-terminal His-tag. Briefly, a PCR fragment, comprising codons 42 to 666,

was amplified using primers C.9 and C.10 and cloned into pOPINF using the In-Fusion HD

EcoDry cloning kit (Takara Bio).

All constructs were confirmed by PCR and sequencing to verify that no spurious mutations

had been introduced.

Generation of mutants in S. oralis subsp. oralis

IE12 ΔsrtA, IE12 ΔasaA and IE12 Cmr were generated by transforming the plasmids pDri-

veΔsrtA, pJETΔasaA and pJETIR::Cm into IE12. While for the IE18 srtA and IE18 csh-like

mutants, pDriveΔsrtA and pJETΔcsh plasmids were transformed into IE18. Briefly, S. oralis

subsp. oralis strains were grown in C+Y media to an OD600 of 0.1 and then diluted in fresh

media (1:20). Competence was induced by the addition of a competence stimulating peptide

(2 μg/mL) and 1 mM CaCl2 [9]. Approximately 100 ng of plasmid was added and the transfor-

mations were then incubated for 2 h at 37˚C. Transformants were selected on TSA plates with

the appropriate antibiotics. All desired mutations were confirmed by PCR using flanking

primers (A.25, C.11, S.9 and I.5) in combination with primers for the antibiotic resistance cas-

sette included in each mutant (J.1, Sp.2, Sp1 and Ca.2).

To complement the srtAmutants, the plasmid pABG5-srtA was transformed by electropo-

ration as previously described [91]. Briefly, cells were grown in THY supplemented with 20

mM glycine to an OD600 of 0.2, harvested by centrifugation and resuspended in ice-cold
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electroporation medium (272 mM glucose, 1 mMMgCl2, pH 6.5). DNA was added to an ali-

quot of cells and transformed by electroporation. After 2 h incubation in THY at 37˚C cells

were plated into TSA plates with the appropriate antibiotics.

To generate the deletion mutants lacking the NRR or Siglec-like and Unique domains of

AsaA we first generated an intermediate strain in which the NRR of AsaA was replaced with

the chloramphenicol cassette. To this end, the pJETasaA_NRR::Cm construct was transformed

into S. oralis subsp. oralis IE12 as described above. The resulting strain (IE12 asaA_NRR::Cm)

was then transformed with the pJETasaAWT-3F, pJETasaAΔNRR-3F or pJETasaAΔSU-3F
plasmids. The resulting colonies were selected for the resistance to spectinomycin and sensitiv-

ity to chloramphenicol. Desired mutations were confirmed by sequencing.

The genetic background of all mutants was confirmed by repetitive extragenic palindromic

PCR [92]. Any possible growth defects were excluded by conducting growth assays on rich

medium as previously described [39].

Protein overproduction and purification

The N-terminally His-tagged CBM40 and the two tandem CBM71 domains (CBM71-1.2)

from Streptococcus pneumoniae neuraminidase NanA and β-galactosidase BgaA, respectively,
were purified by nickel affinity chromatography as described previously [29,39].

To purify GST or the GST-tagged NRRs of So_AsaA and Gh_AsaA, plasmids pGEX-5X-3,

pGEX_So_AsaA_NRR pGEX_So_AsaA_SU1-2 or pGEX_Gh_AsaA_NRR were transformed

into the E. coli host strain BL21 (DE3) (Invitrogen). Overnight cultures of the transformed

strains, grown at 37˚C with constant shaking, were used to inoculate fresh LB containing the

appropriate antibiotics. Growth was continued under the same conditions until an OD600 of

0.8 was reached. At this point, protein production was induced by the addition of isopropyl β-
D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM followed by a 4 h incu-

bation at 30˚C with constant shaking. Cells were harvested by centrifugation and lysed using a

French Press. Cleared cell lysates were used for further purification by affinity chromatogra-

phy. The cleared cell lysates were incubated overnight with glutathione-Sepharose 4B beads

(GE Healthcare Life Sciences) in the presence of 5 mM dithiothreitol (DTT) at 4˚C with gentle

agitation. The beads were extensively washed with 50 mM Tris-HCl, 150 mMNaCl, pH 8.0.

Finally, GST and GST-tagged proteins were eluted with 10 mM reduced glutathione.

The purification of the NRR of Csh-like was carried out as previously described for the NR2

of CshA [36]. Briefly, protein expression was induced by the addition of 1 mM IPTG for 16 h

at 18˚C. The His-tagged protein was purified from the cleared cell lysate by nickel affinity

chromatography (Ni-NTA agarose beads, Invitrogen). After washing with increasing concen-

trations of imidazole, proteins were eluted with 200 mM imidazole in 20 mM Tris-HCl, 150

mMNaCl, pH 8.

Purified proteins were dialyzed overnight against PBS containing 1 mMDTT. Size and

purity were verified by Coomassie blue-stained SDS-PAGE. Protein concentration was deter-

mined using the absorbance at 280 nm and the extinction coefficient.

Proper folding of the Csh_NRR was confirmed by CD-spectroscopy. CD-spectra of

Csh_NRR in PBS was collected using a Jasco J-815 spectrometer, using a 1 mm path length

cuvette, with a wavelength interval of 0.5 nm. Data was analyzed and plotted using CAPITO

(CD Analysis and Plotting Tool) [93].

Platelet isolation

Platelet isolation has been described previously and was performed with slight modifications

[9]. Blood from healthy donors was collected in acid citrate dextrose solution (75 mM sodium
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citrate, 39 mM citric acid, 135 mM dextrose, pH 7.4). Pooled platelet rich plasma was collected

after centrifugation of blood samples at 200 x g for 20 minutes and mixed 1:1 with HEP buffer

(140 mMNaCl, 2.7 mM KCl, 3.8 mMHEPES, 5 mM EDTA, pH 7.4). Platelets were collected

by centrifugation at 800 x g for 20 minutes with no brake applied and washed twice with plate-

let wash buffer (10 mM sodium citrate, 150 mMNaCl, 1 mM EDTA, 1% (w/v) dextrose, pH

7.4). Platelets were fixed with 1% paraformaldehyde for 10 minutes at room temperature and

then washed three times with PBS. Platelets were resuspended in PBS at 1x107 cells per mL.

Flat-bottomed 96-well microtiter plates were coated with 100 μL of platelets for 1 h at 37˚C.

Control wells were coated with 1% (w/v) bovine serum albumin (BSA) in PBS. Unbound plate-

lets were removed by two PBS washes. Platelets-coated plates were stored at 4˚C until further

use.

Adherence assays

Where indicated, platelet-coated wells were pretreated with 0.005 U of Clostridium perfringens

neuraminidase (Sigma) for 30 minutes at 37˚C, control wells were incubated with PBS. After

washing with PBS, all wells were blocked with 3% BSA in PBS for 1 h at 37˚C.

Bacteria were grown in THY to an OD600 of 0.5 ± 0.05. Approximately 2x105 bacteria in

PBS were allowed to bind to fixed platelets at 37˚C for 60 minutes. Three washes with PBS

were performed to remove non-adherent bacteria and then adherent bacteria were lifted with

0.25% trypsin-1 mM EDTA at 37˚C for 15 minutes. CFU counts were performed by serial

dilution.

To test the effect of CBM40, CBM71-1.2, Csh_NRR, AsaA_NRR, AsaA_SU1-2 and Gh_A-

saA_NRR on bacterial binding to platelets, soluble protein was added to the bacterial inoculum

at the concentrations indicated in each experiment.

Platelet binding to immobilized protein

Binding assays were performed in 96-well plates (Nunc MaxiSorp) coated overnight at 4˚C

with 100 μL of 5 μMAsaA_NRR, AsaA_SU_1–2 or GST. After washing to remove unbound

protein with PBS, wells were blocked with 1% BSA at 37˚C for 1 h. Two washes with PBS were

performed before adding 100 μL of platelets (1x107 platelets per mL) pretreated with PBS or

neuraminidase. After 2 h of incubation at 37˚C wells were washed three times with PBS and

then fixed with 90% ethanol. Fixed platelets were stained with 0.1% crystal violet and imaged

using a Nikon eclipse Ti inverted microscope with a 40x objective. The number of platelets in

each field was quantified using ImageJ [94].

Detection of AsaA-3xFLAG

The production of the AsaA deletion mutants was verified by western blot. All strains were

grown to an OD600 of 0.5. After harvesting cells by centrifugation, the pellet was resuspended

in PBS containing 1% sodium deoxycholate and 1% SDS and normalized according to the OD

(PBS volume = OD600 x 400). Ten microliters of the whole cell lysates were spotted onto nitro-

cellulose membrane. After an hour, the membrane was blocked for 1 h with 1% BSA in PBS.

Three washes with tTBS (50 mM Tris, 150 mMNaCl and 0.1% Tween 20) were performed

before incubating the membrane with the anti-FLAG antibody 1:5000 for 1 h (Sigma). Next,

after three washes with tTBS, the membrane was incubated with the secondary antibody

1:5000 for 1 h (HRP-coupled anti-rabbit IgG, Invitrogen). Protein detection was performed

with the SuperSignal West Pico Plus kit according to the manufacturer’s instructions (Thermo

Scientific).

PLOS PATHOGENS Novel sialic acid binding adhesin

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009222 January 19, 2021 27 / 36

https://doi.org/10.1371/journal.ppat.1009222


Detection of the AsaA-3xFLAG deletion versions on the surface of IE12 was done with

immunofluorescence. Cells were grown in THY until an OD600 of 0.5 was reached, then Nile

red was added to the media (final concentration 1 ug/mL). After an additional 20 minute incu-

bation, the cells were harvested by centrifugation. The cell pellets were washed three times

with PBS and then fixed for 20 minutes with 40% methanol. Cells were washed with PBS and

then incubated with anti-FLAG antibody 1:200 (Sigma) for 1 h at room temperature. After

three washes with PBS cells were incubated with the secondary antibody 1:200 (Alexa Fluor

488, goat anti-rabbit IgG, Invitrogen) for 1 h. Finally, cells were washed three times and

imaged on a LSM 800 confocal microscope (Zeiss, Germany). Images were rendered with

Zeiss Zen software (Zeiss, Germany).

Rabbit model of IE

The rabbit model employed for virulence assays has been described previously [41] and was

performed with minor variations. Briefly, specific-pathogen-free, male New Zealand White

rabbits weighing 2–3 kg and supplied by Charles Rivers Laboratories (experiment 1) or RSI

Biotechnology (experiment 2) were used. Animals were anesthetized prior to surgery, which

involved insertion of a catheter through the right carotid artery to the aortic valve or left ven-

tricle to induce minor damage to the endothelium. Bacterial strains were cultured separately,

then washed and combined in 0.5 mL PBS for co-inoculation of approximately 1x107 CFU of

each strain into a peripheral ear vein two days after surgery. Remaining cells were sonicated to

disrupt clumps and chains and plated on BHI plates with selective antibiotics using an Eddy

Jet 2 spiral plater (Neutec Group, Inc.). The following day, the animals were euthanized and

vegetations in or near the aortic valves were removed, homogenized in PBS, sonicated, and

plated, as for the inoculum. Plates were incubated at 37˚C in Anoxomat jars for two days prior

to counting colonies. Results were normalized to account for small (� 10%) differences in the

inoculum sizes of the competing strains.

Bacterial binding to immobilized fibrinogen and fibronectin

Assays were performed in 96-well plates (Nunc MaxiSorp) coated overnight at 4˚C with

100 μL of fibrinogen (20 μM, Invitrogen) or fibronectin (50 μM, EMDMillipore Calbiochem);

control wells were coated with 3% BSA. After washing to remove unbound protein, wells were

blocked for 1 h at 37˚C with 3% BSA. Approximately 2x105 bacteria in PBS were allowed to

bind at 37˚C for 2 h. Wells were washed three times with PBS and then adherent bacteria were

lifted with 0.25% trypsin-1 mM EDTA at 37˚C for 15 minutes. CFU counts were performed by

serial dilutions.

In silico analysis

Protein homology and structure were predicted using the HHPred server [37]. The AsaA

three-dimensional model was built using the SWISS-MODEL server [95]. Protein structures

were edited for visualization using PyMOL (The PyMOLMolecular Graphics System, Version

2.0 Schrödinger, LLC). Multiple sequence alignments were carried out using Clustal Omega

[96].

Statistical analysis

In vitro data are presented as mean of at least three independent experiments ± standard devia-

tion (SD). Data analysis was performed using GraphPad Prism. Two-tailed Student’s t-test
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were used to determine differences in bacterial and platelet adhesion. For rabbit studies, log-

transformed values were analyzed by paired Student’s t-test.

Supporting information

S1 Fig. secA2 distribution parallels that of fap1 in S. oralis subsp. oralis IE-isolates. South-

ern blots of five different S. oralis subsp. oralis IE-isolates using three different DIG-labeled

secA2 probes amplified from S. oralisUo5, F0392 and ATCC6249, each of which represents

one of the three distinct secA2 alleles identified within sequenced S. oralis strains. gDNA from

the strains used to amplify each probe was used as a positive control for the appropriate blot

(+).

(PDF)

S2 Fig. Distribution of genes encoding potential carbohydrate binding adhesins. The pres-

ence of the four genes shared between IE12 and IE18 (A) and those unique to IE18 (B) in all

five S. oralis subsp. oralis IE-isolates was determined by PCR. The distribution of these genes

was correlated with the ability of the IE-isolates to bind sialic acid and β-1,4-linked galactose.

Amplification of rpoB was used as a positive control.

(PDF)

S3 Fig. Expression of IE12_1764 and IE18_0557 is S. oralis subsp. oralis. Expression of

IE12_1764 and IE18_0557 in IE12 and IE18, respectively, was analyzed by RT-PCR. In both

cases, the expression of rpoB served as a positive control. To rule out DNA contamination,

cDNA synthesis was performed in the absence of reverse transcriptase (-).

(PDF)

S4 Fig. IE18 csh-likemutant forms aggregates. Gram-staining of IE18 and IE18 Δcsh-like
shows bacterial aggregates that could not be disrupted by vortexing. Representative images

captured using a Nikon eclipse Ti inverted microscope with a 40x objective.

(PDF)

S5 Fig. Csh_NRR is properly folded. Representative CD spectra of the recombinantly

expressed Csh_NRR at a concentration of 31.3 μM in PBS.

(PDF)

S6 Fig. An independent IE12 asaAmutant is reduced in binding to platelets. Adhesion of

an independent IE12 asaAmutant to platelets pretreated with neuraminidase (NPRE) or PBS

(-). Adherence is expressed as a percentage relative to binding of IE12 to untreated platelets.

Values are the means for at least three independent experiments, each performed in triplicate,

± SD. Statistical significance was tested by two-tailed t Student’s t-test. �, P� 0.0001. NS, not

significant.

(PDF)

S7 Fig. IE12 asaAWT-3F is reduce in binding to platelets. Adhesion to platelets of a strain

expressing AsaA-3xFLAG (WT-3F) is reduced as compared to IE12. However, an asaAmutant

is further reduced. Adherence is expressed as a percentage relative to binding of IE12. Values

are the means for at least three independent experiments, each performed in triplicate, ± SD.

Statistical significance was tested by two-tailed Student’s t-test. �, P� 0.0007.

(PDF)

S8 Fig. GST does not reduce binding of IE12 to platelets.Unlike the addition of the recombi-

nantly expressed So_AsaA_NRR (AsaA NRR,10 μM), the addition of 10 μM of GST alone did

not significantly reduce binding of IE12 to platelets. Adherence is expressed as a percentage
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relative to binding of IE12 in the absence of So_AsaA_NRR or GST. Values are the means for

at least three independent experiments, each performed in triplicate, ± SD. Statistical signifi-

cance was tested by two-tailed Student’s t-test. �, P� 0.0001; NS, not significant.

(PDF)

S9 Fig. AsaA is not involved in IE18 binding to β-1,4-linked galactose. Adhesion of an IE18

asaAmutant to platelets pretreated with neuraminidase (NPRE). Adherence is expressed as a

percentage relative to binding of IE18. Values are the means for at least three independent

experiments, each performed in triplicate, ± SD. Statistical significance was tested by two-

tailed t Student’s t-test. NS, not significant.

(PDF)

S1 Table. Prediction of domains within the potential carbohydrate binding proteins. The

full amino acid sequence of the putative sialic acid and β-1,4-linked galactose binding proteins

was used to perform BLASTP and Pfam searches.

(DOCX)
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