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ABSTRACT 

Streptococcus sanguinis, an oral commensal bacterium, is the leading cause of 

infective endocarditis (IE).  In an animal model, the abilities of S. sanguinis to 

adhere to and activate platelets are correlated with the increased severity of IE.  

In response to S. sanguinis, platelet activation is associated with secretion of 

adenosine triphosphate (ATP) and adenosine diphosphate (ADP) from dense 

granules.  The extracellular ADP is a potent platelet agonist and amplifies platelet 

aggregation induced by other pro-thrombotic agonists, whereas, the final product 

of hydrolysis of adenine nucleotides, adenosine, is a platelet aggregation 

antagonist.   

 

Here, we show that cell surface ecto-5’-nucleotidase (NT5E) of S. sanguinis can 

hydrolyze adenine nucleotides ATP to ADP, adenosine monophosphate (AMP) 

and finally adenosine.  Therefore, we hypothesize that S. sanguinis ecto-5’-

nucleotidase modulates platelet aggregation.  A nt5e deletion mutant of S. 

sanguinis 133-79 (∆nt5e) showed significantly shorter lag time to onset of platelet 

aggregation than the wild-type strain (wt).  However, ∆nt5e adhered to human 

platelets indistinguishably from the wild-type and complemented strains.  By 

hydrolyzing the released ATP and ADP from dense granules of activated 

platelets, therefore, NT5E modulates S. sanguinis-induced platelet aggregation in 

vitro.  In addition, strains of S. sanguinis showed different cell surface enzymatic 

activities for hydrolysis of adenine nucleotides, which may contribute to the  



 

  v

determination of the platelet interactivity phenotypes.   

 

To further elucidate the mechanism, we distinguished the roles of ADP and 

adenosine receptors on streptococcal-platelet interactions using specific 

antagonists.  We showed that the ADP receptors, P2Y1 and P2Y12, and the 

adenosine receptor A2a were all involved in S. sanguinis-induced platelet 

aggregation.  Downstream of P2Y12, platelet activation involved two waves of Akt 

phosphorylation in response to S. sanguinis.  NT5E also modulates platelet 

aggregation by indirectly signaling Rap1 activity.  Through these pathways, S. 

sanguinis NT5E slows down platelet aggregation by removing ADP and 

generating adenosine.   

 

Using a rabbit endocarditis model, we found that in the absence of nt5e, the 

mass of the vegetations and recovered bacterial loads were greatly decreased, 

suggesting a contribution of NT5E to the virulence of S. sanguinis in vivo.  Similar 

to the release of ADP, activated platelets secrete platelet microbicidal proteins 

(PMPs), which antagonize a broad range of pathogens.  These data, therefore, 

indicate that NT5E-mediated inhibition of platelet aggregation might delay 

presentation of PMPs to infecting bacteria on heart valves.  The delay would 

enable the infecting bacteria to colonize in the absence of this innate immune 

effector.  Extracellular adenine nucleotides are also important signaling 

molecules that mediate both inflammatory and anti-inflammatory processes.  By 
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hydrolyzing ATP, a pro-inflammatory molecule, and generating adenosine, an 

immunosuppressive molecule, NT5E might inhibit phagocytic 

monocyte/macrophages associated with valvular vegetations, promoting the 

survival of infecting S. sanguinis.   

 

In conclusion, we now show for the first time that streptococcal NT5E modulates 

S. sanguinis-induced platelet aggregation and contributes to the virulence of 

streptococci in IE.  These findings expand our knowledge of bacterial-host 

interactions and may suggest novel therapeutics for cardiovascular infectious 

diseases. 
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INTRODUCTION 
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I. The interaction of bacterial pathogens with plat elets 

Occasionally, opportunistic pathogens gain access into the circulatory system, 

resulting in a transient bacteremia.  Serious vascular complications of the 

bacteremia, including life-threatening infective endocarditis (IE) (1), 

thrombocytopenia (2), and disseminated intravascular coagulation (DIC) (3), are 

all characterized by abnormal platelet function as a result of direct or indirect 

platelet-pathogen interactions. 

 

Platelet-bacteria interactions are characterized by the binding of bacteria to 

platelets.  The binding can be either direct (4) or indirect (5).  Platelet aggregation 

is a crucial step in thrombus formation, which can be exploited by pathogens to 

cause disease.  Through direct or indirect interactions, some bacterial 

pathogens, such as Streptococcus sanguinis (6) and Staphylococcus aureus (5), 

activate platelets to aggregate.  When localized, such as during IE, bacterial-

induced platelet aggregation results in formation of vegetations (septic thrombus) 

on the heart valve, which could result in heart failure (7).  If the aggregation of 

platelets occurs in a diffuse manner, it can lead to thrombocytopenia or DIC, both 

of which are characterized by bleeding disorders. 

 

Due to the increased frequency of bacteremia and antibiotic resistance, the 

incidence of serious cardiovascular infections has increased (1,8).  Therefore, it 

is important to understand the mechanisms of platelet-bacteria interactions.  
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Biology and functions of platelets 

Platelets are membrane-enclosed, cytoplasm-containing fragments of 

megakaryocytes.  Hence, platelets are small anucleated cell-like structures that 

lack genomic DNA, but contain messenger RNA (9).  Platelets circulate in the 

blood and play a fundamental role in primary hemostasis, leading to blood 

clotting.  In diseased arteries, normal platelets may function abnormally, leading 

to thrombotic occlusion of the vessel, obstruction of blood flow and subsequent 

tissue damage (10).   

  

Hemostasis and thrombosis.  At site of vascular injury, platelet-mediated 

thrombus formation generally consists of three phases: initiation, propagation, 

and perpetuation (10,11).  In the initiation phase, the endothelial cell lining of a 

blood vessel becomes injured or desquamated, platelets come into contact with 

components of the extracellular matrix, including collagen, fibrinogen and von 

Willebrand factor (vWF) (11).  The initial adhesion of platelets at sites of injury is 

mediated by glycoprotein Ib/V/IX (GPIb/V/IX), a receptor complex on platelets.  

One component of this complex, GPIb, is the receptor for vWF.  Moreover, two 

collagen receptors, glycoprotein VI (GPVI) and glycoprotein Ia, also have a 

tethering function (10).  On the other hand, collagen, an insoluble platelet 

agonist, can directly interact with platelet receptors, GPVI or α2β1, leading to 

platelet activation (11). 
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In the propagation phase, platelets activate, which is marked by a change in 

shape from resting discoid to spiky (12).  Intracellular signaling events lead to 

rapid activation of platelet integrin αIIbβ3, the major receptor for fibrinogen, which 

is crucial for platelet aggregation (13) and secretion of synthesized thromboxane 

A2 (TxA2) and dense granules, which contain adenosine diphosphate (ADP), and 

adenosine triphosphate (ATP) (14).  Secreted in response to many pro-

thrombotic agonists, ADP and TxA2 are important secondary platelet agonists, 

both of which propagate the aggregation cascade by activating surrounding 

platelets to aggregate (15).  Activated integrin αIIbβ3 enables platelets to bind 

and become cross-linked by fibrinogen, resulting in formation of an aggregate.  

From the aggregate, a stable thrombus forms when the coagulation cascade 

enzymatically processes crosslinked fibrinogen to insoluble fibrin (16).   

 

ADP in platelet aggregation.  ADP was the first low molecular weight agonist 

identified for platelet aggregation (17,18).  Platelets have two G protein-coupled 

receptors for ADP: P2Y1 and P2Y12 (19).  The ADP receptor P2Y1 is a Gq-

coupled receptor; binding of ADP signals activation of phospholipase C (20).  

Signaling through P2Y1 increases intracellular Ca2+ levels, causing shape change 

and transient aggregation of platelets.  Another ADP receptor P2Y12, a Gi-

coupled receptor, contributes to sustained aggregation (21).  The activation of 

P2Y12 potentiates dense granule secretion and platelet aggregation response to 

other pro-thrombotic agonists such as TxA2.  Signaling through Gi, P2Y12 inhibits 
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the activity of adenylate cyclase (AC), preventing formation of an internal inhibitor 

of platelet aggregation, cyclic AMP (cAMP).  The product of AC, cAMP, is 

therefore reduced and activation can occur (22).  The decrease in cAMP levels, 

however, is not directly responsible for the downstream affects of the P2Y12 

receptor (21).  Gi signaling also leads to activation of PI3K, and subsequently, Akt 

and Rap1b.  Downstream of the P2Y12 receptor, both Akt and Rap1 are critical 

functional effectors.   

 

In the bloodstream, the activation of platelets via ADP is highly regulated.  In a 

substrate-dependent manner, ecto-adenosine triphosphate diphosphohydrolase 

(ecto-ATPDase, CD39), a cell-surface enzyme expressed on endothelial cells, 

limits the unwanted platelet aggregation by hydrolyzing ADP to adenosine 

monophosphate (AMP) (23).  Endothelial ecto-5’-nucleotidase (CD73) can further 

hydrolyze AMP into phosphate and adenosine; adenosine is an aggregation 

antagonist (24), signaling through the A2a receptor (25,26).  The activation of A2a 

by adenosine inhibits platelet aggregation through AC and leads to an increase 

of cAMP (27). 

 

Upon activation, platelets also secrete ATP from dense granules.  ATP and its 

analogues are competitive antagonists for both ADP receptors, P2Y1 (28) and 

P2Y12 (29).  On the other hand, ATP is also involved in promoting platelet 

aggregation.  The activation of P2X1, an ATP-gated ion channel, results in fast 
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Ca2+ influx (30), which contributes to platelet activation induced by low 

concentrations of collagen (31).  Therefore, the role of ATP in platelet 

aggregation is agonist dependent.  

 

TxA2 in platelet aggregation.  When activated, platelets produce TxA2, which 

amplifies aggregation by activating proximal platelets to form aggregates.  

Through the cyclooxygenase (COX) pathway, activated platelets synthesize TxA2 

from arachidonic acid (32).  Like ADP, TxA2 also has two G protein-coupled 

receptors on platelets: thromboxane prostanoid α (TPα) and thromboxane 

prostanoid β (TPβ) (33-35), coupled to G1 and G12 or G3, which all activate 

phospholipase C (36-38).  Activation of TPα and TPβ leads to an increase of 

intracellular Ca2+ levels and phosphorylation of protein kinase C (39,40).  

However, TP receptors do not couple directly to Gi family members (25), which 

inhibit AC to allow platelet activation to occur (22).  Platelet aggregation induced 

by TxA2 also requires the secretion of ADP to inhibit AC.  

 

Bacterial-platelet interactions 

Platelets interact with bacterial pathogens through a wide array of cellular and 

molecular mechanisms.  Generally, there are three types of bacterial-platelet 

interactions (41).  The first is mediated by an increase in inflammatory cytokines 

in response to bacterial infection, which might lead to platelet activation.   
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Secondly, bacteria can secrete products that directly activate platelets.  The third 

type is the binding of bacteria with platelets, which may also activate platelets to 

aggregate. 

 

Bacterial-induced platelet immune response.  Platelets can behave as anucleate 

inflammatory cells as well as hemocytes.  When stimulated with microorganisms 

or platelet agonists associated with infection, both rabbit (42) and human 

platelets (43) release platelet microbicidal proteins (PMPs) and thrombin-

inducible PMPs (tPMPs) in vitro.  The PMPs and tPMPs can both kill (44) and 

exert nonlethal anti-adherence effects (45) against a wide spectrum of 

endovascular pathogens, including some strains of staphylococci and viridans 

streptococci (44).  The PMPs released from platelets include platelet factor 4, 

connective tissue activating peptide-3 (46), RANTES (CCL5) (47), fibrinopeptide 

B and thymosin β (48).  Pathogens resistant to PMPs and tPMPs are more 

virulent in vitro than their isogenic counterpart strains that are susceptible to 

PMPs and tPMPs (49,50). 

 

After activation, platelets can also internalize S. aureus to suppress their 

hematogenous dissemination.  However, the PMP- and tPMP-resistant S. aureus 

may survive within platelets and avoid innate immune responses (51).  

Depending on the strain of infecting bacteria, the outcome of platelet-bacteria 

interactions can differ.  
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Bacterial-induced platelet aggregation.  A wide range of bacteria can interact with 

platelets (Table 1).  Bacteria can adhere directly to platelets via a bacterial 

adhesin (4), or indirectly through plasma molecules like fibrinogen, which 

crosslink bacteria to platelets (5).  Some bacterial pathogens can also activate 

platelets to aggregate by secreted bacterial products (52), direct interaction (53) 

or indirectly through crosslinking molecules in the plasma (5).  Adhesion and 

activation can be either simultaneous (5) or independent processes (54) 

mediated by different bacterial, plasma, and platelet components.  Nevertheless, 

bacteria can have an activating phenotype and/or an adhesive phenotype.  

 

The interaction of platelets and bacteria can lead to platelet aggregation.  Unlike 

the response to other agonists, platelet aggregation mediated by bacteria is all-or 

nothing.  Aggregation, when it occurs, is always maximal and all available 

platelets are consumed (55).  Also unlike other agonists, such as ADP and 

thrombin, the aggregation response to bacteria occurs after a strain and dose-

dependent lag time ranging from 1.5 to 15 min (56).  Why platelets aggregate 

after a lag time in response to bacteria is not clear.  The lag time to onset of 

aggregation could reflect the time needed by platelets to recognize binding 

moieties (4,57), whereas bacteria have been suggested to only generate weak 

signals in platelets following initial interactions (58,59).  
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Table 1. Bacterial pathogens identified in IE and f actors involved in bacterial-platelet interactions 
Bacteria  Bacterial factor(s)  Host factor(s)  References  

Streptococcus sanguinis SrpA, PAAP GPIb, FcγRIIa (4,53,58,60) 

Streptococcus gordonii GspB, HsA,  GPIb (57,61,62)  
SspA, SspB 
 

Streptococcus mutans PAc, RGP IgG (63,64)  

Streptococcus mitis PblA, PblB,  ND (65)  
Sm-hPAF 

  
Streptococcus agalactiae FbsA Fibrinogen, IgG (66)  

Streptococcus pyogenes M protein FcγRIIa (67,68)  

Streptococcus pneumoniae ND TLR2 (41)  

SrpA, serine-rich protein A; PAAP, platelet-aggregation-associated protein; IgG, immunoglobulin G; PAc, protein antigen 
c; RGP, rhamnose-glucose polymers; ND, not determined; TLR2, Toll-like receptor 2. 
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Table 1. Bacterial pathogens identified in IE and f actors involved in bacterial-platelet interactions (Cont.) 
Bacteria Bacterial factor(s) Host factor(s) Referen ces 
    
Staphylococcus aureus ClfA, ClfB Fibrinogen, GPIIb/IIIa,  (5,69,70)  

FcγRIIa, IgG 
FnBPA, FnBPB Fibrinogen, fibronectin,  

GPIIb/IIIa, FcγRIIa, IgG 
SpA vWF (71)  

SdrE Complement, IgG (72)  

SraP, Efb ND (73,74)  

α-toxin ND (52)  

Staphylococcus epidermidis SdrG Fibrinogen, GPIIb/IIIa, (75)  
FcγRIIa, IgG 

    

Porphyromonas gingivalis Gingipains FcγRIIa (76-78)  

Hgp GPIb 

ClfA,B, clumping factor A,B; FnBPA,B, fibronectin-binding protein A,B; SdrE,G, serine-aspartate repeat protein E,G;  
vWF, von Willebrand factor; Efb, extracellular fibrinogen-binding protein. 
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Interaction of staphylococci with platelets 

In recent years, S. aureus is recognized as the most common cause of IE (1,79).  

Through several different mechanisms, S. aureus can bind to platelets using 

plasma protein linkers, and simultaneously activate platelets to aggregate (80).  

Generally, aggregation in response to S. aureus can be categorized as rapid or 

slow onset.  

 

Rapid activation. When harvested from stationary phase, S. aureus produces 

clumping factor A (ClfA), which contains a fibrinogen-binding domain and plays a 

central role in platelet activation (69).  In this model, ClfA binds fibrinogen and A 

domain-specific IgG.  Once the two different sites on ClfA are bound, fibrinogen 

binds to resting αIIbβ3, which then leads to clustering of platelet Fc receptor, 

FcγRIIa.  Clustering of FcγRIIa triggers a conformational change in integrin 

αIIbβ3 and platelet aggregation (81).   

 

Exponential phase S. aureus express fibronectin-binding protein A (FnBPA) and 

fibronectin-binding protein B (FnBPB) (70).  FnBPA and FnBPB have an A 

domain and a fibronectin binding domain.  The A domain from FnBPA and 

FnBPB are similar to that of ClfA.  In this mechanism, fibronectin bridges FnBP 

and the low affinity resting αIIbβ3.  An αIIbβ3 activation signal is triggered when 

specific IgG binds to the A domain of FnBP and crosslinks to FcγRIIa. 
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Slow activation.  S. aureus can activate platelets by a slower mechanism 

independent of αIIbβ3 (69).  Deletion of the fibrinogen-binding domain in ClfA 

results in a prolonged lag time to onset of platelet aggregation.  This activation 

pathway involves the specific interaction between IgG and A domain of ClfA.  

ClfA then binds to FcγRIIa, complement components and an unidentified platelet 

receptor. 

 

Interaction of streptococci with platelets 

The viridans streptococci are Gram-positive bacteria and typically commensals of 

the human oral cavity (82).  Occasionally, viridans streptococci enter the blood 

stream and are among the most common causes of IE (1,8).  

 

Streptococcus gordonii-platelet interactions.  Initial studies suggested that S. 

gordonii, an oral pathogen, could only adhere to platelets and not trigger 

aggregation (83).  However, a few strains of S gordonii are now recognized to 

use the adhesin glycoprotein GspB to bind to platelet GPIb (61,84) and activate 

platelets (62).  Similarly, Hsa, a homologue of GspB, can bind to platelet GPIb 

and αIIbβ3, and plays an important role in binding to and inducing platelet 

aggregation (85).  Since both GspB and Hsa bind, platelet receptor GPIb plays a 

critical role in S. gordonii-platelet interactions.  
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Moreover, S. gordonii also expresses high molecular weight cell-associated 

antigen I/II family polypeptides, SspA (172 kDa) and SspB (164 kDa) (86).  

Deletion of SspA and SspB from S. gordonii does not affect bacterial-platelet 

adhesion, but prolongs the lag time to platelet aggregation (57).  Hence, SspA 

and SspB are also suggested to be involved in S. gordonii-induced platelet 

aggregation  

 

Streptococcus sanguinis-platelet interactions.  Another oral pathogen, S. 

sanguinis is one of the most common causes of IE (1,8).  Our lab showed that 

about 60% of S. sanguinis strains could induce human platelets to aggregate in 

vitro (55,56).  In an animal model, we also showed that the abilities of S. 

sanguinis to bind and activate platelets are associated with the severity of IE 

(87).  

 

As we proposed, the adhesion and activation of platelets mediated by S. 

sanguinis are based on a two-site, two-step model (54).  Independent of 

aggregation, a S. sanguinis adhesin, serine rich protein A (SrpA), binds to 

glycoprotein Ib (GPIb) on the platelet plasma membrane (60).  Following 

adhesion, platelet activation and aggregation are triggered when the 

streptococcal platelet aggregation-associated protein (PAAP) binds an 

uncharacterized complementary signal-transducing receptor on platelets (6,53).   
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PAAP is a streptococcal glycoprotein and contains a collagen-like platelet- 

interactive domain consisting of KPGEPGPK (88).  However, the interaction of 

bacteria with PAAP is platelet-donor specific (89). 

 

In response to PAAP, platelets are activated and release between 0.2 and 6 µM 

adenosine triphosphate (ATP) and adenosine diphosphate (ADP) from their 

dense granules (90).  ADP is a potent platelet agonist, which amplifies the 

aggregation response to S. sanguinis (91).  By hydrolyzing the released ATP to 

ADP, the ecto-ATPase activity on S. sanguinis potentiates platelet aggregation in 

vitro (92), which could contribute to virulence in IE.  However, the molecular 

identity of the nucleotidase activity has not been characterized. 

 

To identify a candidate enzyme, we searched the genome of S. sanguinis 133- 

79, and a putative 5’-nucleotidase gene was found.  The putative 5’-nucleotidase 

contains a LPXTG motif, which suggests that it anchors to the cell wall by sortase 

A-dependent mechanism (93).  Widely distributed among bacteria, ecto-5’- 

nucleotidase (NT5E) is a surface-located enzyme that hydrolyzes extracellular 

ATP to ADP, AMP, and finally adenosine (94).  Adenosine is a potent platelet 

antagonist (26).  Since ADP and adenosine each contributes to the platelet 

aggregation response, we hypothesize that the 5’-nucleotidase on the surface of 

S. sanguinis modulates S. sanguinis-induced platelet aggregation.  
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II. Ecto-5’-nucleotidase: molecular structure, bioc hemical properties and 

physiological functions 

5’-nucleotidase (E.C. 3.1.3.5) can catalyze the hydrolysis of the phosphoric ester 

bond of 5’-ribonucleotides to their corresponding ribonucleosides and phosphate. 

Widely distributed in bacteria, plant cells and vertebrate tissues, 5’-nucleotidase 

has a wide range of substrates, including 5’-purine and pyrimidine 

mononucleotides, 5’-dinucleotides, 5’-trinucleotides, and UDP-glucose (94).  

However, the major function of 5’-NT is to hydrolyze AMP to adenosine (95).  

 

5’-nucleotidase activity is found extracellularly and in the cytosol.  Cytosolic 5’- 

nucleotidase controls the intracellular levels of nucleoside 5’-monophosphate.  In 

contrast, the extracellular 5’-nucleotidase (ecto-5’-nucleotidase, NT5E) is cell- 

surface anchored.  Together with ecto-ATPDase, NT5E completely hydrolyzes 

extracellular ATP to adenosine and recycles extracellular nucleotides.  

 

Molecular structure and biochemical properties 

Bacterial NT5E.  The bacterial NT5E (NT5E) is attached to the extracellular 

membrane by a glycosylphosphatidylinositol (GPI) anchor.  Soluble NT5E is 

derived from the GPI-anchored enzyme when cleaved by endogenous 

phospholipases (96,97), forming non-covalently bonded homodimers (98).  NT5E 

is highly homologous among bacteria.  A NT5E from Vibrio parahaemolyticus  
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and an UDP-sugar hydrolase in Salmonella typhimurium have 60% and 87% 

identities, respectively, with the UDP-sugar hydrolase of Escherichia coli (94).  

Although the bacterial enzyme only shows about 20% identity in amino acid 

sequence with mammalian counterparts, there is significant sequence homology 

in amino acid clusters, which indicates a common ancestry (99).  E. coli NT5E is 

related to mammalian NT5E and also to 2’,3’-cyclic phosphodiesterases and 

apyrases, all of which belong to the NT5E protein family (100).  Sequence motifs 

suggest that these enzymes belong to a larger family of 

metallophosphoesterases (101).  

 

Unlike mammalian NT5E, bacterial NT5E can utilize nucleoside 5’-tri-, 5’-di-, and 

5’-monophosphate (94).  The Km value for AMP is usually in the micromolar 

range.  For enzymatic activities, divalent cations are not required, whereas Zn2+ 

is inhibitory (100).  

 

Mammalian NT5E.  The mammalian NT5E (CD73) is also tethered to the plasma 

membrane via a GPI-anchor.  NT5E is highly expressed in endothelium, liver, 

and intestinal mucosa, whereas levels vary in other cells and tissues including 

lymphocytes, and cancer.  Although it can hydrolyze a variety of nucleoside 5’- 

monophosphates, mammalian NT5E has the highest affinity for AMP.  Together 

with ecto-ATPDase (CD39), NT5E completely hydrolyzes ATP to produce 

adenosine and phosphate (102).  Adenosine 5’-[α,β-methylene] diphosphate 
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(APCP) is a potent inhibitor of NT5E with Ki values in the nanomolar range.  In 

addition, ATP and ADP can also inhibit mammalian NT5E with Ki values in the 

micromolar range (103). 

 

Physiological functions. 

Bacterial NT5E.  The native function of NT5E for the bacterial cell clearly differs 

from any role in platelet interactions.  By catalyzing the complete hydrolysis of 

nucleoside triphosphates, NT5E generates phosphate and adenosine, which may 

be utilized by the phosphate transporter and purine salvage systems, enabling 

the bacterial cell to take up phosphate and adenosine needed for the 

metabolism. 

 

The expression of NT5E on pathogens that invade the bloodstream has the 

potential to influence platelet activity.  Hydrolysis of ATP and ADP may affect the 

activation of P2X1, P2Y1 and P2Y12 receptors.  NT5E can also generate 

adenosine, which inhibits platelet aggregation through the A2a receptor.  These 

activities contribute to the mechanism by which bacterial pathogens can interact 

with or even activate platelets to aggregate.  

 

ATP and adenosine also play important roles in bacterial-host interactions.  

Successful host defense involves a balance of pro- and anti-inflammatory 

mediators.  Extracellular ATP is an inflammatory signal, which induces the 



 

  18 

release of proinflammatory cytokines such as IL-1β and IL-12 from T cells 

(104,105).  Therefore, by hydrolyzing ATP, NT5E may inhibit ATP-induced 

cytokine release from host immune cells.  In contrast, adenosine is a potent 

immunosuppressive molecule (106).  Generation of adenosine by AMPases on 

pathogens like S. aureus and Bacillus anthracis is required for their escape from 

phagocytic clearance in the blood (107).  Thus, NT5E could mediate 

immunosuppression of host cells by hydrolyzing AMP and producing adenosine.  

Therefore, the consumption of ATP as well as generation of adenosine by 

bacterial NT5E could synergize the actions of mammalian CD39 and CD73 and 

influence the immune response during infection.  

 

Mammalian NT5E.  The major function of mammalian NT5E (CD73) is to 

hydrolyze AMP to adenosine (94).  Together with CD39, which cleaves 

extracellular ATP and ADP to AMP (108), CD73 recycles adenine nucleotides.  

ATP and ADP are important extracellular signaling molecules acting on P2 

purinergic receptors including P2X1, P2Y1, and P2Y12, whereas adenosine acts 

on P1 purinergic receptors such as the A2a receptor.  Purinergic receptor 

signaling is involved in a variety of biological processes including 

neurotransmission, platelet aggregation, and immunoregulation (109).  In the 

vascular system, for example, endothelial cells express abundant CD73 (110), 

which generates adenosine from AMP.  The adenosine product contributes to 

regulation of hemostasis through signaling A2a receptor on platelets.   
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In mammals, adenosine assumes an essential role in regulating innate and 

acquired immune responses (106).  Unlike other anti-inflammatory cytokines, 

such as IL-4, IL-10, IL-13, and TGF-β, adenosine can completely suppress 

immune responses (111).  The immunoregulatory attributes of adenosine are 

mediated via four different P1 receptors: A1, A2a, A2b, and A3 (112), which are 

widely expressed on immune cells, such as T and B cells and neutrophils (106).  

Activation of A2a suppresses immune responses such as effector T-cell activation 

and proinflammatory cytokine expression (113-115).  CD73 has also been 

implicated in non-enzymatic functions including T cell activation and cell-cell 

adhesion (116,117) 

 

In summary, NT5Es are involved in both hemostasis and host-bacterial 

interactions, which are crucial in the pathogenesis of cardiovascular infections.  

Therefore, bacterial NT5E potentially plays roles in platelet-bacterial interactions, 

and cardiovascular infectious diseases, such as IE. 

 

III. Bacterial infections and infective endocarditi s  

Opportunistic pathogens occasionally gain access into the circulatory system, 

resulting in a transient bacteremia.  A serious complication of the bacteremia is 

life-threatening infective endocarditis (IE) (83,118), which is characterized by the 
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formation of septic thrombi on the heart valves.  IE is typically fatal if not treated 

with antibiotics.   

 

Infecting microorganisms   

A wide spectrum of bacterial pathogens can cause IE (80) (Table 1).  However, 

the most frequently identified bacteria are those with highest ability to adhere to 

damaged heart valves.  Viridans streptococci, staphylococci and enterococci, 

therefore, represent more than 80% of all identified pathogens from patients with 

IE (1).  Viridans streptococci are usually commensal bacteria in the human oral 

cavity and cause IE in virtually all populations at risk for this infection.  In 

contrast, staphylococcal IE was more common in elderly patients and in 

intravenous drug users (1,8), whereas staphylococci and enterococci were 

predominant pathogens identified in nosocomial endocarditis (119). 

 

Pathogenesis of IE 

During transient bacteremia, bacterial adherence to damaged heart valve tissues 

initiates IE (1).  This event, involving both valve tissue and bacterial factors, is 

completed within minutes.  IE also requires that bacteria persist in situ on the 

valve, grow within the lesions, and progressively extend to adjacent tissues.  The 

septic “vegetative” thrombi on the heart valves can fracture and as emboli 

disseminate through the blood to distant organs, causing metastatic infections in 

the kidney, spleen and brain. 
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Bacterial adherence.  Most patients with IE have pre-existing heart lesions (7).  

Any exposure of subendothelium, including extracellular matrix proteins (ECM), 

results in deposition of fibrin and platelets, binding of tissue factor, and formation 

of an aseptic thrombus on the heart valve as a normal healing process (120).  

This aseptic thrombus is critical for the adherence of bacteria, including 

streptococci and staphylococci (121,122).  Adherence of bacteria to the 

vegetation can be mediated by interaction of bacterial adhesins, including 

microbial surface components recognizing adhesive matrix molecules 

(MSCRAMMs), interacting with ECM from the host (123).  

 

Infection by some bacteria, such as the viridans streptococci, can be mediated by 

direct interaction with platelets in the vegetation.  For example, S. sanguinis can 

trigger platelet aggregation directly.  PAAP, a collagen-like component of S. 

sanguinis, interacts with platelet membrane proteins of 175kDa and 230kDa to 

mediate platelet binding and aggregation (124).  The abilities of S. sanguinis to 

adhere to and activate platelets correlate with the increased severity of IE (87).  

 

In a third mechanism, Staphylococcus aureus appears to colonize heart valves 

without microscopically identifiable pre-existing damage (125,126).  On the 

molecular level, however, in response to local inflammation, endothelial cells 

express a variety of adhesive molecules, including integrins of the β1 family 
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(fibronectin-binding proteins), and fibrinogen receptor αIIbβ3 (127,128).  S. 

aureus expresses fibronectin-binding proteins as well as a fibrinogen-binding 

protein (5,69,81).  To initiate infection, therefore, S. aureus can cross-link to 

superficial endothelial cells using fibronectin or fibrinogen.  

 

Bacterial persistence.  To sustain colonization and infection, bacterial pathogens 

must survive and persist to grow and proliferate.  At this stage, a key event is 

maturation of vegetation, where the bacteria can become fully developed, and 

thus protected from host defense mechanisms (129).  Local production of tissue 

factor (TF) and aggregation of platelets are major components of this process.  

Both streptococci and staphylococci can induce TF production (130) and platelet 

activation (87,131).   

 

Various agonists, including cytokines and bacterial lipopolysaccharides, can 

trigger the production of TF.  TF is a glycoprotein produced by both endothelial 

cells and monocytes.  TF can activate factor X, leading to polymerization of 

fibrinogen into fibrin and also directly activate platelets, both of which are the 

major components of the vegetation (130).  In experimental IE, TF activity in the 

lesions was elevated due to Streptococcus sanguinis and S. aureus (132,133).  

Thus, TF induction was suggested to be essential for bacterial persistence.  
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In comparison to TF activity, bacterial-induced platelet aggregation is a double-

edged sword.  On one hand, platelets aggregation contributes to the formation of 

vegetations (122,129).  On the other hand, platelets also secrete platelet 

microbicidal proteins (PMPs) and thrombin-inducible PMPs (tPMPs) from α 

granules upon activation (43), which act against a broad spectrum of pathogens, 

including some strains of S. aureus, and viridans streptococci (42,44).  However, 

as expected, most pathogens recovered from patients with IE were resistant to 

PMPs and tPMPs in vitro (49,50,134).  

 

Bacterial invasion and dissemination.  In staphylococcal IE, tissue invasion and 

abscess formation are prominent features during pathogenesis although 

prolonged untreated IE caused by most infecting bacteria can cause similar 

pathology.  To cause invasive lesions, S. aureus produces a variety of virulence 

factors, such as exoenzymes and exotoxins (135,136).   The resulting vegetative 

lesions are quite friable and the septic emboli can be hematogenously 

disseminated to organs receiving large portions of the cardiac output.  

 

In summary, the platelet-pathogen interactions play a central role in the 

pathogenesis of cardiovascular infectious diseases, such as IE.  As a paradigm 

for studies of platelet-pathogen interactions, S. sanguinis can adhere to and 

activate platelets to aggregate, both of which contribute to the severity of IE.  

Widely distributed among bacteria, NT5E may modulate bacterial-induced 



 

  24 

platelet aggregation and suppress the host immune response.  Therefore, S. 

sanguinis NT5E might potentially modulate platelet-bacterial interactions and 

contribute to the virulence of S. sanguinis. 
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CHAPTER 2 

STATEMENT OF PURPOSE AND SPECIFIC AIMS 
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Statement of purpose 

Streptococcus sanguinis is a Gram-positive oral commensal bacterium (137).  

Occasionally, S. sanguinis is inoculated into the circulating blood during dental 

procedures, such as tooth extraction, and cause infective endocarditis (IE) (54).  

In an animal model, the abilities of S. sanguinis to adhere to and activate 

platelets are associated with the severity of IE (87).   

 

About 60% of S. sanguinis strains can induce human platelets to aggregate in 

vitro (56).  In response to S. sanguinis, platelets are activated and release 

equimolar adenosine triphosphate (ATP) and adenosine diphosphate (ADP) from 

dense granules (90).  ADP is a potent platelet agonist, which contributes to the 

aggregation response to many agonists, including collagen and thrombin (138).  

When hydrolyzed to the final product, adenosine is produced from adenine 

nucleotide hydrolysis. Adenosine is a platelet antagonist (26). 

 

Widely distributed in bacteria, ecto-5’-nucleotidase (NT5E) is a surface-located 

enzyme that hydrolyzes 5’-nucleotides and contributes to the enzymic cascade 

that completely hydrolyzes extracellular ATP to adenosine (94).  Thus, NT5E 

potentially plays a role in bacterial-induced platelet aggregation.  By searching 

the whole genome of S. sanguinis 133-79, a putative nt5e gene was identified.   
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The objective of this study is to further elucidate the mechanisms of platelet-S. 

sanguinis interactions.  I tested the hypothesis that S. sanguinis ecto-5’- 

nucleotidase modulates platelet aggregation.  By deleting nt5e gene and 

comparing the mutant and wild-type S. sanguinis cells, I posited that the 

enzymatic activities of S. sanguinis NT5E could be identified and characterized.  

More importantly, the contribution of S. sanguinis NT5E to platelet aggregation 

could be determined.  To address this hypothesis, I proposed to: 

 

Specific aim 1 : Characterize the enzymatic activities of S. sanguinis NT5E for                                                  

the hydrolysis of adenine nucleotides. 

Specific aim 2 : Determine whether the cell-surface activities of NT5E contribute 

to the platelet-aggregation phenotypes of S. sanguinis strains.  

Specific aim 3 : Determine how S. sanguinis NT5E modulates platelet        

aggregation. 

Specific aim 4 : Determine whether NT5E contributes to the virulence of S. 

sanguinis in infective endocarditis.  

 

In chapter 3, we addressed specific aims 1 and 2.  We showed that S. sanguinis 

NT5E can hydrolyze ATP to ADP, AMP and finally adenosine.  A nt5e deletion 

mutant of S. sanguinis 133-79 (∆nt5e) showed significantly shorter lag time to 

onset of platelet aggregation than the wild-type strain (wt).  However, ∆nt5e 

adhered to human platelets indistinguishably from the wild-type and 



 

  28 

complemented strains.  By hydrolyzing ATP and ADP released from dense 

granules of activated platelets, therefore, NT5E modulates S. sanguinis-induced 

platelet aggregation in vitro.  In addition, strains of S. sanguinis showed different 

cell surface enzymatic activities for hydrolysis of adenine nucleotides, which may 

contribute to their platelet interactivity phenotypes.  

 

In chapter 4, we addressed specific aim 3.  Findings from chapter 3 suggested 

that NT5E might modulate platelet aggregation through ADP and adenosine.  

Using specific antagonists, we distinguished the roles of ADP and adenosine 

receptors on streptococcal-platelet interactions.  We showed that the ADP 

receptors, P2Y1 and P2Y12, and the adenosine receptor A2a were all involved in 

S. sanguinis-induced platelet aggregation.  Downstream of P2Y12, platelet 

activation involved two waves of Akt phosphorylation in response to S. sanguinis.  

NT5E also modulates platelet aggregation by indirectly signaling Rap1b activity.  

Through these pathways, S. sanguinis NT5E slows down platelet aggregation 

through ADP removal and adenosine generation. 

 

In chapter 5, we reported our investigation of the role of NT5E on streptococcal 

IE in vivo.  Using a rabbit endocarditis model, we found that in the absence of 

nt5e, the mean of vegetation masses and bacterial loads recovered from rabbits 

were greatly decreased, suggesting a contribution of NT5E to the virulence of S. 

sanguinis in vivo.  These data indicate that NT5E promotes the survival of S. 
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sanguinis in the blood by inhibiting the secretion of platelet microbicidal proteins, 

and/or removing ATP and generating adenosine.  

 

In the appendix, we investigated the role of nt5e in another S. sanguinis strain, 

SK36.  Similarly, we found that NT5E on S. sanguinis SK36 also possessed 

ATPase, ADPase and AMPase activities.  A nt5e deletion mutant of S. sanguinis 

SK36 showed significantly shorter lag time to onset of platelet aggregation than 

the wild-type strain.  Like the ortholog on S. sanguinis 133-79, nt5e did not affect 

bacterial adhesion ability.  When considered with the data in Chapter 3, the 

enzymatic activities of NT5E and its contribution to platelet-bacterial interactions 

are likely to be common among S. sanguinis strains. 

 

In conclusion, we now show for the first time that streptococcal NT5E modulates 

S. sanguinis-induced platelet aggregation and may also contribute to the platelet 

interactivity phenotype in vitro.  In addition, we also showed that NT5E 

contributes to the virulence of S. sanguinis in an animal model of IE, which may 

help to further elucidate the mechanisms of these infections.  Thus, these 

findings expand our knowledge of bacterial-platelet interactions in vitro and in 

vivo. 
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CHAPTER 3 

THE ECTO-5’-NUCLEOTIDASE MODULATES STREPTOCOCCUS 

SANGUINIS-INDUCED PLATELET AGGREGATION 
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Streptococcus sanguinis adhere to and activate human platelets to aggregate.  In 

response to S. sanguinis, platelet activation is associated with secretion of 

adenosine triphosphate (ATP) and adenosine diphosphate (ADP) from dense 

granules.  The extracellular ADP is a potent platelet agonist and amplifies platelet 

aggregation induced by other pro-thrombotic agonists, whereas the final product 

of hydrolysis of adenine nucleotides, adenosine, is a platelet aggregation 

antagonist.  Potentially modulating platelet aggregation, S. sanguinis cells 

hydrolyze extracellular ATP and ADP using uncharacterized cell wall 

nucleotidase activities.  Here, we show that cell surface ecto-5’-nucleotidase 

(NT5E) of S. sanguinis hydrolyzes the adenine nucleotides ATP, ADP and 

adenosine monophosphate (AMP).  A nt5e deletion mutant of S. sanguinis 133-

79 (∆nt5e) showed significantly shorter lag time to platelet aggregation than the 

wild-type strain (wt).  However, ∆nt5e adhered to human platelets normally.  By 

hydrolyzing the released ATP and ADP from dense granules of activated 

platelets, therefore, NT5E modulates S. sanguinis-induced platelet aggregation in 

vitro.  In addition, strains of S. sanguinis showed different cell surface enzymatic 

activities for hydrolysis of adenine nucleotides, which may contribute to the 

platelet interactivity phenotypes.  
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INTRODUCTION  

Streptococcus sanguinis is a commensal bacterium in the human oral cavity (56).  

When introduced into the circulation during bacteremia, S. sanguinis contribute to 

the development of infective endocarditis (139).  In an animal model, the abilities 

of S. sanguinis to adhere to and activate platelets are correlated with the severity 

of IE (87).  About 60% of S. sanguinis strains, however, can induce human 

platelets to aggregate in vitro (55,56).   

 

S. sanguinis-induced activation and aggregation of human platelets requires 

several discrete interactions.  Independent of aggregation, adhesion between 

platelets and S. sanguinis involves binding of an adhesin, serine rich protein A 

(SrpA), to glycoprotein Ib (GPIb) on the platelet plasma membrane (4,60).  

Following adhesion, platelet activation and aggregation are induced when the 

streptococcal platelet aggregation-associated protein (PAAP) binds an 

uncharacterized complementary signal-transducing receptor on platelets (53).  In 

response to PAAP, platelets are activated.  After activation by S. sanguinis, 

platelets first secrete between 0.2 and 6 µM adenosine triphosphate (ATP) and 

adenosine diphosphate (ADP) in equimolar ratios from their dense granules (90).   

 

ADP is an aggregation agonist, which further propagates aggregation by 

signaling through two G protein-coupled receptors: P2Y1, which increases 

cytosolic Ca2+ by activating phospholipase Cβ (PLCβ), and P2Y12, which 
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suppresses cyclic AMP (cAMP) formation by inhibiting adenylate cyclase (140).  

When secreted in response to many agonists, dense granule stores of ADP 

signal to promote the platelet aggregation response (138,141).  We have 

previously shown that ATP and ADP released from dense granules in response 

to S. sanguinis are hydrolyzed by cell wall nucleotidase activity, which appears to 

modulate platelet aggregation (91,92).  However, the molecular identity of the 

nucleotidase activity has not been characterized. 

 

Widely distributed among bacteria, ecto-5’-nucleotidase (NT5E) is a surface-

located enzyme that hydrolyzes extracellular ATP to ADP, adenosine 

monophosphate (AMP), and adenosine (94).  Adenosine is a potent platelet 

antagonist (26).  To identify a candidate enzyme, we searched the genome of S. 

sanguinis 133-79 (wt), and a putative 5’-nucleotidase gene was found.  The 

putative 5’-nucleotidase contains a LPXTG motif, which suggests that it anchors 

to the cell wall by a sortase A-dependent mechanism (93).  Since ADP and 

adenosine each contributes to the platelet aggregation response, we hypothesize 

that the 5’-nucleotidase on the surface of S. sanguinis modulates S. sanguinis-

induced platelet aggregation.  

 

Strains of S. sanguinis display considerable variation in their ability to interact 

with platelets (56).  Herzberg et al. identified three different streptococcal 

phenotypes based on their ability to bind and induce platelet aggregation.  
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Adh+Agg+ (adhesion positive and aggregation positive) can adhere to platelets 

and have a short lag time to platelet aggregation.  Adh+Agg± (adhesion positive 

and aggregation intermediate) strains can adhere to platelets and show a long 

lag time or delay to aggregation.  Adh-Agg- (adhesion negative and aggregation 

negative) strains neither adhere nor induce platelet aggregation.  Available 

evidence (87) suggests that the Adh+Agg± and Adh-Agg- phenotypes might be 

less virulent as pro-thrombotic pathogens.  Since adenine nucleotides are 

important modulators of platelet aggregation, NT5E might contribute to the 

platelet aggregation phenotypes of S. sanguinis strains.  Therefore, we also 

examined whole cell enzymatic activities on strains with different aggregation 

phenotypes.  

 

MATERIALS AND METHODS 

Bacterial strains and culture conditions.  S. sanguinis strains were routinely 

grown in Todd Hewitt broth (TH broth, Difco; Sparks, MD) or on TH agar plates at 

37°C in 5% CO 2.  E. coli cells were grown aerobically at 37°C in Luria-Bertani  

broth (LB broth, Bacto; Sparks, MD).  When required, antibiotics were added to 

the medium at the indicated concentrations: erythromycin (Em), 10 µg ml-1 (S. 

sanguinis); and kanamycin (Km), 50 µg ml-1 (E. coli) or 400 µg ml-1 (S. sanguinis). 

 

Genetic manipulations in S. sanguinis 133-79.  Standard recombinant DNA 

techniques were employed as described (142).  Plasmids (listed in Table 1) were 
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purified from E. coli cells using the QIAquick Spin Miniprep purification Kit 

(Qiagen Inc., Valencia, CA).  Oligonucleotides (Table 2) were synthesized using 

integrated DNA Technologies.  

 

Chromosomal DNA was prepared from mutanolysin-treated streptococcal cells 

using the Qiagen 100/G Genomic Tip system (143).  PCR products were purified 

using the High Pure PCR Product Purification Kit (Roche Ltd., Indianapolis, IN).  

DNA restriction and modification enzymes were used according to the 

manufacturer’s directions (New England Biolabs Inc., Ipswich, MA). 

 

The nt5e operon of S. sanguinis 133-79 (wt) was inactivated by allelic exchange 

with the erythromycin-resistance determinant, ermAM.  Briefly, ermAM was 

amplified from plasmid pVA891 (144) and cloned into pPCR-Amp SK (+) 

(Stratagene Corp., La Jolla, CA).  Two DNA fragments constituting the flanking 

sequences of the nt5e operon were then amplified and fused with the ermAM 

genes sequentially (145).  The fused construct was then PCR-amplified, purified 

and transformed into S. sanguinis 133-79.  For transformation, overnight cultures 

were grown in TH broth.  The next day, cells were freshly inoculated in the same 

medium (1:40), containing 10% heat-inactivated horse serum (Sigma-Aldrich, St. 

Louis, MO), and the plasmid carrying the erythromycin-resistant determinant was 

added.  Competence stimulating peptide (CSP, a gift from Dr. Jens Kreth, 

University of Oklahoma) was added to a final concentration of 200 ng ml-1.  
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Incubation continued for 5h at 37ºC and cells were plated on Em selective TH 

plates, generating the NT5E deletion mutant (∆nt5e).  The insertions were 

confirmed by PCR amplification and sequencing.  

 

To complement ∆nt5e, a DNA fragment encompassing the entire nt5e operon 

was amplified by PCR from wt and cloned into the E. coli-streptococcal shuttle 

vector pDL276 (146), generating plasmid pDL276-nt5e. The construct was 

amplified in E. coli, purified and used to transform the ∆nt5e to obtain the 

complemented strain nt5e+ using the method described above.  Predicted 

insertions were confirmed by PCR amplification and sequencing.  

 

Nucleotidase activity.   

AMPase activity.  Streptococcal cells in stationary phase were harvested after 

16 h in THB.  Harvested cells were washed twice with 30 mM Tris•HCl buffer (pH 

7.4) containing 0.25 mM ethylenediamine tetraacetic acid (EDTA) and 30 mM 

sodium chloride (NaCl), followed by washing with 50 mM Tris•HCl (pH 7.4) 

containing 130 mM sodium chloride (NaCl) and 5 mM magnesium dichloride 

(MgCl2), and resuspended to 2 X 109 cells per ml.  To each 2 ml microcentrifuge 

tube, 0.5 ml bacterial suspension was mixed with AMP added to a final 

concentration of 5 to 100 µM and incubated at 37°C for  30 minutes.  After 

incubation, cells were centrifuged at 10,000 x g for 5min, and 50 µl of the 

supernatant from each tube was transferred into a 96-well plates (Corning, NY).  
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Table 1. Bacterial strains and plasmids used in thi s study 
Strain or plasmid  Relevant characteristics  Source or reference  
E. coli strain 
DH5α  F'Iq 

F' proA+B+ laclq ∆(lacZ)M15 zzf::Tn10(TetR)/fhuA2∆(argF-
lacZ)U169 phoA glnV44 φ80 ∆(lacZ)M15 gyrA96 recA1 relA1 
endA1 thi-1 hsdR17 

New England Biolabs 

S. sanguinis strains    
133-79 Wild-type (56) 
133-79∆nt5e ∆(nt5e) : : ermAM (EmR) This study 

133-79nt5e+ ∆(nt5e) : : ermAM (pDL276 nt5e) (EmR,KmR) This study 

Plasmids    
pPCR-Amp SK (+) 3.0 kb; ApR; pUCori Stratagene 

pDL276 6.9 kb; KmR; ColE1ori, E. coli–streptococcal shuttle vector (146) 

pVA891 5.4 kb; EmR, CmR; pACYCori, E. coli–streptococcal shuttle vector (144) 
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Table 2. Primers used in this study 

Primer  Sequence (5’ to 3’)  

133-79A1F ACGTCCGGTACCAGCAAAGGCCACATCCATAG 

133-79A1R ACGTCCGAATTCCGGTGGTTACCTGCAAATCT 

133-79A2F ACGTCCGGATCCATGGTTTCCGACTGCCATAG 

133-79A2R ACGTCCGAGCTCAAAAGGCGTTATCGGTGATG 

133-79ACom_F ACGTCCGTCGACCTCTGATGAATTTCAGAGTC 

133-79ACom_R ACGTCCGAGCTCCTAGTCTTCTTTATGACTTT 
a 
All primers were designed as part of this study. 

b 
Underlined letters indicate restriction enzyme site. 
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Similarly, the crude tryptic digest or fractions from gel filtration (final 

concentration 10 µg/ml) were incubated with 50 µM AMP at 37°C for 15 minutes.  

The reactions were stopped by equal volume of HCl (final concentration 0.1N) 

and 50 µl of the final was transferred into a 96 well plates as well.  The AMPase 

activity was measured as the amount of inorganic phosphate (Pi) released into 

the supernatants using the QuantiChrom Phosphate Assay Kit DIPI-500 

(Bioassay systems, Hayward, CA).  The results were expressed as nM of Pi 

produced/min per 106 cells or nM of Pi produced/min per ng of protein.  The Km 

(Michaelis constant) and Vmax (maximum velocity) for AMPase activity of intact S. 

sanguinis cells were also determined.  To minimize the likelihood that Pi was 

generated by other enzymes, some streptococcal cells were pretreated with 1 µM 

to 1 mM tetramisole (Sigma-Aldrich), an inhibitor of alkaline phosphatase, or 1 

µM to 1 mM adenosine 5’-[α,β-methylene] diphosphate (APCP) (Sigma-Aldrich), 

an inhibitor of NT5E, before incubation with AMP.  

 

Phosphate hydrolase activity.  After removal of the culture medium, the 

streptococcal cells were washed twice with 50 mM Tris•HCl (pH 8.0) buffer 

containing 150 mM NaCl, 5 mM CaCl2, and 5 mM MgCl2.  The cells were then 

incubated with 50 to 400 µl ADP or ATP at 37°C for 3 0 minutes.  To quantify the 

enzymatic activities, the crude tryptic digest or fractions from gel filtration (final 

concentration 10 µg/ml) were incubated with 50 µM ADP or ATP at 37°C for 30 

minutes.  The reactions were stopped by equal volume of HCl (final  
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concentration 0.1 N).  The enzymatic activity was measured as described above.  

 

Biochemical characterization of NT5E in cell wall fr actions.  Minimal tryptic 

digests of S. sanguinis 133-79 were prepared as described (53), which leaves 

the cell wall intact.  The crude digests representing minimally digested surface 

proteins were concentrated and desalted using an ultrafiltration column (10 kDa 

cutoff; Millipore, Billerica, MA) into 2 mL distilled water (dH2O).  The salt-free 

protein fragment concentrates were then chromatographed on a column (1.25 X 

95 cm) of Sephadex G-100 (GE Health) at a flow rate of 0.3 ml/min in PBS.  The 

fraction with the greatest ability to inhibit S. sanguinis-induced platelet rich 

plasma (PRP) aggregation (G100-3) was then separated using two-dimensional 

SDS gel electrophoresis.  Gels were stained with silver stain and spots were 

excised for mass spectrometry analysis (Center for Mass Spectrometry and 

Proteomics, University of Minnesota). 

. 

Platelet aggregometry.  Strains of S. sanguinis were tested for the ability to 

induce platelet aggregation with fresh PRP obtained from a single donor as 

described previously (55).  A single donor was used to eliminate variability in 

platelet response between donors (139).  Each bacterial strain (50 µl suspension 

containing 4 X 109 cells/ml) was incubated with 450 µl of PRP (4 X 108 cells/ml).  

PRP aggregation was performed at 37°C with controlled  stirring in a recording 
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aggregometer (model 660, Chronolog Corp., Havertown, PA), and the lag time or 

delay to onset (minutes) was measured.  

 

Platelet bacterial adhesion assay (PBAA).  All procedures were performed as 

described previously (55).  In brief, platelets from outdated PRP (Memorial Blood 

Center, St. Paul, MN) were washed with PBS and fixed with 10% formalin.  

Washed platelets and washed streptococcal cells were incubated together or 

alone (controls) in microwells; the small clusters of adhering platelets and 

bacteria were separated from non-interacting particles by centrifugation.  The 

sedimentation of adhering mixtures relative to controls was quantitated by the 

following formula: percent adhesion = 100 X {1 – [mixture A620 nm/(bacterium A620 

nm + washed-platelet A620 nm)/2]}.  Based on previous studies of the variability of 

the method, only adhesion scores of ≥ 20% were considered positive.  

 

Gene sequences.  We have partially sequenced the genome of S. sanguinis 

133-79.  The putative nt5e gene of S. sanguinis 133-79 shared a 95% sequence 

identity with that of S. sanguinis SK36 (147). 

 

Statistical analysis.  Descriptive statistics, including means and standard errors, 

were calculated.  Statistical analysis of data was performed using the Student’s t-

test, one-way analysis of variance (ANOVA), non-linear regression or 4- 

parameter logistic regression (4-PL) with GraphPad Prism 5 (GraphPad 
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Software, La Jolla, CA).  The level of significance α = 0.05 was considered to be 

statistically significant.  

 

RESULTS  

Characterization of the enzymatic activities of S. sanguinis NT5E.  We 

measured the S. sanguinis per cell NT5E activity.  Following Michaelis-Menten 

kinetics, S. sanguinis wild-type (wt) hydrolyzed the adenine nucleotides ATP 

(Figure 1A), ADP (Figure 1B) and AMP (Figure 1C).  For wt strain ATP 

hydrolysis, Km was 118.0 ± 35.1 µM and Vmax was 9.0 ± 1.0 nmoles Pi/min per 

106 cells.  Using the ∆nt5e strain (Km = 396.0 ± 25.9 µM, Vmax = 1.7 ± 0.9 nmoles 

Pi/min per 106 cells), the ATPase activity was significantly decreased (P < 0.01) 

whereas activity in this mutant was restored to wt levels by complementation 

(nt5e+) (Figure 1A) (Km = 124.7 ± 33.8 µM, Vmax = 8.3 ± 0.9 nmoles Pi/min per 

106 cells).  For wt strain ADP hydrolysis, Km was 65.7 ± 20.0 µM and Vmax was 

5.4 ± 0.5 nmoles Pi/min per 106 cells.  In the absence of nt5e, the ADPase 

activity was ablated whereas activity in this mutant was restored to wt levels by 

complementation (nt5e+) (Figure 1B) (Km = 81.7 ± 21.1 µM, Vmax = 5.4 ± 0.5 

nmoles Pi/min per 106 cells).  Similarly, AMPase activity in S. sanguinis 133-79 

(Km = 38.9 ± 15.6 µM, Vmax = 1.0 ± 0.2 nmoles Pi/min per 106 cells) was fully 

abrogated by deletion of nt5e (Figure 1C).  When complemented, nt5e+ regained 

AMPase activity (Km = 40.0 ± 7.2 µM, Vmax = 0.9 ± 0.1 nmoles Pi/min per 106  



 

 

Figure 1.  Characterization of NT5E activity on 

cell . 

NT5E activity was measured by the release of inorganic phosphate (Pi) from 

adenine nucleotides.  For (A), (B), and (C), the Michaelis

showed as enzyme velocity vs. concentration of ATP, ADP and AM

The results were represented as Mean ± SE, n = 3.
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Characterization of NT5E activity on S. sanguinis 133

NT5E activity was measured by the release of inorganic phosphate (Pi) from 

adenine nucleotides.  For (A), (B), and (C), the Michaelis-Menten curves were 

velocity vs. concentration of ATP, ADP and AM

The results were represented as Mean ± SE, n = 3. 

 

133-79 whole 

NT5E activity was measured by the release of inorganic phosphate (Pi) from 

Menten curves were 

velocity vs. concentration of ATP, ADP and AMP substrates.  
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cells).  Indeed, only with ATP as substrate, ∆nt5e still generated inorganic 

phosphate.  This finding was consistent with the concomitant presence of an 

ecto-ATPase on the cell surface of S. sanguinis as we reported (92).  

Furthermore, compared to NT5E, this ecto-ATPase did not play a major role in 

the hydrolysis of extracellular adenine nucleotides.  Collectively, these results 

suggest strongly that NT5E on S. sanguinis 133-79 hydrolyzes the adenine 

nucleotides ATP, ADP and AMP. 

 

AMPase activity attributed to NT5E.  Since our assays were performed with 

whole cells, we considered the possibility that other phosphatases could 

contribute to the total enzyme activity.  A search of the S. sanguinis genome 

suggested the possible expression of two putative alkaline phosphatase (AP) 

ectoenzymes (147).  Unlike NT5E, AP is sensitive to an alkaline pH optimum 

(148).  The AMPase activity did not increase with increasing pH (Figure 2C).  

However, the AMPase activity was inhibited by α,β-methylene ADP (APCP), a 

known inhibitor of NT5E (Figure 2A and 2B).  When concentration was 

expressed on a logarithmic scale, the APCP curve was fitted to a sigmoidal, 

single-site model (Figure 2A), allowing determination of the half-maximal 

inhibitory concentration (IC50 = 8.8 ± 3.8 µM).  In the presence of APCP (Km = 

66.7 ± 14.1 µM; Vmax = 0.9 ± 0.1 nmoles Pi/min per 106 cells), the whole cell 

AMPase activity showed an apparent increase in Km (P < 0.05) but no increase in 

the Vmax (P = 0.3) compared to no inhibitor control (Km = 38.9 ± 15.6 µM; Vmax = 



 

 

Figure 2.  The AMPase activity on 

attributed to NT5E rather than AP

(A) effect of NT5E inhibitor APCP on enzymatic activity of 

The curve was fitted to a sigmoidal inhibitory dose

inhibitory concentration 50% (IC

(B) Michealis-Menten curves of enzyme activity vs. substrate concentration in the 

absence and presence of APCP.  (C) pH dependence of NT5E activity. 

results were represented as Mean ± SE, n = 3; * significantly decre

compared to no inhibitor (P < 0.05).
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The AMPase activity on S. sanguinis 133-79 whole cell is 

attributed to NT5E rather than AP .   

(A) effect of NT5E inhibitor APCP on enzymatic activity of S. sanguinis 

The curve was fitted to a sigmoidal inhibitory dose-response curve and the 

inhibitory concentration 50% (IC50) value derived from the curve fit was shown.  

Menten curves of enzyme activity vs. substrate concentration in the 

nd presence of APCP.  (C) pH dependence of NT5E activity. 

results were represented as Mean ± SE, n = 3; * significantly decre

compared to no inhibitor (P < 0.05). 

 

79 whole cell is 

S. sanguinis 133-79.  

response curve and the 

) value derived from the curve fit was shown.  

Menten curves of enzyme activity vs. substrate concentration in the 

nd presence of APCP.  (C) pH dependence of NT5E activity.  The 

results were represented as Mean ± SE, n = 3; * significantly decreased 
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1.0 ± 0.2 nmoles Pi/min per 106 cells).  Since the inhibition could be overcome at 

high concentrations of AMP substrate, APCP competitively inhibited AMPase 

activity (Figure 2B).  Therefore, the AMPase activity was not AP but NT5E. 

 

Identification of NT5E as a trypsin-resistant prote in from cell surface of S. 

sanguinis.  Recovery of the cell surface proteins fragments from S. sanguinis 

133-79 was maximal after 7 min of TPCK-trypsin digestion (data not shown).  

The 7-min tryptic digests (crude digest) of S. sanguinis 133-79 were 

chromatographed on a column of Sephadex G-100, pooled (Figure 3A and 3B), 

and analyzed for platelet interactions (Table 3).  Fraction 3 (G100-3) had the 

greatest ability to inhibit S. sanguinis-induced platelet aggregation (Table 3) but 

had no effect on platelet-S. sanguinis adhesion (data not shown).  After 

separation on two-dimensional SDS gel electrophoresis and analysis by mass 

spectrometry, two putative 5’-nucleotidase superfamily proteins were identified 

(147) (Table 4).  The crude digest and fraction G100-3 showed 5’-nucleotidase 

activities (Table 3).  Furthermore, compared with the crude digest, G100-3 had 

higher AMPase, ADPase as well as ATPase activity, which reconciled with the 

inhibition of platelet aggregation (Table 3).  In the plasma, both ADP removal and 

adenosine generation can inhibit platelet aggregation.  Taken together, 5’-

nucleotidase was a tryptic-resistant protein on the surface of S. sanguinis 133-79 

and potentially modulated platelet aggregation by metabolizing adenine 

nucleotides.  



 

 

 

Figure 3.  Gel filtration chromatography of trypsin

whole cells of S. sanguinis

(A) Gel filtration chromatography of 7 minutes tryptic digest of 

79.  6.4 mg was placed on a column of Sephadex G

as described under “Materials and methods”.  (B) SDS

sanguinis tryptic digest fra

contained 15 µg of protein solubilized in 1% (w/v) SDS sample buffer.  These 

samples were electrophoresed on a 10% gel, and stained with Coomassie Blue.  

Lane A, trypsin.  Lane B, flow

crude tryptic digest.  Lane D, Sephadex G

100 fraction 2.  Lane F, Sephadex G

fraction 4.  Lane H, Sephadex G
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Gel filtration chromatography of trypsin -sensitive protein

S. sanguinis.   

(A) Gel filtration chromatography of 7 minutes tryptic digest of S. sanguinis

79.  6.4 mg was placed on a column of Sephadex G-100 and chromatographed 

as described under “Materials and methods”.  (B) SDS-PAGE analysis of 

tryptic digest fractions from gel filtration chromatography.  All samples 

contained 15 µg of protein solubilized in 1% (w/v) SDS sample buffer.  These 

samples were electrophoresed on a 10% gel, and stained with Coomassie Blue.  

Lane A, trypsin.  Lane B, flow-through from void volume.  Lane C, starting 7

crude tryptic digest.  Lane D, Sephadex G-100 fraction 1.  Lane E, Sephadex G

100 fraction 2.  Lane F, Sephadex G-100 fraction 3.  Lane G, Sephadex G

fraction 4.  Lane H, Sephadex G-100 fraction 5. 

 

sensitive protein s from 

S. sanguinis 133-

100 and chromatographed 

PAGE analysis of S. 

ctions from gel filtration chromatography.  All samples 

contained 15 µg of protein solubilized in 1% (w/v) SDS sample buffer.  These 

samples were electrophoresed on a 10% gel, and stained with Coomassie Blue.  

id volume.  Lane C, starting 7-min 

100 fraction 1.  Lane E, Sephadex G-

100 fraction 3.  Lane G, Sephadex G-100 



 

  48 

Table 3. Recovery of Sephadex G100 fractions of S. sanguinis tryptic digest 

Fraction  Protein, mg  PRP aggregation onset  
Hydrolysis of  

AMP ADP ATP 

 recovered (%)  min
a
 nmoles Pi/ng/min

b
 

none - 7.5  - - - 

crude digest 6.4  9.8  0.15 0.12 0.11 

fraction 1 1.3 (20.3) 7.5  0.01 0.01 0.01 

2 1.7 (26.6) 7.8  0.12 0.10 0.09 

3 1.0 (15.6) > 30 0.59 0.55 0.42 

4 0.8 (12.5) 7.6  0.01 0.01 0 

5 0.8 (12.5) 7.5  0.02 0 0 

recovered total 5.6 (87.5)      
a 
PRP was preincubated with the indicated fraction at a final concentration of 0.1mg/ml.  

b 
Proteins were incubated with 50 µM of AMP, ADP or ATP for 15min at 37 °C at a final concentration of  

  10 µg/ml. 
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Table 4. Proteins in G100 -3 identified by mass  spectrometry  
Identified protein s   Accession No.  M.W. (KDa) Substrate specificity  

5'-nucleotidase, putative  
(S. sanguinis SK36)  gi|125718054 76 

5’-nucleotides with preference for 
adenine nucleotides 

cyclo-nucleotide phosphodiesterase 
(S. sanguinis SK36) gi|125717119 87 

Nucleoside 2',3'-cyclic phosphate into 
nucleoside 3'-phosphate   

cyclo-nucleotide phosphodiesterase 
(S. suis 98HAH33) gi|146321945 88 Nucleoside 2',3'-cyclic phosphate into 

nucleoside 3'-phosphate   

5'-nucleotidase family protein  
(S. gordonii CH1)  gi|157150885 78 5’-nucleotides with preference for 

adenine nucleotides 

*M. W. = molecular weight, S. suis = Streptococcus suis, and S. gordonii = Streptococcus gordonii.  
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Inhibition of platelet aggregation by NT5E.  Using platelet aggregometry, we 

compared the aggregation lag-time and magnitude in response to wt, ∆nt5e and 

nt5e+.  In response to either wt or nt5e+, platelets from a single donor 

aggregated in approximately 9 min (Figure 4A).  The aggregation response of 

∆nt5e showed a lag-time of approximately 5 min, which was significantly shorter 

than the wt and nt5e+ strains (Figure 4B).  The magnitude of aggregation, 

however, was similar in response to all three strains (Figure 4A).  Among three 

donors we tested, the differences in aggregation response to wt, ∆nt5e and 

nt5e+ were consistent (data not shown).  Therefore, the S. sanguinis NT5E 

prolonged the lag time to the onset of platelet aggregation.  

 

Adhesion of platelets and bacteria. The percent adhesion to platelets was 

similar for wt (60.1 ± 0.9%), ∆nt5e (59.9 ± 1.2%) and nt5e+ (59.6 ± 2.6%) strains. 

 

NT5E contributes to the platelet interactivity phen otype.   Several S. 

sanguinis strains were characterized for whole cell hydrolysis of adenine 

nucleotides (Table 5).  Differing from other bacteria that hydrolyze AMP, ADP 

and ATP with comparable Km (149,150), S. sanguinis strains preferentially 

hydrolyzed AMP (lower Km) rather than ADP and ATP (Table 5).  Interestingly, 

NT5E activity also differed among strains with different aggregation phenotypes.  

For example, Km for AMPase activity of S. sanguinis 133-79, an Adh+Agg+ 

strain, was significantly lower than that of L22, an Adh+Agg± strain (P < 0.01).   



 

 

Figure 4.  NT5E affects platelet aggregation lag time.

(A) PRP was stirred in an aggregometer. 

pointed by the arrowhead and aggregation measured as increasing light. 

start of aggregation was indicated by arrow.  (B) Response leading to 

aggregation was recorded as the mean lag

N=4; * significantly decresed compared to wt (P < 0.05).
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NT5E affects platelet aggregation lag time.    

stirred in an aggregometer.  S. sanguinis strains was added as 

pointed by the arrowhead and aggregation measured as increasing light. 

start of aggregation was indicated by arrow.  (B) Response leading to 

aggregation was recorded as the mean lag-time to onset of aggregation ± SE, 

ficantly decresed compared to wt (P < 0.05). 

strains was added as 

pointed by the arrowhead and aggregation measured as increasing light.  The 

start of aggregation was indicated by arrow.  (B) Response leading to 

time to onset of aggregation ± SE, 
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Table 5. Characterization of the enzymatic activitie s of S. sanguinis strains 

Strain  Adhesion  
(%) 

PRP aggregation 
onset (min)  Phenotype

a
 

Hydrolysis of (Km, µM) 
b
  

     Phosphate Hydrolase  

AMP ADP ATP 

133-79 58 7.8 Adh+ Agg+ 38.9 ± 15.6 65.7 ± 20.0 118.0 ± 35.1 

L52 48 8.9 Adh+ Agg+ 41.3 ± 13.2 87.2 ± 24.1 102.6 ± 18.4  

L14 53 12.7 Adh+ Agg± 31.7 ± 3.4  68.8 ± 16.2 80.2 ± 27.1  

10558 78 14 Adh+ Agg± 78.5 ± 12.4  122.8 ± 38.2  134.5 ± 25.0  

L22 52 12.4 Adh+ Agg± 73.3 ± 18.7  97.2 ± 20.0 102.3 ± 28.8 

L13 36 > 20 Adh+ Agg- 101.2 ± 18.0 - - 

L74 42 > 20 Adh+ Agg- 187.0 ± 25.5 - - 
a
 Phenotype and % adhesion or time to the onset of aggregation: Adh-, < 10%; Adh±, 10 to 24%; Adh+, ≥ 25%; Agg-

, > 20 min; Agg±, 10 to 20 min; Agg+, < 10 min. 
b
 Whole bacterial cell surface enzymatic activities 
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As reported, the AMPase, ADPase and part of ATPase activities are almost all 

attributed to NT5E on S. sanguinis 133-79.  Therefore, the nucleotidase activities 

of NT5E may contribute to the platelet interactivity phenotype of strains of S. 

sanguinis.   

 

DISCUSSION 

We have previously detected nucleotidase activities on the cell wall of S. 

sanguinis (91,92).  The ecto-nucleotidase activity could hydrolyze ATP and ADP 

released from dense granules and modulate platelet aggregation in vitro.  As we 

sought to further identify and characterize surface nucleotidase activities, we 

identified an NT5E on S. sanguinis 133-79.  This NT5E can hydrolyze 

extracellular ATP to ADP, AMP and adenosine.  Since ADP and adenosine each 

contributes to the platelet aggregation response, we hypothesized that the S. 

sanguinis NT5E modulates platelet aggregation.  

 

The aggregation response to bacteria differs from other agonists, such as 

thrombin and collagen.  The response to most species of bacteria is all-or-none 

and the strength of the response is recognized by lag times to onset of 

aggregation that are increasingly short (55,151).  The lag time to onset of platelet 

aggregation is also a characteristic of bacterial strain-human platelet donor pair.  

When induced by the strains of S. sanguinis we have studied, platelet 

aggregation in vitro occurs after a lag time of 1.5 to 15 min depending on the
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platelet donor and the strain of S. sanguinis (55,56).  We now show that the lag 

time is in part a response to the NT5E activity on the surface of cells of many 

species. 

 

An nt5e deletion mutant of S. sanguinis 133-79 showed a shorter platelet 

aggregation lag time but similar magnitude of aggregation when compared to the 

parental strain (Figure 4).  Inactivation of nt5e gene, however, did not affect the 

ability of S. sanguinis 133-79 to adhere to human platelets.  Since S. sanguinis-

induced activation and aggregation of human platelets requires adhesion and 

aggregation, these results suggested that NT5E modulated the aggregation lag-

time independently of adhesion. 

 

NT5E was released from the cell surface by trypsin digestion.  When the digest 

was fractionated using gel filtration chromatography, NT5E was identified in one 

of the fractions, G100-3 (Table 4).  In the presence of ATP and ADP secreted 

from activated platelets, the NT5E activity can hydrolyze ADP, an agonist of 

platelet aggregation, and generate adenosine, an inhibitor of platelet 

aggregation.  It was not surprising, therefore, that fraction G100-3 inhibited 

platelet aggregation (Table 3).  When compared to the crude digest, G100-3 was 

enriched for NT5E activity towards nucleotide substrates.  Since the NT5E 

activity was definitively shown to be present in G100-3, the data show that this 

enzyme is an ecto-enzyme that can remove platelet agonist ADP and produce  
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aggregation inhibitor adenosine during S. sanguinis interactions with platelets. 

 

To determine whether NT5E activity distinguishes the platelet-aggregation 

phenotypes of S. sanguinis strains, we compared whole cell adenine nucleotides 

hydrolysis for several S. sanguinis strains.  All strains of S. sanguinis 

characterized had higher preference for hydrolysis of AMP than ADP and ATP 

(Table 5).  Interestingly, the activities on strains with different aggregation 

phenotypes were dramatically different.  Generally, the enzymatic activities on 

Adh+Agg+ strains were the highest among three different platelet interactivity 

phenotypes, suggesting that NT5E contributes to the bacterial-platelet 

interactivity phenotype in concert with other factors such as adhesin and PAAP 

expression.  To better define the role of NT5E, more S. sanguinis strains need to 

be characterized and multiple variables must be included into the regression 

analysis.  

 

In conclusion, we provide evidence that NT5E is a modulator of S. sanguinis-

induced platelet aggregation in vitro.  Studies are on going to elucidate the 

potential signaling pathway in platelets induced by S. sanguinis.  These data will 

provide valuable information for understanding the mechanism of bacteria-

induced platelet aggregation in septic thrombus formation.
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CHAPTER 4 

STREPTOCOCCUS SANGUINIS ECTO-5’-NUCLEOTIDASE MODULATES 

PLATELET AGGREGATION THROUGH P2 RECEPTORS AND A 2A 

RECEPTOR
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In a rabbit model, the ability of Streptococcus sanguinis to induce platelets to 

aggregate is associated with the severity of infective endocarditis.  Upon 

activation by S. sanguinis, platelets secrete dense granules, which contain 

equimolar ATP and ADP.  An ecto-5’-nucleotidase (NT5E) on S. sanguinis 133- 

79 has been shown to prolong the lag time to the onset of platelet aggregation in 

vitro.  By hydrolyzing extracellular adenine nucleotides, NT5E potentially 

modulates platelet aggregation through ADP, the major agonist for platelet 

aggregation, and adenosine, an inhibitor of platelet aggregation.  In response to 

ADP, platelet activation is mediated via P2Y1 and P2Y12 receptors.  In a dose-

dependent manner, antagonists of P2Y1 and P2Y12 receptors prolonged lag times 

to platelet aggregation mediated by both wild-type S. sanguinis 133-79 (wt) and 

the isogenic NT5E deletion mutant (∆nt5e).  However, the wt strain is more 

sensitive to the antagonists than ∆nt5e, reflecting an ADP-dependent response.  

In contrast, an antagonist of adenosine A2a receptor only accelerated platelet 

aggregation mediated by the wt strain where NT5E was present.  Downstream of 

the P2Y12 receptor, S. sanguinis induced-platelet activation involves two waves 

of Akt phosphorylation and activation of Rap1b.  However, in response to wt, 

Rap1b was de-activated and then reactivated during the lag phase before 

aggregation, whereas, Rap1b was continually active in response to ∆nt5e.  

Therefore, S. sanguinis NT5E modulates platelet aggregation through ADP 

receptors, P2Y1 and P2Y12, and adenosine receptor A2a.  
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INTRODUCTION 

Streptococcus sanguinis, a Gram-positive oral bacterium, is one of the most 

common pathogens isolated from infective endocarditis (IE) patients (1,8).  

Studies using an animal model have shown that the abilities of S. sanguinis to 

adhere to and activate platelets are associated with the severity of IE (87).   

 

Upon activation by S. sanguinis, platelets secrete 0.2 to 6 µM adenine 

triphosphate (ATP) and adenine diphosphate (ADP) in equimolar ratios (90).  The 

extracellular ADP is a potent platelet agonist and amplifies platelet aggregation 

induced by other pro-thrombotic agonists (140), whereas, the final product of 

hydrolysis of adenine nucleotides, adenosine, is a platelet antagonist, which 

inhibits platelet aggregation (26).  When expressed on the surface of bacteria 

that invade the bloodstream, ecto-nucleotidases, which hydrolyze adenine 

nucleotides, have the potential to influence platelet activity (26). 

 

We have identified and characterized an ecto-5’-nucleotidase (NT5E) on S. 

sanguinis 133-79  (chapter 3).  The NT5E on the surface of S. sanguinis 133-79 

can hydrolyze the extracellular adenine nucleotides ATP, ADP, adenosine 

monophosphate (AMP) to adenosine.  Deletion of NT5E did not affect the 

magnitude of S. sanguinis-platelet adhesion or aggregation, but the lag time to 

platelet aggregation decreased.  Therefore, NT5E potentially modulates S. 

sanguinis-induced platelet aggregation by metabolizing adenine nucleotides ATP 
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and ADP from dense granules.  However, the platelet response mechanisms 

underlying modulation have not been characterized.  

 

Human platelets have three types of P2 receptors: the G protein-coupled P2Y 

receptors, P2Y1 and P2Y12, which are both activated by ADP (140), and an ion 

channel P2X1 receptor, activated by ATP (152).  The ADP receptor P2Y1 is a Gq-

coupled receptor, leading to activation of phospholipase C.  Activation via P2Y1 

results in an increase of cytosolic Ca2+ levels, shape change and transient 

aggregation of platelets (20).  Another ADP receptor P2Y12, a Gi-coupled 

receptor, is critical for sustained aggregation.  Activation of P2Y12 potentiates 

dense granule secretion and the platelet aggregation induced by other pro-

thrombotic agonists such as thromboxane A2 (21).  Signaling through Gi, P2Y12 

inhibits the activity of adenylate cyclase (AC), which suppresses the formation of 

cyclic AMP (cAMP) and removing an inhibitor of activation (22).  However, 

reduced levels of cAMP are not directly responsible for the downstream effects of 

P2Y12 receptor.  Gi signaling also leads to activation of PI3K, and subsequently 

Akt and Rap1b.  Both Akt and Rap1 are important functional effectors 

downstream of the P2Y12 receptor (21).  Activation of the P2X1 receptor by ATP 

leads to fast Ca2+ influx (30) and contributes to platelet activation induced by low 

concentrations of collagen (31).  In contrast, platelets also express an A2a 

receptor, which is activated by adenosine, and activation of A2a inhibits platelet 

aggregation through AC and results in an increase of cAMP (27).  Therefore, it is 
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likely that the modulation of human platelet aggregation by NT5E in S. sanguinis 

is mediated through the signal transduction of both P2 receptors and A2a 

receptor.   

 

Using antagonists for P2 receptors and A2a receptor, the contribution of ATP, 

ADP and adenosine to platelet aggregation was examined by comparing 

responses to wt and ∆nt5e in vitro.  Moreover, in response to wt and ∆nt5e, the 

amount of thromboxane A2, another important secondary agonist secreted from 

platelets, was also determined.   

 

MATERIALS AND METHODS 

Reagents.  Adenosine 3’-phosphate 5’-phosphosulfate (A3P5PS), MRS2179, 

clopidogrel, 2-methylthioadenosine 5′-monophosphate (2MeSAMP),  8-(3-

chlorostyryl)caffeine (CSC), SCH58261, indomethacin, and protease inhibitor 

cocktail were purchased from Sigma-Aldrich (St. Louis, MO).  NF449 was 

purchased from EMD Biosciences (Gibbstown, NJ).  Anti-rabbit IgG-horseradish 

peroxidase (HRP) was purchased from Santa Cruz Biotechnology (Santa Cruz, 

CA), and antibodies to Akt, phospho-Akt (Ser473 and Thr308) were purchased from 

Cell Signaling Technology (Danvers, MA).  Enhanced chemiluminescence (ECL) 

reagents were obtained from Amersham Pharmacia Biotechnology (Piscataway, 

NJ), and all electrophoresis and immunoblotting supplies were from Bio-rad 

(Hercules, CA).  
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Bacterial strains and culture conditions.  ∆nt5e in S. sanguinis 133-79 was 

constructed by allelic exchange as described in chapter 3.  S. sanguinis 133-79 

and the isogenic mutant ∆nt5e were routinely grown in Todd Hewitt Broth (TH 

broth, Difco; Sparks, MD) or on TH agar plates at 37°C  in 5% CO2.  When 

required, antibiotic was added to the medium at the indicated concentration: 

erythromycin (Em),10 µg ml-1.  

 

Platelet aggregometry.  Strains of S. sanguinis were tested for the ability to 

induce platelet aggregation using fresh platelet-rich plasma (PRP) obtained from 

a single donor by a method described previously (55).  A single donor was used 

to eliminate variability in platelet response between donors (139).  Briefly, each 

bacterial strain (50 µl suspension containing 4 X 109 cells/ml) was then incubated 

with 450 µl of PRP suspension (4 X 108 cells/ml).  PRP aggregation was 

performed at 37°C with controlled stirring in a record ing aggregometer (model 

660, Chronology Corp., Havertown, PA), and the lag time or delay to onset 

(minutes) was measured.  In some experiments, 450 µl of PRP was preincubated 

with one of the following antagonists prior to stimulation with S. sanguinis: 

A3P5PS, MRS2179, clopidogrel, 2MeSAMP, NF449, CSC, and SCH58261.  To 

estimate inhibition of the lag time to onset of aggregation, the following formula 

was used: % inhibition = (tobserved – tblank) / 12 minutes X 100, where tobserved and 
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tblank are the lag times in minutes with and without antagonists, respectively (53).  

For all experiments, lag time > 20 min was considered no aggregation (56).  

 

Western immunoblotting.   To identify the state of key molecules during the 

course of platelet aggregation, interactions were stopped by the addition of an 

equal volume of 2 X stopping solution (20 mM EDTA, 30 mM NaF, 12 mM 

Na3VO4, and 1 X protease inhibitor cocktail).  Platelets were pelleted by 

centrifugation at 8,500 x g for 30 s.  Pellets were re-suspended in 500 µl of 1 X 

RIPA buffer (10 mM Tris•HCl, 158 mM NaCl, 0.1% SDS, 1% sodium 

deoxycholate, 1% Triton X-100, 1 mM EDTA, 15 mM NaF, 6 mM Na3VO4, and 1 

X protease inhibitor cocktail, pH 7.6) and lysed on ice for 10 min.  The lysates 

were centrifuged at 10,000 x g at 4ºC for 15 min.  The supernatant was added to 

an equal volume of 2 X SDS-PAGE loading buffer, boiled for 5 minutes at 95ºC 

and resolved on 10% (w/v) SDS-PAGE gels.  Proteins were transferred onto 

Trans-Blot nitrocellulose membranes (Bio-Rad, CA) at 15 V for 60 min using a 

Trans-Blot SD semi-Dry Electrophoretic Transfer Cell (Bio-Rad, CA).  

Membranes were then probed separately with rabbit anti-Akt and anti-phospho-

Akt (1:1,000 dilution), and the results visualized with mouse anti-rabbit HRP IgG 

(Santa Cruz, CA) and ECL (GE health, NJ).  All experiments were performed four 

times with similar results.  
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Rap1-GTP assay in platelets.   Platelet-bacterial interactions were stopped by 

the addition of an equal volume of ice-cold acid-citrate-dextrose (ACD), and 

quickly spin down at 10,000 x g for 30 s.  Using an Active Rap1 Pull-down and 

Detection Kit (Pierce Biotechnology, Rockford, IL), pelleted platelets and bacteria 

were lysed in the presence of 1 X protease inhibitor cocktail in the 1 X lysis buffer 

provided and the whole lysates were used to perform affinity precipitation of 

activated Rap1.  The precipitated proteins were analyzed by western blot using 

antibodies against Rap1.  The experiments shown were performed two times 

with similar results.  

 

Thromboxane B 2 release.  Each bacterial strain (50 µl suspension containing 4 

X 109 cells/ml) was added to 450 µl of PRP (4 X 108 cells/ml) and reactions were 

terminated at the point of full aggregation by addition of an equal volume of ice-

cold ACD (pH 4.5) containing 28 µM indomethacin.  Platelets were pelleted by 

centrifugation at 8,500 x g for 30 s and the supernatant from each sample was 

collected into separate Eppendorf tubes.  Levels of released TxB2 were detected 

using a TxB2 assay (R&D Systems, Inc., Minneapolis, MN) according to the 

manufacturer’s instructions.  

 

Statistical analysis. Descriptive statistics, including the means and standard 

errors, were calculated.  Statistical analysis of data was performed with Student’s 

t-test, or one-way analysis of variance (ANOVA) followed by a Dunnett's post test 
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using GraphPad Prism 5 (GraphPad Software, La Jolla, CA).  The level of 

significance α = 0.05 was considered to be statistically significant.  

 

RESULTS 

Inhibition of platelet aggregation by P2Y  receptor antagonists in the 

presence and absence of NT5E.  The role of ADP in S. sanguinis-induced 

platelet aggregation was studied using P2Y receptors antagonists: a stable 

adenosine analogue A3P5PS (153) and a more efficient compound MRS2179 for 

P2Y1 receptor (154); an AMP analogue 2MeSAMP (155) and an irreversible 

antagonist clopidogrel for P2Y12 receptor (156). 

 

For the P2Y1 receptor, only A3P5PS delayed the onset of platelet aggregation 

mediated by wt and ∆nt5e (Figure 1).  At doses greater than 30 µM A3P5PS, 

platelet aggregation was significantly inhibited in response to both wt (P < 0.001, 

n = 3) and ∆nt5e (P < 0.01, n = 3).  However, the wt strain was significantly more 

sensitive to the P2Y1 inhibitor than the ∆nt5e based on the dose-response 

curves.  With 100 µM A3P5PS, platelet aggregation mediated by wt and ∆nt5e 

were inhibited by 50.5 ± 4.9% and 21.1 ± 7.6%, respectively (P < 0.05, n = 3).   

For each concentration of A3P5PS tested, the magnitude of platelet aggregation 

was not affected (data not shown).   

 



 

 

Figure 1.  Inhibition of platelet aggregation by P2Y

A3P5PS.   

1 – 300 µM A3P5PS were added to PRP prior to stimulation with wt and 

The results are represented as Mean 

* P < 0.05, ** P < 0.001; comparison between wt and 
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Inhibition of platelet aggregation by P2Y 1 receptor antagonist 

M A3P5PS were added to PRP prior to stimulation with wt and 

The results are represented as Mean ± SE, n = 3.  Comparison within the group: 

* P < 0.05, ** P < 0.001; comparison between wt and ∆nt5e: # P < 0.05. 

antagonist 

M A3P5PS were added to PRP prior to stimulation with wt and ∆nt5e.  

Comparison within the group: 

: # P < 0.05.  
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When P2Y12 receptors were inhibited with either 2MeSAMP or clopidogrel, 

aggregation lag-time increased in a dose-dependent manner in response to wt or 

∆nt5e cells (Figure 2A and 2B) without affecting the aggregation magnitude (data 

not shown).   When 100 µM of clopidogrel was used, platelet aggregation was 

significantly inhibited (Figure 2B; wt: 74.2 ± 3.8%, P < 0.001, n = 3; ∆nt5e: 42.9 ± 

3.4%, P < 0.001, n = 3).  Interestingly, in the presence of 300 µM clopidogrel or 1 

mM 2MeSAMP, the wt strain failed to induce platelet aggregation within 20 min.  

In contrast, in response to clopidogrel (Figure 2A) or 2MeSAMP (Figure 2B), 

∆nt5e-mediated platelet aggregation was inhibited by 64.2 ± 4.9% and 70.3 ± 

7.7%, respectively.  Overall, the two dose-response curves of ∆nt5e shifted to the 

right of wt.  

 

Compared to 100 µM A3P5PS alone, platelet aggregation mediated by wt was 

significantly prolonged when treated with 100 µM A3P5PS and 100 µM 

clopidogrel simultaneously (Figure 3; P < 0.001, n = 3), and there was no 

aggregation within 20 min.  In response to ∆nt5e, platelet aggregation was also 

significantly inhibited with 100 µM A3P5PS and 100 µM clopidogrel (100 µM 

A3P5PS: P < 0.001, n = 3; 100 µM clopidogrel: P < 0.05, n = 3).  Therefore, P2Y1 

receptor antagonist, A3P5PS, and a P2Y12 antagonist, clopidogrel, worked 

synergistically to inhibit S. sanguinis-induced platelet aggregation.  

 

 



 

 

Figure 2.  Inhibition of platelet aggregation by P2Y

clopidogrel and 2MeSAMP

Antagonists were added to PRP prior to stimulation with wt and 

300 µM clopidogrel.  (B) 1 

as Mean ± SE, n = 3.  Comparison within the group: * P < 0.05, ** P < 0.001; 

comparison between wt and 
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Inhibition of platelet aggregation by P2Y 12 receptor 

clopidogrel and 2MeSAMP .   

Antagonists were added to PRP prior to stimulation with wt and ∆nt5e

(B) 1 µM – 1 mM 2MeSAMP.  The results are represented 

Comparison within the group: * P < 0.05, ** P < 0.001; 

comparison between wt and ∆nt5e: # P < 0.05.  

receptor antagonists 

nt5e.  (A) 1 – 

The results are represented 

Comparison within the group: * P < 0.05, ** P < 0.001; 



 

 

Figure 3.  P2Y 1 and P2Y

inhibit S. sanguinis-mediated 

Antagonists were added to PRP prior to stimulation with wt and 

µM A3P5PS.  (B) 100 µ

A3P5PS.  The results are represented as Mean 

the group: * P < 0.05, ** P < 0.001; comparison between wt and 

0.05.  
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and P2Y12 receptor antag onists work synergistically to 

mediated platelet aggregation .   

Antagonists were added to PRP prior to stimulation with wt and ∆nt5e

µM clopidogrel.  (C) 100 µM clopidogrel and 100 

A3P5PS.  The results are represented as Mean ± SE, n = 3.  Comparison within 

the group: * P < 0.05, ** P < 0.001; comparison between wt and ∆nt5e

onists work synergistically to 

nt5e.  (A) 100 

M clopidogrel and 100 µM 

Comparison within 

nt5e: # P < 
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The potential role of ATP was also examined using a potent selective P2X1 

antagonist, NF449, an analogue of suramin (157).  At all concentrations tested 

(0.1 – 100 µM), however, there was neither a delay of onset of platelet 

aggregation nor reduction in magnitude in response to either strain (data not 

shown).  

 

Acceleration of platelet aggregation by A 2a receptor antagonist in the 

presence of NT5E.  Using the A2a receptor xanthine antagonist CSC and a 

highly selective non-xanthine antagonist SCH58261(158,159), the effect of 

adenosine on platelet aggregation was examined.  Compared with no antagonist 

control, there was no significant difference in the lag time and magnitude of 

aggregation with 0.01 - 10 µM CSC (data not shown).  However, within the range 

of 1 to 10 nM SCH58216, aggregation lag time was accelerated only in response 

to wt (Figure 4).  For example, in the presence of 10 nM SCH58216, the 

aggregation lag time was significantly shorter than control (78.4 ± 2.3 %, P < 

0.001, n = 3).   

 

S. sanguinis-induced platelet aggregation involves two waves of  Akt 

phosphorylation.  In response to S. sanguinis, phosphorylation of Akt was 

detected.  Upon activation by both wt and ∆nt5e, Akt was rapidly phosphorylated 

at serine and threonine to initiate the response, dephosphorylated before 

aggregation and rephosphorylated once aggregation begins (Figure 5B). 



 

 

 

Figure 4.  A 2a receptor 

aggregation mediated by wt

1 – 100 nM SCH58261 were added to PRP prior to stimulation with 

The results are represented as Mean 

** P < 0.001.   
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receptor antagonist SCH58261 accelerates platelet 

aggregation mediated by wt .   

100 nM SCH58261 were added to PRP prior to stimulation with 

The results are represented as Mean ± SE, n = 3. Comparison within the group: 

antagonist SCH58261 accelerates platelet 

100 nM SCH58261 were added to PRP prior to stimulation with wt and ∆nt5e.  

, n = 3. Comparison within the group: 
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NT5E prolongs S. sanguinis-induced platelet aggregation by regulating 

Rap1b activity.  In response to S. sanguinis, Rap1b was activated.  However, in 

the process of platelet aggregation, the activation of Rap1b differed in the 

presence and absence of NT5E.  Following the addition of wt, Rap1b was de-

activated and then re-activated during the lag phase.  No activity of Rap1b was 

detected when platelet aggregation occurred.  In contrast, Rap1b was continually 

active in response to ∆nt5e (Figure 6).  

 

NT5E modulates S. sanguinis-induced platelet aggregation independent of 

TxA2 release .  Upon stimulation with S. sanguinis, TxA2, a positive feedback lipid 

mediator, is generated from platelets (4,151).  Therefore, NT5E might also 

modulate platelet aggregation through TxA2 release.  In response to wt and 

∆nt5e, platelets produced comparable amounts of TxA2 (wt, 20.4 ± 6.7 ng/mL; 

∆nt5e, 21.6 ± 5.5 ng/mL; n = 4, P = 0.80).  Therefore, S. sanguinis NT5E 

modulated platelet aggregation was independent of TxA2. 
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Figure 5.  S. sanguinis-induced platelet aggregation involves two waves of  

Akt phosphorylation .   

(A) Tracing of S. sanguinis strain 133-79-induced platelet aggregation from 

aggregometer.  S. sanguinis strain 133-79 was added  and aggregation 

measured continuously as light transmission increasing.  For western blot 

analysis, reactions were terminated at 1 min interval during the lag phase prior to 

aggregation, and at points corresponding to the start of, mid- point of, and full 

aggregation, as indicated by arrows.  (B) Platelets were activated with wt or 

∆nt5e, and the serine (upper) and threonine (middle) phosphorylation of Akt were 

shown for the times indicated.  The blot probed with anti-Akt antibody was used 

to confirm equal loading (lower panel).  Labels below lower panel refer to 

aggregation status. Experiment representative of four similar experiments.  
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Figure 6.  NT5E prolongs S. sanguinis-induced platelet aggregation by 

regulating Rap1b activity .   

Platelets were activated with wt or ∆nt5e, and the Rap1 activity (Rap1-GTP, 

upper) was shown for the times indicated.  The blot probed with anti-Rap1 

antibody was used to confirm equal loading (lower panel).  Labels below lower 

panel refer to aggregation status. Experiment representative of two similar 

experiments.  
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DISCUSSION  

Previously, we identified and characterized NT5E, a cell-surface enzyme on S. 

sanguinis, which can metabolize extracellular ATP, ADP and AMP (chapter 3).  

When platelets release their dense granules in response to S. sanguinis, the 

granule contents including equimolar amounts of ATP and ADP are secreted into 

the surrounding environment.  Reflecting the contribution of hydrolyzed 

nucleotides to modulation of platelet aggregation, a ∆nt5e strain induced human 

platelet aggregation more rapidly than its isogenic wt strain.  Here, we studied 

how S. sanguinis NT5E modulates platelet aggregation.   

 

Both ADP removal and adenosine generation slows down the onset of platelet 

aggregation.  Thus, S. sanguinis NT5E potentially modulates platelet aggregation 

through ADP and adenosine.  Using specific pharmacological antagonists for 

their corresponding receptors, the role of ADP and adenosine in S. sanguinis-

induced platelet aggregation were distinguished.   

 

To obtain more physiological responses, platelet aggregation was performed with 

platelet rich plasma (PRP) instead of washed platelets.  Other workers used 

washed platelets to monitor the phosphorylation of key signaling intermediates 

(160).  Plasma contains abundant human serum albumin and virtually all other 

proteins in the blood, providing physiologically representative protein binding 

sites and opportunities for intermolecular interactions.  Hence, the efficiency of 
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the antagonists in PRP can be differently affected when compared to washed 

platelets (161).  Thus, receptor-specific antagonists from different families were 

tested.   

 

The aggregation response to bacteria like S. sanguinis is different from other 

agonists.  It is an all-or-nothing response.  Also, unlike other agonists, there is a 

distinct lag time before aggregation occurs (91).  When induced by the strains we 

have studied, platelet aggregation in vitro occurs after a lag time of 1.5 to 15 min 

depending on the platelet donor and the strain and dose of S. sanguinis 

(55,56,139).  When treated with apyrase, an ADP hydrolase, PRP showed only 

an increase in lag time in response to wild-type S. sanguinis, reflecting the 

hydrolysis of the secreted platelet agonist, ADP (91).  The extent of platelet 

aggregation was unaffected.  Blocking of ADP receptors was, therefore, 

expected to prolong the lag times to platelet aggregation.   

 

In a dose-dependent manner, the P2Y1 antagonist, A3P5PS (Figure1), and 

P2Y12 receptor antagonists, clopidogrel and 2MeSAMP (Figure 2), prolonged the 

lag time to platelet aggregation without affecting aggregation magnitude.  As 

expected, the effective concentration for those antagonists were 1000-fold higher 

in plasma than reported for washed platelets (155,162,163), reflecting non-

specific interactions with plasma proteins.  For example, PRP pretreated with 

clopidogrel (≤ 100 µM) showed no antiaggregatory effects when stimulated with 6 
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µM ADP(163).  Consistent with previous studies (90), however, PRP 

preincubated with clopidogrel followed by S. sanguinis showed an inhibitory 

effect.  In response to S. sanguinis, PRP aggregation appeared to depend, 

therefore on the lower concentrations of ADP released from activated platelets.   

 

In PRP, the wt and ∆nt5e strains showed different dose-response inhibition 

curves in the presence of antagonists.  As shown in figures 1 and 2, the inhibition 

curves for ∆nt5e shifted to the right of wt, reflecting an ADP concentration-

dependent response.  Hence, the platelets acted as if the amount of plasma ADP 

was higher in the absence of NT5E.  In addition, a synergistic inhibitory effect on 

platelet aggregation was seen when 100 µM of A3P5PS and 100 µM of 

clopidogrel were used to block both P2Y1 and P2Y12 concurrently (Figure 3) 

(159,164).  Hence, ADP signaling through P2Y1 and P2Y12 appeared to play an 

important role in determining the lag times.  

 

Activation of another P2 receptor, P2X1, by ATP results in rapid calcium influx 

and contributes to platelet activation in response to low concentrations of 

collagen (30,31).  In response to S. sanguinis, platelet aggregation is triggered by 

the cell wall-anchored platelet-aggregation-associated protein (PAAP), which is a 

rhamnose-rich glycoprotein containing a collagen-like platelet-interactive domain 

(6,165).  By analogy to the platelet response to collagen, S. sanguinis-induced 

platelet aggregation might also involve ATP signaling.  
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NF449, a potent P2X1 receptor antagonist, did not have significant affect on 

platelet aggregation, suggesting that the P2X1 receptor was not a contributor to 

platelet aggregation triggered by S. sanguinis.  Alternatively, NF449 might be 

complexed with serum albumin or other proteins in the plasma minimizing the 

effective dose.  On the other hand, ATP and its analogues are also competitive 

antagonists at both P2Y1 (28) and P2Y12 (29) receptors.  Therefore, ATP might 

inhibit S. sanguinis-induced aggregation through ADP receptors. 

 

In contrast, SCH58216, an A2a receptor antagonist, accelerated platelet 

aggregation triggered by wt but not ∆nt5e.  Since deletion of NT5E completely 

abolished the AMPase activity on S. sanguinis 133-79, ∆nt5e cannot hydrolyze 

AMP to adenosine (chapter 3).  In the presence of the A2a receptor antagonist, 

therefore, NT5E appeared to produce a higher concentration of adenosine in 

PRP.   

 

The P2Y12 receptor is crucial to several platelet functions based upon 

experimental use of P2Y12 receptor antagonists and P2Y12 deficient mice (166).  

Activation of P2Y12 receptor results in dense granule secretion and fibrinogen-

receptor activation, which is a central event in platelet aggregation (167,168).  

Signaling through P2Y12 receptor leads to reduction of cAMP, activation of 

potassium channels, PI3K, and subsequently Akt, and Rap1b (169).   
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Upon activation by S. sanguinis, there were two waves of Akt phosphorylation, 

and activation of Rap1b, both of which depend on the ADP receptor P2Y12.  

However, when NT5E is present, the ADP concentration is reduced in proximity 

to the platelet, leading to intermittent Rap1b activation.  Therefore, NT5E 

indirectly modulates platelet aggregation via signaling through Rap1b. 

 

Two secondary messengers, cAMP and cytosolic Ca2+, are also important early 

intracellular mediators of platelet activation (170,171).  Platelets require the 

presence of extracellular Ca2+ to be induced to aggregate by S. sanguinis (55).  

Furthermore, preincubation of platelets with 0.01 to 1 µM PGE1, which increases 

intracellular cAMP (172), completely inhibited S. sanguinis-induced platelet 

aggregation (data not shown).  Given these data, therefore, changes in platelet 

cytosolic Ca2+ and cAMP were not monitored over time.  

 

The P2Y12 receptor also plays a crucial role in ADP-mediated generation of TxA2 

(173).  Platelet aggregation in response to S. sanguinis was inhibited by 

indomethacin, a nonselective inhibitor of cyclooxygenase 1 and 2, suggesting 

that a product, TxA2 contributes to the aggregation process (151).  Although the 

P2Y12 receptor contributes to the platelet response to S. sanguinis, we showed 

that the amount of TxA2 generated from platelets in response to wt and ∆nt5e is 
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comparable.  Hence, NT5E modulates S. sanguinis-induced platelet aggregation 

independently of TxA2, which signals and activates through other receptors. 

 

In conclusion, S. sanguinis NT5E slows down the onset of platelet aggregation 

through both ADP removal and adenosine production.  This study further 

elucidates crucial roles of ADP and adenosine in S. sanguinis-induced platelet 

aggregation, which might provide insights into novel therapeutics for 

cardiovascular infectious diseases, such as IE.  
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CHAPTER 5 

ECTO-5’-NUCLEOTIDASE CONTRIBUTES TO THE VIRULENCE O F S. 

SANGUINIS IN RABBIT INFECTIVE ENDOCARDITIS 
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The ecto-5’-nucleotidase (NT5E) deletion mutant (∆nt5e) of Streptococcus 

sanguinis 133-79 induces platelets to aggregate faster than its isogenic wild-type 

strain (wt).  NT5E, a cell-surface anchored enzyme, can hydrolyze adenosine 

triphosphate (ATP) to adenosine diphosphate (ADP), adenosine monophosphate 

(AMP), and subsequently adenosine.  ATP is a proinflammatory molecule, 

whereas adenosine is immunosuppressive.  Thus, NT5E is potentially involved in 

bacterial-host interactions and may produce adenosine from nucleotides 

released from platelet dense granules to reduce the clearance of infecting 

bacteria.  Using a rabbit endocarditis model, the virulence of wt, ∆nt5e and nt5e+ 

were compared in vivo.  Upon intravenous infection of rabbits with prior heart 

valve injury, the mass of the platelet vegetations correlated with the recovered 

bacterial CFUs when all three strains were included in the analysis (R2 = 0.72).  

When rabbits were challenged with ∆nt5e, the mass of vegetations and the 

recovered bacterial CFUs were lower than after infection with wt and nt5e+, 

which were similar to one another.  NT5E appears, therefore, to contribute to the 

virulence and survival of S. sanguinis in vivo by removing ATP and generating 

adenosine, which would dampen the inflammatory response to infecting bacteria.  
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INTRODUCTION 

Streptococcus sanguinis, an oral commensal bacterium, is the leading cause of 

infective endocarditis (IE) (1,8).  In an animal model, the abilities of S. sanguinis 

to adhere to and aggregate platelets correlate with the severity of IE (87).   

 

We identified ecto-5’-nucleotidase (NT5E), a cell wall–anchored enzyme on S. 

sanguinis that hydrolyzes adenosine tri- (ATP), di- (ADP), and mono-phosphate 

(AMP) to adenosine, as a modulator of platelet aggregation in vitro (chapter 3).  

In response to S. sanguinis and other agonists, ATP and ADP are released from 

platelets in equimolar concentrations.  S. sanguinis NT5E slows down the onset 

to platelet aggregation by hydrolyzing ADP, a platelet agonist, and generating 

adenosine, a platelet antagonist (chapter 4).  Among S. sanguinis strains, the 

whole cell NT5E activities vary, resulting in different amounts of hydrolyzed 

adenine nucleotide products (chapter 3).  Strains that promoted aggregation after 

the shortest lag time to onset showed the greatest specific activity of NT5E.  

Hence, NT5E may contribute to the bacterial aggregation phenotype.   

 

NT5E might also contribute to the virulence of S. sanguinis in vivo.  During 

bacterial infections, ATP and adenosine are both important immune regulators. 

Extracellular ATP can trigger the release of proinflammatory cytokines such as 

IL-1β and IL-12 (105,174).  ATP-stimulated cytokine release from mammalian 

cells can be inhibited by CD39, an ecto-ATPDase, which hydrolyzes ATP and 
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ADP to AMP; the expression of CD39 on Treg cells has been linked to decreased 

activation of dendritic cells (175,176).  CD73, a mammalian ecto-5’-nucleotidase, 

can hydrolyze AMP to produce adenosine, which inhibits effector T-cell activation 

and suppresses proinflammatory cytokine expression (177).  Adenosine is a 

potent immunosuppressive molecule, which completely suppresses immune 

responses (106).  Hence, mammalian ecto-nucleotidases can attenuate the 

inflammatory response by hydrolyzing pro-inflammatory ATP and producing 

immunosuppressive adenosine.   

 

Immunosuppressive adenosine can also by generated by AMPases on 

pathogens like Staphylococcus aureus and Bacillus anthracis and is required for 

escape from phagocytic clearance in the blood (107).  Successful host defense is 

a balance of pro- and anti-inflammatory mediators.  Therefore, the consumption 

of ATP as well as generation of adenosine by S. sanguinis NT5E could 

potentially mimic the action of mammalian ecto-ATPDase and ecto-5’-

nucleotidase and influence the immune response during infection.  

 

To further study the role of NT5E in vivo, wt, ∆nt5e, and a nt5e complementary 

strain (nt5e+) were inoculated separately by intravenous infusion into different 

groups of rabbits prepared for experimental endocarditis of the aortic valve (178).  

To demonstrate the virulence of NT5E in experimental endocarditis, the mass of 

vegetations and bacteria counts in the vegetations were both determined.  
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MATERIALS AND METHODS 

Bacterial strains and culture conditions.  In S. sanguinis 133-79, ∆nt5e was 

constructed by allelic exchange and ∆nt5e was also complemented to obtain 

nt5e+ as described in chapter 3.  S. sanguinis 133-79 and its isogenic mutants 

∆nt5e and nt5e+ were routinely grown in Todd Hewitt Broth (TH broth, Difco; 

Sparks, MD) or on TH agar plates at 37°C in 5% CO 2.  When required, antibiotics 

were added to the medium at the indicated concentrations: erythromycin (Em), 

10 µg ml-1; kanamycin (Km), 400 µg ml-1.  

 

Experimental endocarditis model.   Injury-induced experimental endocarditis 

was initiated by placement of a catheter into the left side of the heart in healthy 

male adult New Zealand White rabbits, weighing 2 to 3 kg (obtained from 

Bakkom Rabbitry, Red Wing, MN) essentially as described previously (87,178).  

The catheter was retained in place for 2 hours to damage the heart valve and 

then removed.  After closure of the neck incision, viable S. sanguinis was 

injected intravenously via the marginal ear vein.  A total of 24 rabbits were 

inoculated with 1 X 109 of S. sanguinis wt (n = 9 rabbits), ∆nt5e (n = 10) and 

nt5e+ (n = 5).  After four days, the animals were euthanized, hearts were 

removed, aortic valves were excised and vegetations were weighed.  To 

determine infecting bacterial colony forming units (CFUs), vegetations were 

homogenized and plated onto TH agar with and without the appropriate 

antibiotics to learn whether the resistance markers were lost during the infection 
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period.  For ∆nt5e group, the CFUs on TH plates with or without antibiotics were 

comparable (P = 0.92).  In contrast, less than 1% of the bacteria enumerated 

from the nt5e+ group retained the complemented plasmid.  When vegetations 

were not visualized, all of the aortic valve leaflets were scraped and cultured to 

enumerate the bacteria colonizing the valves.  Since all bacteria recovered from 

the aortic valve potentially contributed to the infection and vegetation formation, 

CFUs on TH plates were used for statistical analysis.  All experiments were 

conducted under the established guidelines and with approval of the University of 

Minnesota Institutional Animal Care and Use Committee. 

 

Statistical analysis. Descriptive statistics, including the means and standard 

deviations, were calculated.  Total CFUs were converted to log10 values prior to 

statistical analysis using Welsh-corrected t tests with GraphPad Prism 5 

(GraphPad Software, La Jolla, CA).  The level of significance α = 0.05 was 

considered to be statistically significant.  

 

RESULTS 

NT5E contributes to the virulence of S. sanguinis in rabbit infective 

endocarditis.  To investigate the contribution of NT5E to the virulence of S. 

sanguinis in infective endocarditis, rabbits were infected by intravenous 

inoculation with wt, ∆nt5e, or nt5e+.  The resulting vegetations ranged from non-

apparent (Figure 1A) to macroscopic lesions (Figure 1B and 1C).   
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Bacterial infections of the heart valves were confirmed by culturing homogenized 

vegetations and enumerated as CFUs on agar plates.  Four days after 

inoculation with 1 x 109 CFU of S. sanguinis, bacterial cells in the vegetations 

ranged from 103 to 109 per ml of homogenate, and the vegetative masses 

correlated with the recovered bacterial CFUs (Fig. 2A; R2 = 0.72, n = 22).  Five of 

22 infected rabbits had no visible vegetations, which might due to insignificant 

injury caused during catheter placement.  Hence, total recovered bacterial CFUs 

were used to indicate the relative ability of each strain to colonize and proliferate 

on the heart valve.   

 

As expected, 8 out of 9 rabbits infected with wt formed aortic vegetations with a 

mean mass of 18.7 mg and mean recovered bacterial load of 0.9 X 109 CFU.  

Similarly, after infection with nt5e+, vegetations formed in 4 of 5 rabbits with a 

mean mass of 13.4 mg and mean bacterial load of 1.0 X 109 CFU on TH plates, 

and 0.7 X 106 CFU on TH plates with appropriate antibiotics.  In comparison, 

three of 10 rabbits injected with ∆nt5e showed no vegetations.  Two rabbits died 

before euthanasia and were excluded from statistical analysis.  The mean weight 

of vegetations and bacterial load in rabbits challenged with ∆nt5e was 5.5 mg 

and 0.3 X 107 CFU on both selective and non-selective plates, respectively, 

which were the lowest among these three groups.  Taken together, ∆nt5e  

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Vegetations on the aortic valves of rabbits

(A) Aortic valve of a rabbit infected with 

three leaflets and no visible vegetations were

X 103.  (B) Aortic valve of a rabbit infected with 

center leaflet (white circle). 

vegetations were found on center and right leaflet

The bacterial CFU was 3.4 X 10
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Vegetations on the aortic valves of rabbits .   

(A) Aortic valve of a rabbit infected with ∆nt5e.  The aortic valve is composed of 

ts and no visible vegetations were found.  The bacterial 

.  (B) Aortic valve of a rabbit infected with nt5e+, with one vegetation in the 

center leaflet (white circle).  The bacterial CFU was 3.3 X 108.  (C) Two 

vegetations were found on center and right leaflets (white circles), respectively.  

was 3.4 X 109. 

aortic valve is composed of 

found.  The bacterial CFU was 2.5 

+, with one vegetation in the 

.  (C) Two 

), respectively.  



 

 

Figure 2. Vegetation weight 

endocarditis model .   

(A) Plot of vegetation bacterial load (tota

rabbit endocarditis model.  After the 

cells (1 X 109 CFU) were injected intravenously after catheter removed.  All 

vegetations on the aortic valve of each rabb

vegetation weight and bacterial load (on TH plate).  When no vegetations were 

found, the valves were scraped with a blade and plated to determine the valve 

bacterial load.  R2 = 0.72 (n = 22) indicated that there is a correlati

the bacterial load and vegetation masses.  (B) Bacterial loads in the rabbit 

endocarditis model, enumerated as log

Horizontal bars represent mean CFUs in each cohort. 
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weight and bacterial load in a S. sanguinis

 

bacterial load (total CFU) versus vegetation mass 

rabbit endocarditis model.  After the catheter was removed, viable 

CFU) were injected intravenously after catheter removed.  All 

vegetations on the aortic valve of each rabbit were pooled to obtain the 

vegetation weight and bacterial load (on TH plate).  When no vegetations were 

found, the valves were scraped with a blade and plated to determine the valve 

= 0.72 (n = 22) indicated that there is a correlati

the bacterial load and vegetation masses.  (B) Bacterial loads in the rabbit 

endocarditis model, enumerated as log10 total CFU 4 days after infection.  

Horizontal bars represent mean CFUs in each cohort.  

 

 

S. sanguinis rabbit 

l CFU) versus vegetation mass in a 

iable S. sanguinis 

CFU) were injected intravenously after catheter removed.  All 

it were pooled to obtain the 

vegetation weight and bacterial load (on TH plate).  When no vegetations were 

found, the valves were scraped with a blade and plated to determine the valve 

= 0.72 (n = 22) indicated that there is a correlation between 

the bacterial load and vegetation masses.  (B) Bacterial loads in the rabbit 

total CFU 4 days after infection.  
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infected rabbits developed smaller aortic vegetations with lower bacterial CFUs 

than rabbits challenged with the wt (vegetation: P = 0.01; CFU: P = 0.06) and 

nt5e+ (vegetation: P = 0.06; CFU: P = 0.11).  The ∆nt5e group showed an 

approximately 100-fold reduction in mean bacterial CFUs as compared with the 

wt group (Figure 2B). 

 

DISCUSSION 

 
Our in vitro studies suggested that NT5E could play a role in streptococcal IE.  

Using a rabbit endocarditis model, we compared the virulence of wt, ∆nt5e, and 

nt5e+ strains in vivo.  Virulence was reflected by the weight of cardiac 

vegetations and bacterial burden (87,178).  The mass of the vegetations was 

directly related to the CFUs of bacteria colonizing the vegetations (R2 = 0.72, n = 

22) when total CFU of all strains were plated on non-antibiotic-containing plates 

and included in the statistical analysis.  In ∆nt5e challenged rabbits, both 

vegetation masses and bacterial CFUs were lower than wt and nt5e+ infected 

rabbits.  The CFU counts of ∆nt5e group were 100-fold lower than the others, 

and the differences approached statistical significance.  Based on these data, 

nt5e appears to be responsible for the increased virulence of the wild-type and 

complemented strains.  
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Differences in vegetation formation and recovery of CFUs from the heart valves 

of infected rabbits may stem from the reduced efficiency of bacterial clearance 

from heart valves when NT5E was expressed, causing more bacteria to colonize. 

The efficacy of clearance may reflect the affects of adenosine on phagocytosis of 

bacteria attempting to colonize the heart valves.  Adenosine is a general 

immunosuppressive and anti-phagocytic mediator.   In the presence of nt5e (i.e., 

wt and nt5e+ strains), colonization would be facilitated because the 

concentrations of locally available adenosine would be higher than in vegetations 

from the ∆nt5e group.  S. sanguinis 133-79 NT5E can break down ATP to ADP, 

AMP and finally inorganic phosphate and adenosine (chapter 3).  Interestingly, 

ATP is a proinflammatory molecule, while adenosine is a potent 

immunosuppressive molecule.  Therefore, NT5E potentially promotes bacterial 

survival through ATP removal and adenosine generation.  

 

nt5e could also play a direct role in the formation of vegetations in vivo.  The 

∆nt5e strain induced platelet aggregation faster than S. sanguinis 133-79 

isogenic wild-type strain, without affecting bacterial-platelet adhesion.  Perhaps 

working in synergy with the anti-inflammatory actions of adenosine, more rapid 

platelet aggregation by the ∆nt5e strain may place platelet microbicidal proteins 

in proximity to infecting bacteria sooner and more effectively than when nt5e is 

expressed.  By reducing the local infecting inoculum, the mass of the vegetation 
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and eventual bacterial load will decrease.  Therefore, nt5e may contribute to the 

bacterial survival and persistence in the vegetation.  

 

In some rabbits, lung congestion was observed.  Formation of very large 

aggregates of bacteria and platelets would be expected to obstruct small 

capillaries, such as those in the lungs (87,179).  However, an association of lung 

congestion with nt5e or size of vegetation was not found (data not shown).  

 

One technical consideration deserves discussion.  Note that on antibiotic-

containing and non-antibiotic plates, the bacterial counts from rabbits infected 

with ∆nt5e were similar.  Since rabbits infected with nt5e+ showed significantly 

different post-infection bacterial counts, the antibiotic resistance was cured or lost 

without selective pressure from appropriate antibiotics.  However, the vegetation 

masses and bacterial CFUs recovered from non-antibiotic plates of the nt5e+ 

group were comparable to the wt group.  The nt5e+ was suggested to gradually 

lose the complemented plasmid during the course of infection.  These results 

further supported the importance of NT5E for the persistence of S. sanguinis in 

the initiation of heart valve infection.  

 

Collectively, NT5E was shown to contribute to the virulence of S. sanguinis in 

rabbit IE.  Widely distributed on bacterial cells, NT5E might also be a critical 

virulence factor for the survival of bacterial pathogens in the bloodstream.   
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CHAPTER 6 

FINAL DISCUSSION 
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Streptococcus sanguinis, an oral commensal bacterium, is the leading cause of 

infective endocarditis (IE) (1,8).  In a rabbit model, the abilities of S. sanguinis to 

adhere to and activate platelets are correlated with the increased severity of IE 

(1,8).  In response to S. sanguinis, platelet activation is associated with secretion 

of adenosine triphosphate (ATP) and adenosine diphosphate (ADP) from dense 

granules (90).  The extracellular ADP is a potent platelet agonist and amplifies 

platelet aggregation induced by other pro-thrombotic agonists (140), whereas, 

the final product of hydrolysis of adenine nucleotides, adenosine, is a platelet 

aggregation antagonist (27).  Here, we show that cell surface ecto-5’-

nucleotidase (NT5E) of S. sanguinis can convert adenine nucleotides ATP to 

ADP, adenosine monophosphate (AMP) and finally adenosine.  Therefore, we 

hypothesized that S. sanguinis ecto-5’-nucleotidase modulates platelet 

aggregation.   

 

A nt5e deletion mutant of S. sanguinis 133-79 (∆nt5e) showed significantly 

shorter lag time to the onset of platelet aggregation than the wild-type (wt) and 

nt5e complemented (nt5e+) strains.  However, ∆nt5e adhered to human platelets 

indistinguishably from the wt and nt5e+ strains.  Hence, NT5E modulates S. 

sanguinis-induced platelet aggregation independent of platelet-bacterial adhesion 

in vitro.   
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By hydrolyzing extracellular adenine nucleotides released from activated 

platelets, NT5E potentially modulates platelet aggregation through ADP and 

adenosine.  To further elucidate the mechanism, using specific pharmacological 

antagonists, we distinguished the roles of ADP and adenosine on streptococcal-

platelet interactions.  In a dose-dependent manner, antagonists for ADP 

receptors P2Y1 and P2Y12 prolonged lag times to platelet aggregation mediated 

by both wt and ∆nt5e strains.  However, the wt strain is more sensitive to the 

antagonists than ∆nt5e, reflecting an ADP-dependent response.  In contrast, an 

antagonist of adenosine A2a receptor only accelerated platelet aggregation 

mediated by the wt strain where NT5E was present.  Downstream of the P2Y12 

receptor, S. sanguinis induced-platelet activation involves two waves of Akt 

phosphorylation and activation of Rap1b.  However, in response to wt, Rap1b 

was de-activated and then reactivated during the lag phase prior to aggregation, 

whereas, Rap1b was continually active in response to ∆nt5e.  Through these 

pathways, nevertheless, S. sanguinis NT5E slows down the onset of platelet 

aggregation by removing ADP and generating adenosine.  

 

In addition, strains of S. sanguinis have shown different platelet-interactivity 

phenotypes (56).  Hence, we also examined S. sanguinis whole cell surface 

enzymatic activities for hydrolysis of adenine nucleotides among strains with 

different phenotypes.  Interestingly, the activities on strains with different 

aggregation phenotypes varied.  Generally, the enzymatic activities on 
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Adh+Agg+ strains were the highest among three different platelet interactivity 

phenotypes, suggesting that NT5E contributes to the bacterial-platelet 

interactivity phenotype in concert with other factors such as adhesin expression 

and PAAP.  To better define the role of NT5E, more S. sanguinis strains need to 

be characterized and multiple variables must be included into the regression 

analysis.  

 

Using a rabbit endocarditis model, the virulence of wt, ∆nt5e and nt5e+ were 

compared in vivo.  Upon intravenous infection of rabbits with prior heart valve 

injury, the mass of the platelet vegetations correlated with the recovered bacterial 

loads.  When rabbits were challenged with ∆nt5e, the mass of vegetations and 

the recovered bacterial loads were lower than after infection with wt and nt5e+, 

which were similar to one another.  NT5E appears, therefore, to contribute to the 

virulence and survival of S. sanguinis in vivo by removing ATP, a pro-

inflammatory molecule, and generating adenosine, an immunosuppressive 

molecule, both of which would dampen the inflammatory response to infecting 

bacteria.  Perhaps working in synergy with the anti-inflammatory actions of 

adenosine, more rapid platelet aggregation by the ∆nt5e strain may place platelet 

microbicidal proteins in proximity to infecting bacteria sooner and more effectively 

than when nt5e is expressed.  By reducing the local infecting inoculum, the mass 

of the vegetation and eventual bacterial load will decrease.   
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In conclusion, streptococcal NT5E modulates S. sanguinis-induced platelet 

aggregation and contributes to the virulence of streptococci in IE.   

 

Proposed mechanism of NT5E in S. sanguinis-platelet interaction 

Based on our findings, we propose mechanisms for NT5E in S. sanguinis-platelet 

interaction (Figure 1).  In response to S. sanguinis, platelets are activated, and 

secrete TxA2 as well as release of equimolar of ADP and ATP from dense 

granules (90).  ADP and TxA2 are both platelet agonists, which further propagate 

the aggregation cascade (140).  On the surface of S. sanguinis, NT5E obtains 

proximity to hydrolyze ATP and ADP released from platelets.  Through removing 

ADP, a platelet agonist, and generating adenosine, a platelet antagonist, NT5E 

slows down S. sanguinis-induced platelet aggregation in vitro.  

 

This mechanism may also be applicable to streptococcal-immune cell 

interactions (Figure 2). ATP and adenosine receptors are widely distributed on 

immune cells, including T cell, B cell, and neutrophil (112).  Extracellular ATP is a 

proinflammatory molecule (104,105,175,176), whereas adenosine is an 

immunosuppressive molecule (106,177).  On infected heart valves, S. sanguinis 

NT5E removes ATP and generates adenosine, which could also help S. 

sanguinis to survive in the blood.  On the other hand, NT5E slows down the S. 



 

 

Figure 1. Schematic features for proposed mechanism s of NT5E in 

sanguinis-platelet i nteraction.
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Figure 1. Schematic features for proposed mechanism s of NT5E in 

nteraction.  

 

Figure 1. Schematic features for proposed mechanism s of NT5E in S. 



 

  

 

Figure 2. Reconciling in vitro results with 
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Figure 2. Reconciling in vitro results with S. sanguinis interactions in experimental IE in vivo.

 

interactions in experimental IE in vivo.
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sanguinis-induced platelet aggregation, which may reduce the platelet 

microbicidal proteins (PMPs) in proximity to the bacteria, resulting in higher 

infecting bacterial density.  During the course of infection, therefore, NT5E may 

promote the persistence of S. sanguinis through reducing PMPs and suppressing 

immune responses, which result in bigger vegetation formation on the heart 

valve.  

 

Conclusions 

By hydrolyzing AMP to adenosine, mammalian NT5E (CD73) is involved in very 

diverse biological processes including neurotransmission, platelet aggregation, 

and modulation of the immune response (106,177).  Here, we showed for the first 

time that bacterial NT5E modulates bacterial-platelet interaction in vitro.  Using 

an animal model, we also showed that NT5E contributes to the virulence of 

streptococci in IE.  Taken together, these findings expand our knowledge on 

bacterial-host interactions, which may help in understanding bacterial-host 

interaction and potentially provide information for the development of novel 

therapeutics. 
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Future directions 

We showed that S. sanguinis NT5E modulates platelet aggregation through ADP 

removal and adenosine generation in vitro.  For adenine nucleotide hydrolysis, 

cell surface enzymatic activities on S. sanguinis strains differ, which may 

contribute to determine the platelet interactivity phenotype.  Since NT5E is widely 

distributed (94), these findings may be a common mechanism and applicable to 

other bacterial pathogens, such as staphylococci and enterococci, which invade 

the bloodstream (Table 1).   This study focused on the cell surface enzymatic 

activities of NT5E.  We need to show the activities of recombinant NT5E in 

platelet aggregation.  This information will help to further elucidate the 

mechanism whereby NT5E modulates platelet aggregation.  To extend the scope 

of studies, we also showed that nt5e contributes to the virulence of S. sanguinis 

in a rabbit endocarditis model.  We need to learn whether the increased 

pathogenicity of S. sanguinis is attributed to slower PMPs production from 

platelets or ATP breakdown and adenosine synthesis by NT5E in the blood.  

Nevertheless, identifying the role of NT5E in facilitating streptococcal survival in 

blood will broaden our understanding of the mechanisms of bacterial-host 

interaction.  More importantly, NT5E might be a potential drug target for treating 

and preventing serious cardiovascular infections.  
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Table 1. Gram-positive bacteria harboring nt5e gene  

Organism 
Vascular diseases 
associated  

Accession 
No.a Substrates References 

Bacillus subtilis Hemorrhage multiple AMP, ADP, ATP (180)  
B. anthracis Hemorrhage BAS4031 AMP  
Staphylococcus aureus IE A6QD62 AMP (107) 
Streptococcus sanguinis IE A3CN82 AMP, ADP, ATP This study  

S. gordonii IE A8AXM1 ND   

Enterococcus faecalis IE Q839U0 ND     

aAvailable from GenBank.      

bND, not determined.      
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APPENDIX 

ECTO-5’-NUCLEOTIDASE: A COMMON MODULATOR FOR 

STREPTOCOCCAL-PLATELET INTERACTION 
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The ecto-nucleotidase activity on S. sanguinis 133-79 modulates bacterial- 

platelet interactions.  By searching the genome of another S. sanguinis strain, 

SK36, four putative cell surface ecto-nucleotidases proteins were identified.  To 

identify their enzymatic activities, each of those genes was inactivated 

individually.  Compared to its wild-type strain, the putative ecto-5’-nucleotidase 

(NT5E) deletion mutant (∆nt5e), demonstrated significantly reduced cell surface 

hydrolytic activities for the adenine nucleotides, ATP, ADP and AMP.  Moreover, 

in the absence of nt5e, platelets had a shorter lag time to the onset of 

aggregation.  However, ∆nt5e had normal platelet adhesion ability.  Since both 

ADP removal and adenosine generation inhibit platelet aggregation, these results 

suggested that the enzymatic activities of NT5E modulate platelet aggregation.  

The modulation of platelet-bacterial interactions by NT5E may be a common 

mechanism among S. sanguinis strains.  
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INTRODUCTION  

Streptococcus sanguinis adhere to and activate human platelets to aggregate 

(54).  In response to S. sanguinis, platelet activation is associated with secretion 

of adenosine triphosphate (ATP) and adenosine diphosphate (ADP) from dense 

granules (90).  The extracellular ADP is a potent platelet agonist and amplifies 

platelet aggregation induced by other pro-thrombotic agonists (138,141), 

whereas, the final product of hydrolysis of adenine nucleotides, adenosine, is a 

platelet aggregation antagonist (26).  We showed that cell surface ecto-5’-

nucleotidase (NT5E) activities modulate bacterial-platelet interactions (chapter 

3).  To determine whether this is a common mechanism, we characterized the 

NT5E activities on S. sanguinis strain SK36, and its role in platelet aggregation. 

 

By searching the whole genome of S. sanguinis SK36, four putative proteins 

possessing LPXTG motifs were identified that could hydrolyze extracellular 

nucleotides (Table 1).  To characterize their enzymatic activities, we inactivated 

the four genes separately and examined the whole cell enzymatic activities for 

adenosine nucleotides hydrolysis.  Compared to the wild-type strain, one of the 

mutants, the putative ecto-5’-nucleotidase deletion mutant (∆nt5e) had 

significantly decreased cell-surface ATPase, ADPase and AMPase activities.  

Moreover, in the absence of nt5e, the lag time to the onset of platelet 

aggregation is shortened.  However, ∆nt5e had normal platelet adhesion ability.  

Since cell-surface NT5E activities are widely distributed among S. sanguinis 
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strains (chapter 3), the modulation of NT5E in platelet-bacterial interactions might 

be a common mechanism among S. sanguinis strains, and perhaps other 

bacterial pathogens, such as staphylococci and enterococci, which cause 

bloodborne infections.  

 

MATERIALS AND METHODS 

Bacterial strains and culture conditions.  In S. sanguinis SK36, we 

constructed a 5'-nucleotidase deletion mutant (∆nt5e), extracellular nuclease 

deletion mutant, (∆nucH), cyclo nucleotide phosphodiesterase deletion mutant 

(∆cnp), and DNA repair ATPase deletion mutant (∆rad3). Mutants were 

constructed by allelic exchange as described in chapter 3.  Primers used in this 

study were listed in table 2.  S. sanguinis SK36 and the isogenic mutants were 

routinely grown in Todd Hewitt Broth (TH broth, Difco; Sparks, MD) or on TH 

agar plates at 37°C in 5% CO 2.  When required, antibiotics were added to the 

medium at the indicated concentrations: erythromycin (Em), 10 µg ml-1.  

 

Nucleotidase activity.   

AMPase activity.  Streptococcal cells in stationary phase were harvested after 

16 h in THB.  Harvested cells were washed twice with 30 mM Tris•HCl buffer (pH 

7.4) containing 0.25 mM ethylenediamine tetraacetic acid (EDTA) and 30 mM 
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Table 1.  S. sanguinis SK36 cell-surface proteins potentially possess nuc leotidase activities 
Proteins, putative Accession No. a Substrate specificity 
   
5'-nucleotidase A3CN82 5'-nucleotides with preference for adenine 
   nucleotides 
extracellular nuclease A3CPM7 Ribonucleic acids to nucleoside monophosphates 
   or diphosphates 
cyclo-nucleotide phosphodiesterase A3CKJ7 Nucleoside 2',3'-cyclic phosphate to nucleoside 
   3'-phosphate 
DNA repair ATPase A3CKA3 adenosine triphosphate to adenosine diphosphate 
     
aAvailable from GenBank. 
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Table 2. Primers used in this study 
Primer Sequence (5' to 3') 
SK36A1F ACGTCCGGTACCTTCTTGATTCCTGCCAATCC 
SK36A1R ACGTCCGAATTCCAGCTAATGCGGCTTCCTAC 
SK36A2F ACGTCCGGATCCAGCATGGTATAGCCGTCACC 
SK36A2R ACGTCCGAGCTCATGAGAACGGACAACCCTTG 
SK36B1F ACGTCCGGTACCAACATCAGCAGGGTCAATCC 
SK36B1R ACGTCCGAATTCCCCAACCGTCTCAATCAACT 
SK36B2F ACGTCCGGATCCCACTGCCATTCTCGTCTTGA 
SK36B2R ACGTCCGAGCTCACTCAGCTGCCTGATTTGGT 
SK36C1F ACGTCCGGTACCGGTATCAGCGAAATGCCAGT 
SK36C1R ACGTCCGAATTCGGCAAGGAGATTGATCCAAA 
SK36C2F ACGTCCGGATCCCATGCCTGCTGTCTCGATTA 
SK36C2R ACGTCCGAGCTCTCGAGAAGGCCAAGAAAGAA 
SK36D1F ACGTCCGGTACCAGGATTTGACAACGGTCAGG 
SK36D1R ACGTCCGAATTCATCCTCAGCTGCAGCAATTT 
SK36D2F ACGTCCGGATCCGAAAACAGCGCTTGAAAAGG 
SK36D2R ACGTCCGAGCTCCGCATCTGTCACCGTCTTTA 
a All primers were designed as part of this study. 
b Underlined letters indicate restriction enzyme site. 
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sodium chloride (NaCl), followed by washing with 50 mM Tris•HCl (pH 7.4) 

containing 130 mM sodium chloride (NaCl) and 5 mM magnesium dichloride  

(MgCl2), and resuspended to 2 X 109 cells per ml.  To each 2 ml microcentrifuge 

tube, 0.5 ml bacterial suspension was mixed with AMP added to a final 

concentration of 10, 50 or 100 µM and incubated at 37°C for 30 minutes.  After 

incubation, cells were centrifuged at 10,000 x g for 5 min, and 50 µl of the 

supernatant from each tube was transferred into a 96-well plates (Corning, NY). 

The AMPase activity was measured as the amount of inorganic phosphate (Pi) 

released into the supernatants using the QuantiChrom Phosphate Assay Kit 

DIPI-500 (Bioassay systems, Hayward, CA).  The results were expressed as nM 

of Pi produced/min per 106 cells,  

 

Phosphate hydrolase activity.  After removal of the culture medium, the 

streptococcal cells were washed twice with 50 mM Tris•HCl (pH 8.0) buffer 

containing 150 mM NaCl, 5 mM CaCl2, and 5 mM MgCl2. The cells were then 

incubated with 10, 50 and 100 µl ADP or ATP at 37°C for 30 minutes.  The 

enzymatic activity was measured as described above.  

 

Platelet aggregometry.  Strains of S. sanguinis were tested for the ability to 

induce platelet aggregation with fresh PRP obtained from a single donor as 

described previously (55).  A single donor was used to eliminate variability in 

platelet response between donors (139).  Each bacterial strain (50 µl suspension 
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containing 4 X 109 cells/ml) was incubated with 450 µl of PRP (4 X 108 cells/ml).  

PRP aggregation was performed at 37°C with controlled  stirring in a recording 

aggregometer (model 660, Chronolog Corp., Havertown, PA), and the lag time or 

delay to onset (minutes) was measured.  

 

Platelet bacterial adhesion assay (PBAA).  All procedures were performed as 

described previously (55).  In brief, platelets from outdated PRP (Memorial Blood 

Center, St. Paul, MN) were washed with PBS and fixed with 10% formalin.  

Washed platelets and washed streptococcal cells were incubated together or 

alone (controls) in microwells; the small clusters of adhering platelets and 

bacteria were separated from non-interacting particles by centrifugation.  The 

sedimentation of adhering mixtures relative to controls was quantitated by the 

following formula: percent adhesion = 100 X {1 – [mixture A620 nm/(bacterium A620 

nm + washed-platelet A620 nm)/2]}. Based on previous studies of the variability of 

the method, only adhesion scores of ≥ 20% were considered positive.  

 

Gene sequences. The genome of S. sanguinis SK36 is available at 

http://www.ncbi.nlm.nih.gov/genome?Db=genome&Cmd=ShowDetailView&Term

ToSearch=20499. 

 

Statistical analysis.  Descriptive statistics, including the mean, standard 

deviation (n = 2) and standard error (n = 3), were calculated.  Statistical analysis 
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of data was performed using the Student’s t-test, or two-way analysis of variance 

(two-way ANOVA) with GraphPad Prism 5 (GraphPad Software, La Jolla, CA).  

The level of significance α = 0.05 was considered to be statistically significant.  

 

RESULTS 

Identification of the gene possessing NT5E activiti es on S. sanguinis.  We 

measured S. sanguinis whole cell enzymatic activities.  S. sanguinis SK36 wild-

type (wt) hydrolyzed the adenine nucleotides ATP (Figure 1A), ADP (Figure 1B) 

and AMP (Figure 1C) in a dose-dependent manner.  In the absence of nt5e, the 

ATPase activity on ∆nt5e was only significantly reduced with 10 - 100 µM ATP, 

which is consistent with the concomitant presence of an ecto-ATPase on the cell 

surface of S. sanguinis as we reported (92).  Compared to wt, the cell-surface 

ADPase and AMPase activities were almost fully abrogated.  In contrast, 

inactivation of nucH, cnp or rad3, which has putative nucleotidase activity, did not 

affect the whole cell enzymatic activities of S. sanguinis SK36.  Collectively, there 

results strongly suggest that nt5e has ATPase, ADPase and AMPase activities.  

 

Inhibition of platelet aggregation by NT5E.  Using platelet aggregometry, we 

compared the aggregation lag-time and magnitude in response to wt and ∆nt5e, 

respectively.  In response to wt, platelets from a single donor aggregated in 

 



 

 

Figure 1. nt5e possesses NT5E activity on 

NT5E activity was measured by the release of 

adenine nucleotides.  (A), (B), and (C)

concentration of ATP, ADP and AM

as Mean ± SE, n = 3. 
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possesses NT5E activity on S. sanguinis SK36 whole cell

NT5E activity was measured by the release of inorganic phosphate (Pi

adenine nucleotides.  (A), (B), and (C) were showed as enzyme velocity vs. 

concentration of ATP, ADP and AMP substrates.  The results were represented 

 

SK36 whole cell .   

inorganic phosphate (Pi) from 

velocity vs. 

The results were represented 



 

 

Figure 2.  NT5E affects platelet aggregation lag 

Response leading to aggregation was recorded as the mean lag

aggregation ± SD, N=2.
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Figure 2.  NT5E affects platelet aggregation lag time .   

Response leading to aggregation was recorded as the mean lag-time to onset of 

aggregation ± SD, N=2. 

ime to onset of 
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approximately 8 min (Figure 2A; n = 2).  The aggregation response of ∆nt5e 

showed a lag-time of approximately 6 min, which was shorter than the wt strain 

(Figure 2A; n = 2).  The magnitude of aggregation, however, was not affected.  

Therefore, the S. sanguinis SK36 NT5E prolonged the lag time to the onset of 

platelet aggregation.  

 

Adhesion of platelets and bacteria. The percent adhesion to platelets was 

similar for wt (60.1 ± 1.9%), ∆nt5e (56.5 ± 1.4%) strains. 

 

DISCUSSION 

We have previously showed ecto-5’-nucleotidase activities on the cell wall of S. 

sanguinis 133-79 modulate platelet aggregation in vitro (chapter 3).  We sought 

to further determine whether this is a common mechanism among viridans 

streptococci.  Here, we characterized the NT5E activities on another S. sanguinis 

strain, SK36.  A putative nt5e was identified and characterized to have NT5E 

activities on the bacterial cell surface.  Similar to S. sanguinis 133-79, S. 

sanguinis SK36 NT5E can hydrolyze extracellular ATP to ADP, AMP and 

adenosine (Figure 1).  Since ADP and adenosine each contributes to the platelet 

aggregation response, we hypothesized that the S. sanguinis NT5E modulates 

platelet aggregation. 
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Expectedly, an nt5e deletion mutant of S. sanguinis SK36 showed a shorter 

platelet aggregation lag time but similar magnitude of aggregation when 

compared to the wild-type strain (Figure 2).  Inactivation of nt5e gene, however, 

did not affect the ability of S. sanguinis SK36 to adhere to human platelets.  

 

These results suggested that the lag time is in part a response to the NT5E 

activity on the surface of cells of many species.  In conclusion, we provided 

evidence that NT5E might be a common modulator of S. sanguinis-induced 

platelet aggregation in vitro, which may be applicable to other bacterial 

pathogens, such as staphylococci and enterococci, which can be bloodborne 

pathogens. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


