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ABSTRACT The binding of bacteria to platelets is thought to be a central event in
the pathogenesis of infective endocarditis. The serine-rich repeat (SRR) glycoproteins
of viridans group streptococci have been shown to mediate platelet binding in vitro
and to contribute to virulence in animal models. However, it is not known whether
SRR adhesins can mediate streptococcal binding under the high fluidic shear stress
conditions present on the endocardial surface. We found that three streptococcal
SRR adhesins (GspB, Hsa, and SrpA) with differing structures and sialoglycan binding
specificities nevertheless exhibited similar biomechanical properties. All three ad-
hesins mediated shear-enhanced streptococcal binding to immobilized platelets
through the platelet receptor GPIb�. Shear-enhanced adhesion was manifested in
three ways. First, the number of circulating streptococci binding via SRR adhesins to
immobilized platelet receptors peaked at 1 dyn/cm2. Second, bound streptococci
switched from weak rolling to strong stationary adhesion as shear stress increased
to 10 dyn/cm2. Third, while a few streptococci detached each time the flow was in-
creased, the majority of streptococci bound to platelets remained firmly attached
through 20 to 80 dyn/cm2 (shear levels typical of arteries and the endocardium).
Thus, all three adhesins mediated shear-enhanced streptococcal binding to platelets
under the flow conditions found in heart valves. The ability of the SRR adhesins to
mediate shear-enhanced binding strongly suggests that they form catch bonds that
are activated by tensile force and provides a mechanism for the selective targeting
of bacteria to platelet receptors immobilized on the endocardial surface.

KEYWORDS Streptococcus, adhesins, biomechanics, bloodstream infections, infective
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Infective endocarditis is a life-threatening infection of the heart valves. Patients with
underlying rheumatic heart disease, congenital cardiac defects, prosthetic heart

valves, or intravenous drug use are at high risk for this illness. The viridans group
streptococci (including Streptococcus gordonii and Streptococcus sanguinis) are a lead-
ing cause of infective endocarditis, accounting for 17 to 45% of all cases (1–3). Despite
prompt therapy, patients with streptococcal endocarditis frequently develop compli-
cations such as progressive valve destruction, heart failure, or stroke. In view of the
increasing resistance of these organisms to conventional antimicrobial agents (4, 5),
new therapeutic modalities are needed.

A central event in the pathogenesis of endocarditis is bacterial binding to platelets
(6–14). S. gordonii surface protein B (GspB) is a lectin-like, serine-rich repeat (SRR)
adhesin that mediates bacterial binding to human platelets through its interaction with
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the trisaccharide Neu5Ac�2-3Gal�1-3GalNAc (sialyl-T antigen [sTa]) on the platelet
membrane receptor GPIb� (15–18). This interaction has been linked to increased
virulence, as measured by animal models of endocarditis (11, 18). GspB is part of an
expanding family of SRR glycoprotein adhesins (19) that have been associated with
pathogenicity in a variety of infections (11, 12, 18, 20–23). These adhesins are highly
prevalent in strains of S. gordonii and S. sanguinis and include Hsa of S. gordonii strain
Challis and SrpA of S. sanguinis strain SK36 (both oral isolates). Like GspB, Hsa and SrpA
bind platelets through sialoglycans on GPIb� (16, 17, 24–27). The crystal structures of
the GspB (18, 28) and SrpA (29, 30) ligand-binding regions have been determined in
complex with sialoglycans and show a common Siglec-like fold of the binding domain,
which is also predicted for Hsa (19). This family of adhesins is therefore referred to as
Siglec-like SRR adhesins because of this structural homology to the sialic acid-binding
immunoglobulin-type lectins (Siglecs) of eukaryotic cells. The selectivity of all three
adhesins has been characterized thoroughly using glycan microarrays and other bind-
ing assays (31). GspB is highly selective for sTa, Hsa recognizes a broad range of sialyl
glycans, including sTa, and SrpA has low affinity for sTa and other defined sialyl glycans
(31) but shows high levels of sialic acid-dependent binding to GPIb� and platelets (30).

These results collectively demonstrate that the lectin-like SRR adhesins of viridans
group streptococci can bind platelets through sialoglycans under static conditions.
However, they do not address whether or how they mediate adhesion to platelets
under the flow conditions present on endocardial surfaces. Bacterial vegetations (the
characteristic anatomic lesions of endocarditis) typically form on the upstream surface
of heart valves (32), which are exposed to rapidly flowing blood. The effect of fluid flow
on bound cells is dependent on the fluidic wall shear stress, which is the product of the
viscosity of the fluid and the velocity gradient of the fluid parallel to the wall. This fluidic
shear stress applies a drag force on adherent bacteria, which in turn applies tensile
force to the adhesin-receptor bonds that mediate adhesion. Because adhesion mole-
cules often form “slip bonds” that are overpowered by tensile force (33), fluid flow is
traditionally seen as a natural defense mechanism that inhibits bacterial adhesion (34).
However, some bacteria bind better at higher flow, at least in part because some
adhesins form “catch bonds” that are activated by tensile force (34). Heart valves are
exposed to the highest level of fluidic wall shear stress of all niches in the circulatory
system (20 to 80 dyn/cm2) (35), raising the question of how streptococci can bind in
the high shear stress found in heart valves.

Two prior studies draw opposing conclusions as to whether flow enhances or
inhibits streptococcal binding via SRR adhesins and whether SRR adhesins can mediate
adhesion at the wall shear stress reported in heart valves. Ding et al. demonstrated that
Hsa-mediated adhesion of streptococci to salivary glycoproteins was enhanced by
shear stress and withstood up to 50 dyn/cm2 (36). In contrast, Plummer et al. concluded
that the SrpA-mediated adhesion of streptococci to platelets could occur only under
low shear stress, because no such binding was detectable above 15 dyn/cm2 (24). These
findings raise two questions. First, do only some Siglec-like SRR adhesins mediate
shear-enhanced adhesion, or are certain receptors or conditions required for this
property? Second, can Siglec-like SRR adhesins mediate streptococcal adhesion to
platelets in the high flow characteristic of heart valves? Specifically, we ask whether the
ability of SRR adhesins to mediate shear-enhanced adhesion that tolerates high flow
depends on which Siglec adhesin is involved, which receptor is involved, or the
hydrodynamic conditions.

To further explore these issues, we compared the abilities of GspB, Hsa, and SrpA to
mediate bacterial adhesion to platelets, the platelet GPIb� receptor, and immobilized
sTa, using in vitro flow conditions that replicate key hydrodynamic conditions present
within the heart. We found that both shear-enhanced adhesion and the ability to
support adhesion at high flow were fundamental properties of the interaction between
Siglec-like SRR adhesins and their receptors.
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RESULTS
Specificity of binding in flow. We first assessed whether SRR adhesins can mediate

binding of streptococci to immobilized platelets or platelet receptors under conditions
of shear. Streptococci suspended in phosphate-buffered saline with bovine serum
albumin (PBS-BSA) were flowed over receptor-coated surfaces at 1.4 dyn/cm2, and the
number of bacteria that had attached to the surface after 3 min was determined by
microscopy. This shear stress was chosen because it supported optimal attachment (see
below). S. gordonii strain M99 expresses GspB (37), S. gordonii strain PS798 expresses
Hsa (17), and S. sanguinis strain SK36 expresses SrpA (24), and for clarity these strains
are here referred to as GspB�, Hsa�, and SrpA�, respectively (Table 1). We also tested
an isogenic variant of each strain that lacks the SRR adhesin (ΔGspB, ΔHsa, and ΔSrpA)
(Table 1). We measured the binding of all six strains to three receptor-coated surfaces:
immobilized platelets, the immobilized extracellular region of GPIb� (ecGPIb�), and
biotinylated sTa that is immobilized on streptavidin. As a negative control, we also
measured binding to immobilized BSA.

GspB� streptococci bound well to immobilized platelets, ecGPIb�, and sTa, but not
to BSA, while ΔGspB streptococci did not bind measurably to any of the four surfaces
(Fig. 1A). Hsa� streptococci also bound to platelets, ecGPIb�, and sTa at significantly
higher levels than to BSA, while ΔHsa streptococci failed to bind measurably to any of
the four surfaces. Finally, SrpA� streptococci bound well to platelets and ecGPIb�, but
not to sTa or BSA, while ΔSrpA streptococci failed to bind measurably to any of the four
surfaces (Fig. 1A). This demonstrates that all three SRR adhesins can mediate strepto-
coccal binding to platelets or GPIb� under flow and that sTa alone is a sufficient ligand
for binding by GspB or Hsa. The inability of SrpA to recognize sTa in flow is consistent
with its lower affinity for sTa than that of the other two SRR adhesins (31) and supports

TABLE 1 Strains used in the present study

Strain Description or relevant genotype
Source or
reference

M99 S. gordonii endocarditis isolate Sullam et al. (37)
PS846 M99 ΔgspB::pEVP3 Bensing et al. (49)
PS798 S. gordonii Challis CH1 secA2::pM993=A2 Bensing et al. (17)
PS779 S. gordonii Challis CH1 Δhsa::pEVP3 Bensing et al. (17)
SK36 S. sanguinis oral isolate Plummer et al. (24)
PS1071a SK36 srpA::pB1060flag; pVA891 insertion in srr2 region This study
aSecretes C-terminally truncated, 3XFLAG-tagged SrpA; lacks cell wall-anchored SrpA.
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FIG 1 Attachment of streptococci in flow. (A) Binding of the indicated streptococcal strains to the indicated immobilized
receptors at 1.4 dyn/cm2. Each bar shows the mean and standard deviation of the number bound for duplicate samples.
(B to D) Number of bacteria from each indicated streptococcal strain binding to surfaces coated with platelets (B), ecGPIb�
(C), and sTa (D) at the indicated levels of fluidic shear stress. All data were normalized to the number of bacteria of the
indicated strain binding to the indicated receptor at 1.4 dyn/cm2. Each data point shows the average and standard
deviation of the normalized data taken on two (B) or three (C and D) days.
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the conclusion that SrpA must recognize an alternate or more complex sialic acid-
containing carbohydrate moiety on GPIb� for binding to occur (30).

Effect of flow on attachment. We then studied the effect of fluidic shear stress on
binding for each combination of bacterial strain and target receptor for which specific
binding was observed in the above-described experiments. Bacteria in PBS-BSA were
pumped over receptor-coated surfaces at seven shear stresses ranging from 0.1 to 10
dyn/cm2. We then divided the number of bound bacteria at each shear stress by the
number bound at 1.4 dyn/cm2 for the same strain-receptor pair, to allow better
comparisons of their responses to flow. In contrast to the large differences in the total
number of bacteria bound by the various strain-receptor pairs (as described above),
these strain-receptor combinations demonstrated remarkably similar biphasic re-
sponses to fluidic shear stress (Fig. 1). An optimal shear stress of 1.4 dyn/cm2 supported
the highest number of bacteria being bound for all strain-receptor pairs, with fewer
bacteria bound at both higher and lower shear stresses. That is, more streptococci
bound through these SRR adhesins as shear stress increased from 0.1 to 1.4 dyn/cm2 (P
value � 0.05 for all three wild-type strains), but fewer bound as shear stress increased
further from 1.4 to 10 dyn/cm2 (P value � 0.05 for all three strains) as determined by
Student’s 1-tailed t test for paired samples. The finding that similar patterns are
observed for bacterial binding to platelets, ecGPIb�, and sTa and that binding is
abolished by deletion of the SRR adhesins indicates that the response of the bacteria
to shear stress is due entirely to properties of the adhesin-receptor interaction, rather
than other aspects of the bacteria, platelets, or the artificial-receptor-coated surfaces.

The peak of adhesion at 1.4 dyn/cm2 demonstrates that Siglec-like SRR adhesins of
oral streptococci can mediate adhesion to sialylated glycoproteins under the flow
conditions found on dental surfaces (1 dyn/cm2 [38]). Indeed, the shear-enhanced
adhesion observed here for all three SRR adhesins appears to be ideal for the oral niche.
However, binding was dramatically reduced at higher levels of shear stress, raising
questions about whether or how Siglec-like SRR adhesins can mediate adhesion to
platelets at the level of fluidic shear stress experienced by heart valve surfaces (20 to 80
dyn/cm2 [35]).

Strength of adhesion. To address why bacteria bound in such low numbers at 10
dyn/cm2, we asked if SRR-mediated adhesion is too weak to withstand the drag force
applied by this shear stress to bound streptococci. As an initial test of binding strength,
we tracked the movement of individual bacteria over time to determine whether they
bound in a weaker, less stationary manner at 10 dyn/cm2 than with lower shear
stresses. At 1.4 dyn/cm2, all strain-receptor combinations tested demonstrated a “stick-
and-roll” manner of adhesion, in which they sometimes bound in a strong, stationary
mode of adhesion (Fig. 2A, track 1) and other times in a weak rolling mode (track 2),
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which allowed detachment (track 3). This binding phenotype was clearly due to two
modes of adhesion, rather than two populations of bacteria, because bacteria some-
times switched from rolling to stationary (track 4), from stationary to rolling (track 5), or
even repeatedly back and forth (track 6). (The stick-and-roll manner of adhesion is
illustrated in Video S1 in the supplemental material.) To quantify the fraction of bound
bacteria that were in the strong stationary mode, we counted the number of bacteria
that did not move for at least 1 s and divided this by the total number of bound
bacteria. All strain-receptor combinations tested demonstrated similar effects of shear
stress by this measure. The fraction of stationary bacteria increased even between 1.4
and 10 dyn/cm2 (the P value was �0.05 for all strain-receptor pairs except for GspB�

over platelets, for which it was 0.07, using Student’s 1-tailed t test for paired samples)
(Fig. 2B to D). Thus, while the total number of bacteria bound peaked at 1.4 dyn/cm2

(Fig. 1), the fraction of attached bacteria exhibiting strong, stationary binding was
maximal at or above 10 dyn/cm2.

These observations suggest that binding via SRR adhesins may be sufficiently strong
to maintain attachment to platelets and platelet receptors at a shear stress higher than
10 dyn/cm2, once the bacteria are already bound to surfaces. To test this directly, we
allowed streptococci to bind immobilized platelets or receptors at 2 dyn/cm2, washed
them at 5 dyn/cm2, and then subjected them to stepwise-increasing shear stress up to
80 dyn/cm2 (Fig. 3A; see also Video S2 in the supplemental material). Above a critical
shear stress, a subpopulation of bacteria detached rapidly each time shear stress was
stepped up, after which no more detached. This suggests that the individual bacteria
vary in their ability to withstand high flow, perhaps due to variable adhesin expression
or differences in bacterial chain length and thus drag force. We also subjected strep-
tococci to stepwise-decreasing shear stress down to 0.1 dyn/cm2 (Fig. 3B; see also Video
S3 in the supplemental material). Below a critical shear stress, streptococci detached
slowly but continuously over the time observed. This suggests that detachment at low
flow is slow and stochastic, rather than due to subpopulations of bacteria that differ in
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strength of adhesion at low shear stress. Because of the difference in detachment
patterns at high versus low shear stress described above, it must be remembered that
the fraction detached at high flow likely reflects shear stress, while the fraction
detached at low flow may also reflect the duration of time spent below a critical
threshold required for shear-enhanced binding.

To characterize the ability of the three SRR adhesins to maintain streptococcal
adhesion to various receptors at high and low shear stresses, we repeated the above-
described studies for all strain-receptor combinations that demonstrated specific bind-
ing and determined the fraction of streptococci remaining bound at the end of each
stepwise decrease or increase in shear stress (Fig. 3C to E). For all strain-receptor
combinations tested, most streptococci remained bound between about 1 dyn/cm2,
near the optimal rates of attachment as shown in Fig. 1, and about 10 dyn/cm2, which
mediated the most-stationary adhesion illustrated in Fig. 2. This confirms that strepto-
cocci can maintain adhesion via SRR adhesins to platelets and platelet receptors at
much higher shear stress than is optimal for initiating attachment from flowing buffer.
When shear stress was decreased stepwise below this level, GspB� and SrpA� de-
tached significantly (P value � 0.05 for the 5 strain-receptor combinations). While
detachment by Hsa� was not statistically significant when any one receptor was
considered (0.05 � P value � 0.2), Hsa� detached at low shear stress in every run on
every receptor, and the effect when all these conditions were considered together was
significant (P value � 0.05). When shear stress was increased stepwise to 80 dyn/cm2,
the maximum predicted for heart valves, a significant number of GspB�, Hsa�, and
SrpA� isolates detached from all surfaces (P value � 0.05 for the eight strain-receptor
combinations), but a subpopulation of 50% to 80% of streptococci remained bound to
platelets (Fig. 3C). Together, the tests for stationary adhesion and for detachment
demonstrate that for a majority subpopulation of streptococci, SRR adhesins provide
sufficient mechanical strength to withstand the flow conditions of heart valves, once
binding has been established.

One possibility as to why only a subpopulation of streptococci detach at each shear
stress is that streptococci can form chains of different lengths, which would be
subjected to different drag forces at the same shear stress. Interestingly, the three
strains in this study differed in their tendency to form chains. SrpA� primarily took the
form of chains, GspB� appeared as both single bacteria and chains, and Hsa� primarily
took the form of single streptococci (Fig. 4A). Indeed, chains of streptococci detached
more than single streptococci when shear stress was stepped up to 80 dyn/cm2 (Fig. 4B)
(P value � 0.05, using Student’s two-tailed t test for paired samples on the combined
set of two runs each for the three strains). This supports the theory that the larger size
is one of the critical properties of the subpopulations that detach when shear stress is
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stepped up. Remarkably, the chains also detached more than single streptococci when
shear stress was stepped down to 0.1 dyn/cm2 (Fig. 4C) (P � 0.01), although it is hard
to explain why this would be the case. In spite of the small but significant effects of
chain size on detachment at high and low shear stresses, our key observations
transcend chain size. That is, whether streptococci remain single or form chains, they
exhibit shear-enhanced adhesion in which they detach at low flow, and a subpopula-
tion can withstand the high flow found in heart valves.

In summary, all three Siglec-like SRR adhesins display similar biomechanical prop-
erties, in spite of different binding specificities and chain sizes. This suggests that the
biomechanical properties must arise from common structural elements, while the
chemical specificity is more likely to derive from structural differences.

Effect of pulsatile flow on adhesion. The above-described studies demonstrate
that binding via SRR adhesins is sufficiently strong to maintain adhesion at the highest
shear stress found in heart valves but raise two questions critical to infective endocar-
ditis. First, if suspended streptococci initiate adhesion to platelets more poorly at 10
dyn/cm2 than at 1 dyn/cm2, can they initiate any adhesion to platelets at higher shear
stresses typical of heart valves? Second, how is bacterial adhesion affected by the
cyclical changes in flow associated with valve opening and closing while blood is
pumped through the heart? On the one hand, the gradual detachment of streptococci
from platelet receptors that we observed at low shear stress could mean that strepto-
cocci would detach during the brief periods of diastolic low shear stress. That is,
streptococcal adhesion could be strong enough to withstand the highest shear stress
encountered in heart valves but not the lowest. On the other hand, it is possible that
streptococci might attach to the endocardium during the brief periods of low shear
stress present during cardiac diastole and, once bound, could withstand the subse-
quent periods of high systolic shear stress. That is, periodic changes in flow could
increase the rate at which suspended streptococci initiate binding.

To address these questions, we created pulsatile flow in the flow chambers with a
programmable pump, turning the flow on and then back off in a repeating cycle. To
confirm that pulsatile flow was indeed obtained, we used particle imaging velocimetry
to calculate the fluid speed and thus the shear stress near surfaces under these
conditions. The flow in the chamber showed minor latency in response to each change,
as would be expected from the resistance and compliance of our fluidic system, but we
were nevertheless able to create a pulsatile flow that switched every 2 s (Fig. 5A). In
spite of limitations with the pump used to create pulsatile flow, we were also able to
create shear stresses as high as 30 dyn/cm2, which is well within the range experienced
by heart valves. This allowed us to probe the ability of suspended bacteria to adhere
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assuming that the pump, tubing, and chamber constitute a linear fluidic circuit with a single characteristic
response time and no inertia. All velocities are normalized to the bead velocity that would be predicted if
the pump were on the entire time. (B) Binding of GspB� bacteria to ecGPIb� or BSA in constant or pulsatile
flow. The abscissa indicates the level of shear stress that would be created if the pump were on the entire
time. The numbers of bacteria were normalized to the optical density (concentration) of the sample. Similar
results were observed in two additional experiments.
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to platelet receptors immobilized on a surface in the high pulsatile flow characteristic
of the endocardium.

We then pumped GspB� bacteria over immobilized ecGPIb� or BSA over a range of
shear stresses (0.1 to 30 dyn/cm2) and compared the numbers of streptococci attaching
under conditions of constant versus pulsatile shear stress. After normalizing for the
concentration of bacteria in solution as measured by optical density, we plotted the
number of bacteria attaching over time as a function of the shear stress at the peak of
the constant or pulsatile flow. Remarkably, the number of attached bacteria was the
same whether flow was continuous or pulsatile, as long as the peak shear stress was the
same (Fig. 5B). Consistent with the data presented in Fig. 1, the number of suspended
bacteria that bound to immobilized platelet receptors dramatically decreased with flow
between 1 dyn/cm2 and 30 dyn/cm2 for both constant (P value � 0.05) and pulsatile
(P value � 0.05) flows. Thus, short periods of low shear stress during pulsatile flow do
not facilitate the initial attachment of bacteria to immobilized receptors. In both
constant and pulsatile flow, significant numbers of suspended streptococci still bound
to immobilized platelet receptors at 30 dyn/cm2, so short periods of low shear stress
also did not reduce streptococcal binding. This demonstrates that a small population of
suspended bacteria can initiate and maintain binding under the high pulsatile flow
conditions characteristic of heart valves.

Adhesion in whole blood. Blood contains both protein-associated and cell-
associated sialic acid, which could act as competitive inhibitors to SRR adhesins in vivo.
To address whether SRR adhesins mediate shear-enhanced binding under more bio-
logically relevant conditions, we mixed the three strains of streptococci with whole
blood and measured binding at 1 and 25 dyn/cm2. GspB� and Hsa� each bound to
immobilized platelets in large numbers (Fig. 6). Moreover, binding was significantly
higher at the higher shear stress (P value � 0.04 for Student’s 1-tailed unpaired t test).
While significant binding to a negative-control surface with no platelets was also
observed, the difference between total and nonspecific binding, which provides an
estimate of specific binding, was about 3.6-fold higher at 25 than at 1 dyn/cm2 for both
strains. Interestingly, SrpA� bound in low numbers in whole blood, and the effect of
higher shear stress was not statistically significant (P value � 0.17). Therefore, GspB and
Hsa mediate shear-enhanced binding to immobilized platelets in the presence of blood,
demonstrating that these SRR adhesins are not competitively inhibited by sialylated
glycoproteins or circulating blood cells. Interestingly, SrpA� does not bind well in
whole blood, suggesting that it is inhibited by one or more components of blood (Fig.
6). Although this difference among the three adhesins warrants further study, we can
draw a key conclusion from our observations about Gsp� and Hsa�. Whole blood

0

50

100

150

200

250

300

350

1 25

# 
bo

un
d 

in
 2

 m
in

ut
es

Shear stress, dyn/cm2

GspB+ Hsa+ SrpA+

FIG 6 Shear-enhanced streptococcal binding in whole blood. Streptococci of the indicated strains were
mixed in whole blood and tested for binding to immobilized fixed platelets at the indicated shear
stresses (total bar heights). The open bars indicate the numbers binding to negative-control plates with
no platelets, so the difference—the solid portion of the bars—provides an estimate for the amount of
binding that is specific to immobilized platelets. The error bars indicate the standard deviations for two
runs under each condition.
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contains both ecGPIb� and platelets, which are clearly receptors for Gsp� and Hsa�,
so shear-enhanced adhesion mediated by SRR adhesins can resist inhibition by circu-
lating receptors.

DISCUSSION

The SRR glycoproteins are highly prevalent among Gram-positive species and can
interact with a variety of ligands. For many of the viridans group streptococci, they are
Siglec-like adhesins that can bind sialoglycans on salivary proteins as well as on the
platelet receptor GPIb�. The latter interaction appears to contribute to the pathogen-
esis of infective endocarditis, as measured by animal models of infection (11, 14, 18).
The exact mechanisms by which the SRR glycoproteins enhance virulence are not
entirely known, but these adhesins may be important both for the attachment of
organisms in the bloodstream to platelets immobilized on valve surfaces and for the
subsequent recruitment of circulating platelets to the infected endocardium, thereby
leading to vegetation formation. To perform any of these functions during vegetation
formation, SRR adhesins would need to bind in the high shear stress on the endocardial
surface.

We found that the three SRR adhesins studied can mediate streptococcal binding to
platelets and platelet receptors in a shear-enhanced manner, as indicated by three
independent metrics. First, more streptococci expressing GspB, Hsa, or SrpA bound
these immobilized targets at moderate shear stress (1 dyn/cm2) than at low shear stress
(0.1 dyn/cm2) (Fig. 1). Second, streptococci bound in a stronger, more stationary
manner as shear stress increased from 0.1 dyn/cm2 to 10 dyn/cm2 (Fig. 2). Third, once
bound, streptococci detached at low shear stress (0.1 dyn/cm2) but not at moderate to
high shear stress (1 dyn/cm2 to 10 dyn/cm2) (Fig. 3). This shear-enhanced adhesion is
mediated by the SRR adhesins rather than other bacterial components, because
isogenic variants that lack SRR adhesins did not bind significantly to platelets. More-
over, shear-enhanced adhesion was mediated by the sialoglycan receptors on platelets
rather than other platelet components, since platelets themselves were not required for
shear-enhanced adhesion. These observations are consistent with previous data show-
ing that Hsa mediated shear-enhanced binding to salivary glycoproteins (36) and
indicate that shear-enhanced adhesion is a conserved property of the Siglec-like SRR
adhesins.

The shear-enhanced adhesion of the Siglec-like adhesins is most likely due to catch
bonding, a process whereby tension-induced conformational changes increase the
effective affinity. The common structural characteristics of GspB, Hsa, and SrpA suggest
some possibilities for catch bonding. Shear stress could induce conformational changes
within the sialyl glycan-binding Siglec domain. While the Siglec domains of the three
adhesins share a semiconserved YTRY motif that is essential for binding, they vary
significantly both in the overall shape of the glycan binding pockets surrounding the
YTRY motifs (18, 29) and in their specific glycan targets (31), raising the question as to
how they could respond so similarly to shear stress. GspB, Hsa, and SrpA each have a
Unique domain that connects the Siglec domain to the cell wall-anchored domain of
the adhesin (Fig. 7A). Although the role of the Unique domain has not been tested for
other adhesins, it is essential for binding to sTa in GspB (19). Tension might align the
Siglec and Unique domains into a conformation that has high affinity, due to allosteric
interdomain regulation or through formation of an extended binding pocket (Fig. 7B).
However, the isolated binding regions form high-affinity interactions even in static
assays that provide no tension (19), suggesting that something in the full-length
adhesin normally stabilizes the low-affinity conformation. All three adhesins have SRR1
and SRR2 regions that are heavily glycosylated. These might bend (Fig. 7C) or partially
mask the binding site (Fig. 7D) in the two-domain binding region. Tension would then
pull the SRR domains away to align or unmask the high-affinity binding site (Fig. 7E).
This hypothesis is consistent with all available structural and functional data for these
three adhesins and would provide a conserved mechanism for shear-enhanced adhe-
sion and catch bond formation that is unique to the SRR adhesins.
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Regardless of the structural mechanism for the phenomenon, the shear-enhanced
property of SRR adhesins suggests a key mechanism for selective attachment of
streptococci to immobilized receptors such as platelet GPIb�, compared with sialogly-
can targets within the bloodstream, such as fibrinogen, glycocalicin, or cell surface
receptors. Shear-enhanced adhesion is generally resistant to inhibition by soluble
molecules that cannot generate significant drag force (39, 40). Moreover, the shear-
enhanced switch from rolling to stationary adhesion suggests that tensile force is
required for long-lived interactions formed by SRR adhesins (41, 42). This would prevent
long-lived interactions between SRR adhesins and soluble blood proteins and would
reduce stable attachment of streptococci to blood cells in the low-flow regions of the
circulation. The hypothesis that shear-enhanced adhesion enables selective attachment
to immobilized receptors is supported by our observations that GspB� and Hsa� were
able to bind to immobilized platelets at high flow even when mixed with whole blood.

Our results also address whether SRR adhesins can mediate adhesion to platelets
and platelet receptors in the very high shear stress characteristic of heart valves. We
found that streptococci suspended in buffer initiated adhesion poorly at high shear
stress but were able to maintain adhesion once bound. This reduced initial binding at
high flow is nearly universal in studies of bacterial adhesion and has been attributed to
insufficient adhesive strength of the various adhesive mechanisms (43–46). Our results
contradict that interpretation because the adhesive strength of SRR adhesins was
sufficient to maintain adhesion at high shear (Fig. 3). A more likely explanation is that
an effect called hydrodynamic lift, which is known to push microparticles away from the
surface at high shear stress (47), also applies to bacteria. This concept would explain the
inability of pulsatile flow to increase adhesion of suspended streptococci in our study,
because streptococci that are driven away from the wall during high shear stress will
not instantly return when flow is pulsed off. This small number of suspended strepto-
cocci that can bind to platelets in high pulsatile flow may be sufficient to initiate
infective endocarditis. However, it is also possible that streptococci may bind to
platelets before the platelets bind to heart valves. Regardless of how streptococci
initially bind to the endocardium, our studies clearly demonstrate that SRR adhesins
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have the properties appropriate for maintaining adhesion in the hydrodynamic condi-
tions on the surface of heart valves.

Finally, these findings have important implications for the development of novel
therapies that target bacterial binding. Screening of inhibitors of bacterial binding is
typically done under static conditions, using soluble compounds. However, candidates
identified by this approach are unlikely to be effective against catch-bonding adhesins,
since soluble inhibitors cannot generate the drag force needed to activate high-affinity
catch bonds. For catch-bonding adhesins, a more effective approach may be to develop
noncompetitive inhibitors that control the conformational changes associated with
catch bonds (48). In combination with the comparative analysis provided above, our
results suggest that the correctly glycosylated forms of the full extracellular region
of the SRR adhesins will be an essential tool to study the conformational activation
and inhibition of SRR adhesins. Our findings also suggest that inhibitors should be
tested in early stages of development under more physiological conditions of shear
stress.

MATERIALS AND METHODS
Bacterial strains and culture conditions. S. gordonii strain M99 expresses GspB (37) and is referred

to as GspB� in this study. Strain PS846 is derived from M99 by deletion of gspB as described previously
(49) and is referred to as ΔGspB in this study. Strain PS798 is derived from S. gordonii strain Challis by
repair of a stop codon in secA2, which is essential for Hsa export and surface expression (17) and so is
referred to as Hsa� in this study. Strain PS779 is derived from S. gordonii strain Challis by deletion of hsa
as described previously (17) and so is referred to as ΔHsa in this study. S. sanguinis strain SK36 expresses
SrpA (24) and is referred to as SrpA� in this study. Strain PS1071 was derived from SK36 by transfor-
mation with pB1060flag. This plasmid carries a segment of the SRR2 region of gspB (49). The integration
of pB1060flag into the SRR2 region of srpA results in a truncated form of SrpA that is secreted into the
culture medium, rather than anchored to the bacterial cell wall. PS1071 is therefore referred to as SrpA�
in this study. The six strains used in this study are summarized in Table 1. Bacteria were grown for 18 h
in Todd-Hewitt broth in a 5% carbon dioxide environment, washed twice, and sonicated briefly to disrupt
aggregated cells. In order to visualize the bacteria in the platelet studies, bacteria were treated for 30 min
with 50 �M Syto-13 green fluorescent nucleic acid stain (Molecular Probes) in PBS and washed twice.

Synthesis of biotinylated sialyl-T-antigen. Neu5Ac�2-3Gal�1-3GalNAc�ProN3 (50) (15 mg, 0.019
mmol) was dissolved in 4 ml of water, and palladium on carbon (Pd/C; 20 mg) was added. The mixture
was stirred at room temperature under H2 atmosphere for 1 h. After filtration, the flowthrough was
evaporated to dryness to provide the amine product Neu5Ac�2-3Gal�1-3GalNAc�ProNH2. To a solution
of the amine, biotin-hexaethylene glycol linker (biotin-HEG) (51) (13.0 mg, 0.023 mmol) and
N-hydroxybenzotriazole (HOBt; 1.1 equivalent) in 3 ml of dry dimethylformamide (DMF), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDCI) (1.3 equivalent), and N,N-diisopropylethylamine (DIEA, 1.3
equivalent) were added at 0°C. The mixture was stirred at room temperature overnight. After removal of
the solvent, the residue was purified by flash column chromatography (ethyl acetate-methanol-water
[EtOAc-MeOH-H2O], 5:3:2 by volume) to produce the corresponding biotinylated sialyl T-antigen
Neu5Ac�2-3Gal�1-3GalNAc�-HEG-biotin (19 mg, 81%). 1H nuclear magnetic resonance (NMR) (800 MHz,
D2O) � 4.83 (d, 1H, J � 4.0 Hz, H-1=), 4.49 (d, 1H, J � 8.0 Hz, H-1�), 4.26 (dd, 1H, J � 4.0 and 10.4 Hz), 4.18
(d, 1H, J � 3.2 Hz), 4.03 to 3.52 (m, 7H), 3.79 (t, 1H, J � 10.4 Hz), 3.70 to 3.30 (m, 44H), 2.71 (t, 1H, J �
7.2 Hz), 2.70 (dd, 1H, J � 4.8 and 12.0 Hz), 2.39 (t, 2H, J � 6.4 Hz), 1.98 (s, 6H), 1.86 to 1.41 (m, 9H); 13C
NMR (200 MHz, D2O) � 174.80, 174.40, 174.12, 173.79, 172.25, 104.33, 99.56, 97.01, 77.26, 75.44, 74.59,
72.63, 71.67, 70.46, 70.11, 69.57, 69.50, 69.49, 69.47, 69.45, 69.43, 69.41, 69.40, 69.37, 69.25, 69.21, 69.19,
68.92, 68.65, 68.50, 68.25, 67.86, 67.22, 64.79, 62.30, 61.80, 61.11, 60.82, 52.26, 51.49, 48.47, 39.51, 38.81,
37.00, 35.83, 35.69, 34.09, 30.45, 28.12, 23.10, 21.90, 21.88. HRMS (ESI) m/z for C52H89N6O28S (M-H).
Calculated: 1,277.5446. Found: 1,277.5460.

Preparation of platelet-coated surfaces. Corning 35-mm tissue culture dishes were incubated with
50 �l 0.01% polylysine for 30 min at 37°C and then dried. Washed human platelets (37) were fixed with
1.6% formaldehyde at 37°C for 15 min and added to the polylysine-coated plates for 2 h at 37°C. Plates
were washed with 0.2% PBS-BSA (phosphate-buffered saline with 0.2% bovine serum albumin) and
incubated overnight to prevent nonspecific adhesion.

Preparation of ecGPIb�-coated surfaces. The extracellular domain of GPIb� (referred to as ecGPIb�

in this paper but also known as glycocalicin) was purified from human blood as described previously (52)
and stored at �80°C. ecGPIb� was incubated at 10 �g/ml in PBS buffer on Corning 35-mm tissue culture
dishes for 75 min at 37°C. The dishes were washed with 0.2% PBS–BSA and incubated in the same
medium overnight at 4°C to block nonspecific adhesion.

Preparation of sTa-coated surfaces. Corning 35-mm tissue culture dishes were incubated with 200
�g/ml biotinylated BSA for 75 min at 37°C and washed with 0.2% PBS-BSA. The plates were incubated
for 30 min with 100 �g/ml streptavidin, washed, and incubated overnight with PBS-BSA. The plates were
incubated for 30 min with 40 �g/ml biotinylated sTa and washed with PBS-BSA. Wells treated with 0.2%
PBS-BSA overnight at 4°C served as negative controls.
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Bacterial binding in flow. A GlycoTech flow chamber with Corning dishes coated as described
above for the lower surface was used to assess binding. Bacteria at an optical density of 0.3 at 600 nm
in 0.2% PBS–BSA were pumped through the flow chamber using a syringe pump at the flow rate
necessary to achieve the wall shear stress indicated. Bound bacteria were visualized using a Coolsnap
charge-coupled-device (CCD) camera on a microscope with a 10� objective. The videos of bound
bacteria were then analyzed using ImageJ. In attachment assays, the bacteria were pumped through the
chamber at the indicated shear stress, and the bacteria were counted after 3 min. When bacterial
adhesion was measured in whole blood, bacteria were added to whole citrated blood at the concen-
tration that would provide an optical density (OD) of 0.3 in buffer, and the attachment assays were run for
only 2 min (to minimize the amount of blood used flowing through the chamber). In the detachment assays,
bacteria were pumped through the chamber at 2 dyn/cm2 to allow bacteria to adhere and then washed with
PBS-BSA at 5 dyn/cm2 for 30 s. Thereafter, shear stress was increased or decreased every 15 s to obtain the
indicated shear stresses. To characterize the mode of bacterial adhesion (rolling or stationary), the number of
moving cells was determined by subtracting an image from one taken 1 s later. This causes stationary cells
to blend into the background, while moving cells appear as pairs of black and white spots. The fraction of
stationary cells was then calculated as 1 minus the ratio of moving to total cells.

Characterizing pulsatile flow. The resistance created by the flow chamber and the compliance of
the tubing create a characteristic slight delay in response time, due to the transient expansion of the
tubing when the pump is turned on and its subsequent contraction after the pump is turned off. To know
the actual flow in the chamber, we characterized the fluid velocity with particle-tracking velocimetry. That is,
we tracked microspheres that are next to the surface while turning the pump on and off. The microspheres
can be tracked only at low shear stresses, but the fluidic circuit is expected to be linear and thus would give
the same normalized response at all pump velocities, as long as the on-off switching pattern is the same.

Statistical methods. To determine which conclusions were statistically significant, we applied
Student’s t test. We used paired samples when the duplicate experiments were performed on different
days (each day testing the two conditions being compared) or, when the duplicate experiments involved
different runs, with each run testing the two shear conditions being compared. We used unpaired
samples when the duplicates and different conditions being run all involved independent runs on the
same day. We used a 2-tailed t test if we asked whether two things were different, and a one-tailed t test
if we specifically asked if one was greater than the other. Each time a P value is provided, the choice of
test is briefly described. Unless otherwise indicated, all experiments and statistical tests were performed
with two samples for each condition.

Ethics statement. Human blood was obtained from donors for this study with approval of the
University of Washington’s Institutional Review Board (IRB). Donors provided written informed consent,
and all recruitment and consent processes and materials were IRB approved.
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