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* Calpain-catalyzed talin
cleavage in platelets
promotes fibrin clot
contraction.

Blood clot contraction is driven by traction forces generated by the platelet cytoskeleton
that are transmitted to fibrin fibers via the integrin «IIbg3. Here we show that clot
contraction is impaired by inhibitors of the platelet cytosolic protease calpain. We used
subtiligase-mediated labeling of amino termini and mass spectrometry to identify proteo-
lytically cleaved platelet proteins involved in clot contraction. Of 32 calpain-cleaved pro-
teins after TRAP stimulation, 14 were cytoskeletal, most prominently talin and vinculin.
A complex of talin and vinculin constitutes a mechanosensitive clutch connecting integ-
rins bound to the extracellular matrix with the actin cytoskeleton. Accordingly, we
focused on talin and vinculin. Talin is composed of an N-terminal head domain and a
C-terminal rod domain organized into a series of 4- and 5-helix bundles. The bundles con-

* Calpain cleaves talin
in proximity to vinculin
binding sites, likely
initiating vinculin
binding to talin to
promote clot
contraction.

tain 11 vinculin binding sites (VBSs), each of which is an «-helix packed into a bundle
interior and requiring structural rearrangement to initiate vinculin binding. We detected
8 calpain-mediated cleavages in talin, 2 previously identified in unstructured regions and
6 in a-helical regions in proximity to a VBS. There is evidence in vitro that applying
mechanical force across talin enables vinculin binding to the talin rod. However, we
found that inhibiting platelet cytoskeletal contraction had no effect on talin cleavage,
indicating that talin cleavage by calpain in platelets does not require cytoskeleton-
generated tensile force. Therefore, it is likely that calpain acts in the later stages of clot
retraction through focal adhesion disassembly.

Introduction

The contraction (retraction) of blood clots is a physiologic process that reduces clot volume, restoring
blood flow past otherwise obstructive thrombi'*® and permeability of clots for fibrinolytic enzymes.
Impaired clot contraction has been associated with a tendency of thrombi to embolize®* and with altered
susceptibility of clots to fibrinolysis.>® In vitro, clot contraction is accompanied by the compressive defor-
mation of erythrocytes into polyhedral cells and by the redistribution of the fibrin-platelet meshwork
toward the periphery of the clot. These features have been found in arterial and venous thrombi and in
thrombotic emboli, confirming that clot contraction occurs in vivo. 2487 Moreover, impaired clot contrac-
tion has also been shown to be directly associated with the likelihood of postoperative thrombosis® as
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well as with the predisposition of venous thrombi to rupture and
lead to pulmonary embolism.®* In addition, slowed and suppressed
clot contraction can modulate the susceptibility of a thrombus to
fibrinolysis.® In vivo, impaired clot contraction has been also shown
to be associated with reduced fibrinolysis and vice versa.®

Clot contraction is mediated by platelets incorporated into the fibrin
clot and is driven by traction forces generated by the platelet cyto-
skeleton on the integrin allbB3 that are transmitted to fibrin fibers
bound to the allbB3 extracellular domain.>® Thus, the mechanism of
clot contraction resembles that of focal adhesions, intracellular pro-
tein assemblies that serve as tension-sensing anchors linking cells
to their extracellular environment. However, the biochemical events
that initiate platelet-generated traction forces to the fibrin network
are not known. At a macroscopic level, when an activated adherent
platelet spreads over fibrin fibers, it sends out filopodia that stretch
along the fiber axis. Next, the filopodia contract, deforming the
attached fiber and displacing it toward the main part of the platelet.
Subsequently, another filopodium binds to the same fiber and pulls
on it, such that the platelet is pulled with a hand-over-hand motion,
like puling on a rope.® The first step requires force generation,
which depends on an integrin-mediated connection to actomyosin
contractile machinery via talin-rich focal adhesions, as in motile cells.
By analogy, it is likely that the subsequent step of filopodia dissocia-
tion occurs with concomitant disassembly of focal adhesions.®'°
Calpain plays a critical role in focal adhesion disassembly, and it is
known to serve an important role in platelet-mediated clot contrac-
tion (but not platelet activation).'™'? Therefore, we investigated the
importance of calpain in clot contraction.

Platelets contain 2 calpain isoforms: ~80% of platelet calpain activ-
ity is attributable to p-calpain, which is active at micromolar calcium
concentrations, and the remaining 20% to m-calpain, which requires
millimolar calcium concentrations for full activity.'® In addition to clot
contraction, platelet calpain activity has been implicated in cytoskel-
etal remodeling, platelet aggregation, G-protein—coupled receptor
signaling, platelet granule secretion, and protein phosphoryla-
tion."'*1® Therefore, to determine whether calpain might serve a
similar role in clot contraction, we (1) examined the effect of calpain
inhibitors on platelet aggregation and clot contraction in a highly
quantitative kinetic assay, (2) used proteomics to identify proteins
that are cleaved in intact platelets, and (3) quantified the time
course of the calpain-mediated cleavage of talin and key protein-
mediating focal adhesion formation.

Methods
Blood collection and processing

All procedures were approved by the Institutional Review Board of
the University of Pennsylvania. Venous blood from healthy donors
who were not taking platelet-inhibitory medications was collected in
vacutainers containing 3.8% trisodium citrate 9:1 by volume and
analyzed within 4 hours. The citrated blood was centrifuged at
200g for 15 minutes at room temperature to obtain platelet-rich
plasma (PRP) used for the clot contraction assay. Outdated plate-
lets were obtained from the University of Pennsylvania Blood Bank.

Inhibition of platelet calpain

To study the effect of calpain on the initiation and kinetics of clot
contraction, we stimulated washed platelets with either thrombin or
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the thrombin receptor activation peptide SFLLRN (Sigma-Aldrich,
St. Louis, MO) in the presence or absence of cell-permeable com-
pounds that inhibit calpain activity. /N-acetyl-Leu-Leu-norleucinal
(ALLN), N-acetyl-Heucyl--eucyl-Fmethioninal (ALLM), and calpasta-
tin peptide, a 27—amino acid peptide encoded by exon IB of the
human calpastatin gene,'® were purchased from Sigma-Aldrich.
PRP was preincubated with 500 wM of ALLN or ALLM, 300 puM of
calpastatin peptide, or the corresponding amount of solvent control
(dimethyl sulfoxide for ALLN or ALLM and buffer for calpastatin pep-
tide) for 40 minutes before the addition of thrombin or SFLLRN.

Continuous optical tracking of contracting blood
clots in vitro

The initiation and kinetics of clot contraction were determined using
a previously reported method based on the optical detection of clot
size over time using the Thrombodynamics Analyzer System (Hema-
Core, Moscow, Russia).’ Briefly, clot formation was initiated by add-
ing 1 U/mL of human a-thrombin (Sigma-Aldrich) to human citrate-
anticoagulated PRP in the presence of 2 mM of calcium chloride.
An 80-pL aliquot of the activated PRP was transferred to a 12 X 7
X 1 mm transparent plastic cuvette that had been precoated with a
thin layer of Triton X-100 in phosphate-buffered saline to prevent
the clot from sticking to the cuvette wall. The cuvette was then
placed in the temperature-controlled chamber of the Thrombody-
namics Analyzer at 37°C. Clot images were obtained every 15 sec-
onds for 30 minutes (Figure 1). Data were analyzed computationally
to extract the following parameters: (1) extent of contraction (calcu-
lated as [(Sg — S)/Sol X 100, where S, is the initial clot size and
S, is the final clot size at the end point t = 30 minutes), (2) lag time
(time from the addition of thrombin until the clot reached 95% of its
initial size), (3) average contraction velocity calculated as an average
of the first derivative of a contraction kinetic curve, (4) time to reach
25% of the fully contracted clot area, (5) time to reach 50% of the
fully contracted clot area, and (6) area under the kinetic curve,
which approximates the amount of mechanical work on clot com-
pression done by the contracting platelets. Previously, we demon-
strated that clot contraction in whole blood consists of 3 phases:
initiation, linear contraction, and mechanical stabilization. Unlike fibrin
clot contraction in whole blood, fibrin clot contraction in PRP lacks
a linear contraction phase, which reflects the mechanical compres-
sion of erythrocytes.” Transitions between phases of contraction are
determined by finding local maxima and minima within the instanta-
neous first derivative of the kinetic curves (Figure 1). Nonlinear
regression analysis for the contraction of fibrin clots in PRP was
completed using a piecewise function to fit the remaining phases,
and durations and rates were compared for each phase by a Wil-
coxon signed-rank test with a 95% confidence level.

Identification of proteolytically cleaved human
platelet proteins by subtiligase capture of nascent
N-terminal fragments

Washed outdated human platelets, obtained from the University of
Pennsylvania Blood Bank, in 150-mL aliquots were incubated for 1
to 10 minutes with 50 wM of SFLLRN, after which they were rapidly
mixed with an equal volume of ice-cold acetonitrile to simultaneously
lyse the platelets and precipitate platelet proteins. The precipitated
proteins were dissolved in 4 M of guanidinium hydrogen chloride
(Sigma-Aldrich) in the presence of a protease inhibitor cocktail
(Sigma-Aldrich) and tris(2-carboxyethyl)phosphine (Sigma-Aldrich),
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Figure 1. Continuous optical tracking of contracting blood clots in vitro. After the injection of 1 U/mL of thrombin into recalcified PRP, 80-uL aliquots of PRP were

added to transparent cuvettes, which were then placed in the optical Thrombodynamic Analyzer System. Clot images were then recorded by a charge-coupled device

(CCD) camera every 15 seconds based on the light scattering properties of the clot vs the expelled serum. Data on relative clot size were converted to original kinetic curves

that could be analyzed for parameters such as the extent of clot contraction at a 30-minute end point, the lag time from the addition of thrombin until the clot reached 95%

of its initial size, and the area under the curve, as described in “Methods.” The instantaneous first derivative of the kinetic curve was used to find a local maximum that deter-

mined the borderline between phases 1 and 2 of contraction.

alkylated with iodoacetamide, and subjected to subtiligase capture,
as previously described.'” Final samples were treated with trypsin,
desalted using a C18-resin ZipTip (EMD Millipore), evaporated
under reduced pressure, and analyzed by low-pH reversed-phase
chromatography with a 90-minute gradient on a 0.1 X 100 mm col-
umn and a flow rate of 1 pL per minute using a nanoACQUITY
UPLC system (Waters). The eluent was monitored by mass spec-
trometry using a QSTAR Elite mass spectrometer (Applied Biosys-
tems) for peptide identification. Peptides were identified using
selective reaction monitoring and analyzed using the University of
California San Francisco Protein Prospector. To confirm that results
were not due to platelet storage, experiments were repeated using
fresh platelets obtained from platelet donors following a blood dona-
tion protocol approved by the Institutional Review Board of the Uni-
versity of Pennsylvania.

Immunoblotting

Human platelets obtained from blood anticoagulated with 65 mM of
sodium citrate, 77 mM of citric acid, and 95 mM of glucose (pH
4.4) were washed with 10 mM of N-2-hydroxyethylpiperazine-N -2-
ethanesulfonic acid buffer (pH 6.5), containing 150 mM of sodium
chloride (NaCl), 3 mM of EDTA, 1 M of PGE1, and 0.3 units/mL of
apyrase. The washed platelets were resuspended in modified
Tyrode's buffer (20 mM of N-2-hydroxyethylpiperazine-N -2-ethane-
sulfonic acid buffer [pH 7.35], containing 135 mM of NaCl, 2.7 mM
of potassium chloride, 2 mM of calcium chloride, 3 mM of monoso-
dium phosphate, and 5 mM of glucose). The washed platelets in
500-pL aliquots were incubated with 5 U/mL of thrombin, after
which the platelets were lysed in 125 pL of a 50-mM tris(hydroxy-
methyl)aminomethane buffer containing 1% NP-40, 150 mM of
NaCl, 4 mM of EDTA, 1 mM of ALLM, and protease and phospha-
tase inhibitors (Protease Inhibitor Cocktail; Sigma-Aldrich and Phos-
phatase Inhibitor Cocktail Set Ill; Millipore). Proteins were then
separated in 4% to 12% NuPAGE Bis-Tris gels (Life Technologies)
and transferred to nitrocellulose membranes (IB301001; Life Tech-
nologies) for immunoblotting with the talin head domain monoclonal
antibody clone TA205 from EMD Millipore. Immunoblotted proteins
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were detected using horseradish peroxidase—conjugated anti-
mouse immunoglobulin G and ECL Western Blotting Detection
Reagent (GE Healthcare Life Sciences).

Results

Effects of calpain inhibitors on the kinetics of clot
contraction

Stimulating washed platelets with either thrombin or SFLLRN
caused platelet aggregation that was unaffected by the pres-
ence of ALLM (Figure 2) or ALLN (data not shown). By contrast,
adding ALLN or ALLM to PRP before thrombin impaired both
the initiation and kinetics of clot contraction (Figure 3A; Table
1; supplemental Movie 1). Platelet-mediated clot contraction in
PRP consists of 2 phases: an initiation phase (phase 1) depen-
dent on both the interaction of fibrin with allbB3 and myosin-
driven platelet cytoskeleton contraction, and a contraction
phase (phase 2) that relies at least in part on the generation of
contractile forces and on fibrin crosslinking by FXllla (Figure
1)." ALLM significantly impaired phases 1 and 2 by increasing
their average durations by 43% and 19%, respectively. Com-
pared with the solvent control, ALLM and ALLN significantly
increased the average lag time of contraction by 33%, pro-
longed the average time to reach one-fourth contraction by
26%, and reduced the area under the curve by 15%, but had
no significant effect on the overall extent of contraction (Figure
3A; Table 2). A similar result was seen when PRP was preincu-
bated with calpastatin peptide at 300 M, although the differ-
ences were less marked (Tables 1 and 2). Thus, inhibiting
platelet calpain activity delays the initiation and progression of
platelet-mediated clot contraction.

Identification of calpain-cleaved proteins in
activated platelets

To identify calpain-cleaved proteins in activated platelets, we used
subtiligase-mediated tagging of N-termini of washed platelets'® that
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Figure 2. Comparison of thrombin- and SFLLRN-stimulated platelet aggregation in the absence or presence of the calpain inhibitor ALLM. Comparison of

the turbidimetric aggregation of washed human platelets stimulated by either thrombin (1 U/mL) or the platelet thrombin receptor activation peptide SFLLRN (50 puM):
thrombin (A), thrombin plus ALLM (B), SFLLRN (C), and SFLLRN plus ALLM (D). The effect of ALLM on platelet aggregation was measured after preincubating the washed

platelets with 500 uM of ALLM for 15 minutes at 37°C.

were previously stimulated with the thrombin-activation peptide
SLFFRN. In 4 separate experiments, we identified 43 cleaved pro-
teins, each of which were seen at least twice (supplemental Table
1). Eleven of the proteins were mitochondrial, and the remaining 32
proteins were generated by proteolysis in the cytoplasm (Table 3).
The program GPS-CCD'® predicted that two-thirds of the clea-
vages were mediated by calpains; the remaining third showed
caspase-like (4 proteins), MMP-like (1 protein), and unknown specif-
icities (10 proteins; Figure 1).

Fourteen of the calpain-cleaved proteins are components of the
platelet cytoskeleton, including actin, filamin-A, gelsolin, kindlin 3,
vinculin, zyxin, and integrin B3, but most prominently talin. Talin, a
250-kD protein that connects B integrin cytoplasmic domains to
the actin cytoskeleton, consists of a 45-kD N-terminal head
(FERM) domain attached via a flexible linker to a 200-kD
C-terminal rod domain. The talin rod domain consists of a series
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of interconnected helical bundles that house 11 cryptic a-helical
binding sites for vinculin (VBS). Engagement of these vinculin-
binding helices with vinculin requires substantial structural rear-
rangement and unfolding of a helical bundle domain to
enable.??" We detected 7 calpain-mediated cleavages in talin.
The 2 most prominent cleavages have been previously identi-
fied, and they occur in the linkers between the head and rod
domains® and between the rod and the dimerization motif at the
C-terminus of the rod.?? Of the 6 newly identified cleavages, pre-
sent at lower concentrations (Table 4), 4 were located within the
first 12 helices of the rod domain, known to contain 4 VBSs
(Figure 4). The remaining 2 were also located near a VBS.
Unlike the previously identified cleavages, these cleavages
occurred in a-helical regions inside helical bundles and required
local unfolding to occur. Because local unfolding of talin can
occur in response to mechanical stress and then be stabilized by
binding to vinculin, we next examined the effect of proteolytic
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Figure 3. Effect of the calpain inhibitors ALLM and ALLN on the contraction of thrombin-induced fibrin clots in PRP. PRP was preincubated with 500 pM of
ALLM, 500 uM of ALLN, or an equal volume of dimethyl sulfoxide solvent control for 40 minutes before 1 U/mL of thrombin to induce fibrin clot formation. The kinetics of

clot formation and contraction were then imaged in real time in a Thromboimager as described in Figure 1. The upper plots show averaged kinetic curves (mean *+ standard

deviation; n = 8) in the absence and presence of ALLM (A) or ALLN (B), along with the first derivatives shown as dashed (control) and solid blue lines (inhibitors). Phase 1

is on the left and phase 2 is on the right of the corresponding dotted vertical borderlines. The lower plots represent pairwise comparisons of the parameters of clot

contraction in the absence and presence of the calpain inhibitors. a.u., arbitrary unit.

Table 1. Effects of calpain inhibitors ALLM, ALLN, and calpastatin peptide on kinetic rates and duration of phases 1 and 2 of clot

contraction
ALLM (n = 8) ALLN (n = 8) Calpastatin peptide (n = 3)
No inhibitor Inhibitor Inhibition, %  No inhibitor Inhibitor Inhibition, %  No inhibitor Inhibitor Inhibition, %
Phase 1 kinetic rate, X 1072 s’ 6.5 + 4.2 51 £ 45 22 6.9 = 44 48 = 3.8 30 147 £ 5.5 126 = 7.0 14
Phase 1 duration, s 290 £ 122 415 = 147 43* 289 = 103 383 * 86 32*% 158 = 15 181 = 23 15*
Phase 2 kinetic rate, X 1072 s™' 53 = 3.6 49 = 3.0 8 53 = 4.0 51 =35 4 48 = 3.8 4.6 = 3.7 4
Phase 2 duration, s 788 = 122 638 = 147 19* 808 = 103 731 = 86 10* 1027 £ 15 996 * 23 3*

Results are presented as mean = standard deviation.

*P < .05.
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Table 2. Effects of calpain inhibitors ALLM, ALLN, and calpastatin peptide on parameters of clot contraction

ALLM (n = 8) ALLN (n = 8) Calpastatin peptide (n = 3)
No inhibitor Inhibitor Inhibition, % No inhibitor Inhibitor Inhibition, % No inhibitor Inhibitor Inhibition, %
Lag time, s 193 = 63 256 + 96 33* 201 £ 59 261 £ 79 30* 65 = 31 95 = 17 46
Time to 25% contraction, s 390 * 122 491 = 152 26* 414 £ 172 538 * 224 30* 150 = 15 175 = 23 17
Time to reach 50% final, s 476 = 122 523 = 127 10 489 = 159 608 £ 222 24* 225 = 30 250 + 23 11
Area under the curve, a.u. 491 = 112 420 = 140 15* 475 + 162 396 + 157 17* 745 = 21 687 + 25 8
Extent of contraction, % 70 = 11 66 = 16 5 72 = 16 69 = 15 3 86 + 3 84 + 1 8]

Results are presented as mean =* standard deviation.

a.u., arbitrary unit.
*P < .05.

Table 3. Proteins identified as substrates of calpain/cysteine

proteases (n = 32)

UniProt Description Location
Q9UBW5 Bridging integrator 2 Cytoplasm
Q99704 Docking protein 1 Cytoplasm
P13693 Fortilin Cytoplasm
Q9Y6RO Numb-like protein Cytoplasm
P63104 Protein kinase C inhibitor protein Cytoplasm
QoYaL3 SH3 domain-binding protein 1 Cytoplasm
P68363 Tubulin a-1B chain Cytoplasm
Q13748 Tubulin «-83C/D chain Cytoplasm
Q13885 Tubulin B-2A chain Cytoplasm
P60709 Actin, cytoplasmic 1 Cytoskeleton
Q9POK?7 Ankycorbin Cytoskeleton
Q05682 Caldesmon Cytoskeleton
000151 Elfin Cytoskeleton
P21333 Filamin-A Cytoskeleton
015117 FYN-binding protein Cytoskeleton
P06396 Gelsolin Cytoskeleton
Q27J81 Inverted formin-2 Cytoskeleton
Q9BYX7 k-actin Cytoskeleton
Q86UX7 Kindlin-3 Cytoskeleton
Q9Y490 Talin-1 Cytoskeleton
P50552 VASP Cytoskeleton
P18206 Vinculin Cytoskeleton
Q15942 Zyxin Cytoskeleton
P05106 Integrin B-3 Membrane
Q9Y624 Junctional adhesion molecule A Membrane
P48059 PINCH-1 Membrane
Q15084 Protein disulfide-isomerase A6 Membrane
P08567 Pleckstrin Membrane associated
095171 Sciellin Membrane associated
094806 Serine/threonine-protein kinase D3 Membrane associated
095810 Serum deprivation-response protein Membrane associated
Q13201 Multimerin-1 Secreted

4906 FONG et al

and actomyocin inhibitors on the
platelets.

cleavage of talin in activated

Force-independent talin cleavage by calpain in
thrombin-stimulated platelets

The observation that the nonmuscle myosin IlIA inhibitor blebbistatin
decreases the extent and average velocity of clot contraction indi-
cates that clot contraction is driven at least in part by platelet con-
tractile proteins.’ However, it is not known whether force is required
for calpain-mediated cleavage of talin in platelets. Therefore, we
examined the time course of calpain-mediated talin cleavage in pla-
telets stimulated by thrombin and the weaker agonist SFLLRN.?®
Incubating washed unstirred platelets with either thrombin or
SFLLRN generated a 45-kD band corresponding to the talin head
domain (Figure 5A), which was markedly decreased by treatment
with the calpain inhibitor ALLN or ALLN. The cleavage product (Fig-
ure 5B) was first detected above background after 15 seconds and
progressively increased, reaching a peak at 180 seconds. This time
course is consistent with the lag time between addition of thrombin
to plasma and the onset of clot contraction, which ranged from 65
to 201 seconds in 19 measurements (Table 2). The time course of
the calpain-mediated talin cleavage we measured is also consistent
with previous measurements of the onset of calpain activity in
thrombin-stimulated platelets'*?* and with atomic force microscopy

Table 4. Calpain cleavages in human talin 1 (UniProt Q9Y490)

P4P;P,P, P,P,P;P, Exp,n Pep,n Comments
FQVG(466) (467)SMPP 4 5 Separates head and rod domains
AVGC(575) (576)AVTT 2 1 Cleavage adjoins VB helix 4 of R1
ACTK(721) (722)VVAP 2 2 Cleavage adjoins VB helix 6 of R2
DLVN(838) (839)AIKA 4 2 Cleaves within VBS11 of R3
GLRM(899) (900)ATNA 4 2 Cleavage adjoins VB helix 12 of R3
ARAL(1620) (1621)AVNP 2 1 Cleavage adjoins VB helix 36 of R7
ATAK(2188)  (2189)AVAA 4 2 Cleavage adjoins VB helix 50
VKEK(2493) (2494)MVGG 4 5 Removes dimerization helix

Exp, number of biological replicates where calpain cleavage has taken place; Pep,
number of unique peptides that was seen in all of the experiments.
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Figure 4. Calpain-mediated cleavages in the talin rod domain. The 4 PDB structures shown depict helices as pipes and are arranged in sequential order. The

N-terminus of a calpain cleavage is shown in red and the C-terminus in blue. Below each image is a schematic in which the helices are depicted as rectangles and their

location in the talin rod is indicated. VBSs are shown in green, and calpain cleavage sites are indicated with red arrows. Structure 1XWX is a model that encompasses heli-
ces 1 to 12. The 13th helix is borrowed from NMR structure 2L7A. 2XOC covers helices 28 to 36, but only 28 to 30 and 35 to 36 are shown. The final 10-helix bundle is

3DY]J, depicting talin rod helices 47 to 56. Images were made using Chimera.

measurements of the rate of contraction of single activated plate-
lets.® Lastly, to address whether the calpain-mediated cleavage of
talin in platelets requires allbB3 activation, as would be expected
from data reported by Fox et al,?* we examined the effect of the
allbB3 antagonist eptifibatide, the myosin llA inhibitor blebbistatin,
or the actin polymerization inhibitor latrunculin A. Preincubating pla-
telets with eptifibatide, blebbistatin, or latrunculin did not prevent
thrombin- or SFLLRN-stimulated talin cleavage (Figure 6). Thus, the
calpain-mediated cleavage of talin in platelets does not require ten-
sile force generated by the platelet cytoskeleton.

Discussion

Our data are consistent with the hand-over-hand mechanism of
platelet-mediated clot contraction, a biomechanical process in which
platelets imbedded in clots extend filipodia that attach to fibrin fibers
via the integrin allb@3, which in turn connects to the actin via talin,
vinculin, and other cytosolic proteins. The force generated drives
contraction, distortion, and shortening of fibrin fibers, followed by
the release of the filopodia to allow repetition of the process.® The
force-dependent steps are impaired by blebbistatin and abciximab,
confirming that cell contractility and «llbB3 play essential roles.
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Figure 5. Thrombin and the thrombin receptor activation peptide SFLLRN stimulate the rapid cleavage of talin by calpain. (A) Unstirred suspensions of

washed human platelets were incubated in 5 units/mL of thrombi or 50 wM of SFLLRN for 5 minutes in the absence or presence of ALLN, after which they were lysed with

50 mM of tris(hydroxymethyl)aminomethane (Tris) buffer containing 1% NP-40, 4 mM of EDTA, 1 mM of ALLM, and protease and phosphatase inhibitor cocktails. Dissolved

proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotted with the anti—talin-1 head domain monoclonal anti-

body TA205. (B) Unstirred suspensions of washed human platelets were incubated with 5 units/mL of thrombin for the indicated times, after which they were lysed with 50

mM of Tris buffer containing 1% NP-40, 4 mM of EDTA, 1 mM of ALLM, and protease and phosphatase inhibitor cocktails. Dissolved proteins were separated by SDS-

PAGE and immunoblotted with the anti-talin-1 head domain monoclonal antibody TA205.
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Figure 6. Calpain rapidly cleaves talin in stimulated platelets in the
absence of allbB3 activation and cytoskeleton-generated force. Unstirred
suspensions of washed human platelets were preincubated with either buffer
(unstimlated platelets), 1 mM of eptifibatide, 1 mM of ALLN, 1 mM of ALLM, 2 uM
of blebbistatin, or 2 wM of latrunculin for 15 minutes at 37°C. An aliquot of the
resting platelets and platelets that had been preincubated with eptifibatide, ALLN,
ALLM, blebbistatin, or latrunculin A were then stimulated with either 5 units/mL of
thrombin (Tb) or SFLLRN as indicated without stirring for 5 minutes at 37°C, after
which they were lysed and the lysate immunoblotted with TA205.

Nevertheless, we found that calpain-mediated cleavage of talin was
not dependent on force, suggesting that it is acting at a later step
of the process to facilitate disassembly of focal adhesions by sever-
ing the link between the head domain, which binds to integrin tails,
and the rod domain, which binds vinculin and helps connect to
actin. This conclusion is consistent with the finding that p-calpain
knockout mouse platelets have impaired clot contraction'' and that
fibroblasts with inactivating mutations to the primary calpain cleav-
age site in talin have impaired mobility and defects in focal adhesion
turnover.® It also remains possible that calpain cleavage actually
enhances binding to vinculin and that the connection to integrins is
maintained via a secondary binding site,2®2® but we consider this
less likely.

Our finding that talin has numerous calpain cleavage sites adjacent
to its vinculin-binding helices is also consistent with earlier proteo-
mic studies of platelet activation.?” Although the physiologic role of
such cleavages remains to be confirmed, their presence is consis-
tent with the known mechanisms of talin-vinculin interaction.
Although mechanical force facilitates the initial unfolding of talin to
expose its vinculin-binding helices,®® once bound, the interaction
freezes the surrounding domain in an unfolded state, making it an
excellent calpain substrate.>® Along these lines, it is interesting that
4 of the cleavage sites cluster around the N-terminal R1 to R3 bun-
dles, which are the primary sites for interaction with vinculin in
native, full-length talin.?° Finally, in agreement with Solari et al,?” we
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were unable to detect cleaved PTP1B, a protein that undergoes
calpain-mediated cleavage in platelets with a concomitant increase
in its enzymatic activity.°

Together, these data provide important parallels between the mech-
anism of integrin-dependent migration of motile cells along the extra-
cellular matrix and the hand-over-hand mechanism by which
platelets remodel the extracellular matrix in clot contraction. Our
study has revealed an essential, force-independent step in platelet-
driven blood clot contraction with broad implications for the evolu-
tion and reuse of cell motility principles.
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