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Aminophospholipid (APL) trafficking across the plasma membrane
is a key event in cell activation, apoptosis, and aging and is re-
quired for clearance of dying cells and coagulation. Currently the
phospholipid molecular species externalized are unknown. Using a
lipidomic method, we show that thrombin, collagen, or ionophore-
activated human platelets externalize two phosphatidylserines
(PSs) and five phosphatidylethanolamines (PEs). Four percent of
the total cellular PE/PS pool (~300 ng/2 x 108 cells, thrombin), is
externalized via calcium mobilization and protease-activated recep-
tors-1 and -4, and 48% is contained in microparticles. Apoptosis and
energy depletion (aging) externalized the same APLs in a calcium-
dependent manner, and all stimuli externalized oxidized phospho-
lipids, termed hydroxyeicosatetraenoic acid-PEs. Transmembrane
protein-16F (TMEM-16F), the protein mutated in Scott syndrome,
was required for PE/PS externalization during thrombin activation
and energy depletion, but not apoptosis. Platelet-specific APLs op-
timally supported tissue factor-dependent coagulation in human
plasma, vs. APL with longer or shorter fatty acyl chains. This finding
demonstrates fatty acids as molecular determinants of APL that
regulate hemostasis. Thus, the molecular species of externalized
APL during platelet activation, apoptosis, and energy depletion
were characterized, and their ability to support coagulation revealed.
The findings have therapeutic implications for bleeding disorders
and transfusion therapy. The assay could be applied to other cell
events characterized by APL externalization, including cell division
and vesiculation.

lasma membrane phospholipids are organized with phosphati-
dylcholine (PC) in the outer leaflet, and the aminophospholipids
(APLs), phosphatidylserine (PS), and phosphatidylethanolamine
(PE) facing the cytoplasm (1). Loss of asymmetry is a key feature
of apoptosis, cell aging, clearance, and coagulation (2). Exter-
nalization of APLs by platelets allows coagulation factors to bind
and form enzyme/cofactor complexes and aids complement binding
(3). Loss of this ability to externalize APLs is characteristic of the
rare bleeding disorder Scott syndrome (4). To date, APL traf-
ficking has been measured using indirect approaches including
(i) fluorescent PLs added to cells (5), and (ii) annexin V-FITC
flow cytometry. This protein recognizes APL on the platelet
surface and is used as a nonquantitative probe (6-8). In recent
years it has been described as detecting PS exposure, although
several annexins also bind PE (6, 9-13). Other proteins that
indirectly measure APL exposure include lactadherin and cinna-
mycin, reported as specific PS or PE indicators, respectively (14-16).
PE and PS are families of lipids that differ according to fatty
acyl composition, including both saturated (snl) and unsaturated
(sn2) species such as palmitic (16:0), linoleic (18:1), arachidonic
(20:4), and docosahexanoic acids (22:6). For PE, snl bond can be
acyl, alkyl ether, or vinyl ether (plasmalogen). Currently the specific
molecules of APLs that externalize during cell activation or apo-
ptosis are unknown. This information could lead to mechanistic
insights into their specific role(s) and reveal functional groups
involved in APL-dependent events. Herein we describe charac-
terization and quantitation of APL trafficking across the platelet
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plasma membrane during activation, apoptosis, and energy de-
pletion (model for aging), using mass spectrometry. Lastly, the
APL species exposed by platelets were examined for their activity
in supporting tissue factor-dependent thrombin generation in
human plasma.

Results

Quantitative Assay for Surface Exposed Aminophospholipids. EZ-Link
Sulfo-NHS-Biotin (SNB; Thermo Fisher Scientific) is a cell-
impermeable reagent that biotinylates primary amines and is
extensively used for proteomics (17). Similarly, external facing
amine headgroups of PE and PS can be derivatized using this
label. These lipids are then extracted and analyzed using LC/MS/
MS (Figs. S1-S3). A series of biotinylated APL standards were
synthesized, and characterized (SI Materials and Methods).
Assay optimization used liposomes of defined APL composition,
varying time, SNB concentration, lipid extraction, and chro-
matographic separation. Thus, a quantitative MS method that
specifically measures external APL was developed (SI Materials
and Methods).

Platelets Externalize Multiple Species of PS and PE on Activation.
Platelet activation by thrombin (0.2 U/mL) or ionophore (10 pM)
caused significant PS and PE externalization, with seven molec-
ular species detected (Figs. 1 and 2 A-D). The predominance of
20:4 species reflects its abundance in platelet APL. Collagen-
dependent (10 pg/mL) externalization was lower than thrombin,
with ionophore highest (Fig. 2 A and B). By pooling data from
seven donors, mean values for APL on unstimulated platelets
were 34 + 8 ng PS and 97 + 33 ng PE/2 x 10® cells (mean +
SEM). After 30 min thrombin, this externalization increased to
215 + 57 ng PS and 508 + 152 ng PE/2 x 10 cells. Genetically
unrelated donors showed a 10-fold difference between highest
and lowest levels. Derivatizing total platelet APLs using the cell-
permeable analog, NHS-biotin (NB), demonstrated ~3% of total
PE or PS externalized in response to thrombin (Fig. 2 C and D).
Selective protease-activated receptor (PAR) agonists, TFLLR-
NH, (PAR1) or AY-NH, (PARA4), activated APL externalization
(Fig. S3C). Thrombin (0.2 U/mL) activated within 2 min, was
with levels elevating for up to 1 h and remaining stable for up to
3 h, and was dose dependent (Figs. 2 E and F and 3 4 and B).
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Fig. 1. Structures of APL externalized by human platelets.

Platelet Microparticles Contain External Facing APLs, and Externalization
Requires Calcium Influx. Although the majority of the externalized
APLs were present in the platelets, a significant proportion re-
mained in the supernatant, presumably associated with micro-
particles, with the microparticle external APL composition reflecting
the pattern observed in platelets (Fig. 3 C and D). APL exter-
nalization was blocked by chelation of extra- (EGTA) or intra-
cellular Ca>* 1,2-Bis(2-aminophenoxy)ethane-N,N,N’,N'-tetraacetic
acid tetrakis(acetoxymethyl ester) (BAPTA-AM) (Fig. 3E).

Potential roles for several other signaling pathways were excluded
using pharmacological inhibitors, including p38 MAP kinase
(SB203580), MAPK/ERK kinase 1 (PD98059), phospholipase
C (U-73112), Src-family tyrosine kinase (PP2), PI3 kinase (wort-
mannin), or protein kinase C (GF-109203X) (Fig. S3 D and E).

Platelet APL Exposure During Apoptosis, Energy Depletion, and in
Scott Syndrome. Platelets become annexin V positive during ap-
optosis and aging (18-20). Recent studies on Scott syndrome
identified a critical role for a unique protein, transmembrane
protein-16F (TMEM-16F), in APL externalization (21, 22). Here,
APL externalized during “aging,” apoptosis, and in Scott syn-
drome are compared. For apoptosis, ABT-737, that targets B-cell
lymphoma 2 (Bcl-2) and B-cell lymphoma-extra large (Bcl-xL),
was used (Fig. 3 F and G) (23). To mimic aging-dependent
changes, thought due to energy depletion, rotenone, an inhibitor
of complex I, that causes loss of cellular ATP, in glucose-free
buffer was used (24, 25). The pattern and magnitude of APL
externalization was similar to thrombin, with the same pre-
dominant species externalized (Figs. 2 E and F, 3 F and G, and
4 A and B). Both rotenone and ABT-737-dependent externaliza-
tion were inhibited by EGTA/BAPTA-AM, indicating requirement
for calcium (Fig. 4 C and D). Only the ABT-737 response was
blocked by the caspase inhibitor Q-VD-OPH (Fig. 4D). In con-
trast, in the absence of TMEM-16F, thrombin, and rotenone
were unable to stimulate robust APL externalization, although
the apoptosis response was still largely intact (Fig. 4 E and F). This
finding indicates that energy depletion and thrombin activation of
APL externalization is distinct from apoptosis, although calcium is
required for all.
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Fig. 2. Several APL molecular species are externalized by human platelets in response to agonists and are dose-dependent to thrombin. (A and B) Platelets
were activated using thrombin (0.2 U/mL), collagen (10 ug/mL), or ionophore (A23187, 10 pM) at 37° for 30 min, before biotinylation, lipid extraction, and
LC/MS/MS analysis as in Materials and Methods. (C and D) Total APL in each sample was determined by biotinylation using NB, as described in Materials
and Methods, and used to calculate the relative proportion externalized on platelet activation. (E and F) Platelets were activated by thrombin (0.2 U/mL) for
varying times, as shown, before biotinylation, lipid extraction, and LC/MS/MS analysis as in Materials and Methods (n = 3; mean + SEM; data representative
of three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. control, using ANOVA and Bonferroni post hoc test).
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Externalization of APL is time dependent, associated with microparticles, requires calcium, and occurs during apoptosis. (A and B) Platelets were

activated with varying amounts of thrombin for 120 min, before biotinylation, lipid extraction, and LC/MS/MS analysis as in Materials and Methods. (C and D)
Platelets were activated using thrombin (0.2 U/mL, 30 min), then centrifuged as described in Materials and Methods. Supernatant (microparticles) and pellets
were separately analyzed for surface exposed APLs. (E) Platelets were activated using thrombin (0.2 U/mL, 30 min) after 10 min preincubation with Ca%*
chelators (EGTA, TmM and/or BAPTA-AM, 10 uM). (F and G) Platelets were activated using 1 pM ABT-737 for varying times before lipid extraction and analysis.
For all experiments, n = 3; mean + SEM; data representative of three independent donors. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. control, using ANOVA

and Bonferroni post hoc test.

Comparison of Annexin V Binding with MS Analysis of APL
Externalization. Annexin V binding kinetics saturated at much
earlier time points than biotinylation (Fig. 4 G and H). Once cells
become coated in annexin V-FITC, steric hindrance may prevent
additional molecules of PE and PC binding this large protein.

Externalization of Hydroxyeicosatetraenoic Acid-PEs During Platelet
Activation, Apoptosis, and Aging. We recently demonstrated that
platelets generate and externalize the unique procoagulant
12-HETE-PEs (hydroxyeicosatetraenoic acid-PEs) on thrombin
activation, and we show here that they are externalized on apoptosis
or energy depletion (Fig. 5 4 and B) (26).

Composition of Fatty-Acyl Chains in PE Is Critical for Thrombin
Generation. The role of APL headgroups in facilitating coagula-
tion at the plasma membrane of activated platelets is well known;
however, whether the fatty acids attached to APL can also reg-
ulate this phenomenon is unknown (27). To address this idea,
liposomes were generated that contain the amount of APLs
found to be externalized, at a physiological platelet concentra-
tion. They included those found in platelets (18:0a/20:4-PS and
-PE), shorter chain forms (di-14:0-PS and -PE), a longer Q-3
lipid (18:0a/22:6-PE) and a plasmalogen also externalized by
platelets (18:0p/20:4-PE), with 18:0a/18:0-PC as carrier lipid. Thus,
liposome composition and concentration was designed to mimic

Clark et al.

physiological lipid concentrations of activated platelets in plasma.
The liposomes were added to pooled human plasma and coagu-
lation initiated using tissue factor.

For 18:0/20:4-PS and -PE, dose-dependent thrombin genera-
tion was observed (Fig. 5C). In contrast, di-14:0-PS and -PE
together did not support coagulation (Fig. 5C). At 1.5 uM APL,
18:0a/20:4-PE effectively supported thrombin generation with
14:0a/14:0-PS, as well as 18:0a/20:4-PE/PS together (Fig. 5 D-F).
In contrast, 18:0a/20:4-PS was inactive when using 14:0a/14:0-PE
(Fig. 5 D-F). This data indicates that the acyl-chain length of PE,
but not PS, is an essential determinant of the ability of APL to
support coagulation. Similarly, a longer chain PE containing
docosahexanoic (DHA) acid at sn2 was also associated with re-
duced coagulation, whereas a plasmalogen with 20:4 at sn2 was
similar to its corresponding acyl derivative (Fig. 5 D and F).

Discussion

Herein, the molecular species of APLs that appear on the sur-
face of activated human platelets were identified and quantitated
(Figs. 1-4). Then, a critical role for PE fatty acyl chain length in
regulating coagulation was revealed (Fig. 5). The findings change
our understanding of how distinct functional groups of APL
regulate a key physiological process, raising questions regarding
their mechanisms of interaction with coagulation factors. Up to
now, APL externalization measurements were neither quantitative
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biotinylation of APL reveals different kinetics. (A and B) Platelets were activated using 10 pM rotenone for varying times before lipid extraction and analysis.
(C and D) Platelets were activated with 10 pM rotenone for 180 min, or with 1 uM ABT-737 for 60 min, after preincubation with inhibitors (Q-VD-OPH, caspase
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ANOVA and Bonferroni post hoc test.

nor informed on headgroup or fatty acid composition (6, 9-13).
Thus, this study represents a significant step forward, providing
detailed insight through demonstrating amount, percentage total
APL pool externalized, specific APL species expressed under
different conditions (agonist types and amounts, and time courses),
and receptors and intracellular signaling pathways involved (Figs.
2-4 and SI Results). The ratio of total platelet PS to PE (~1:1.9)
was similar to previous reports in platelets, measured using older
techniques (Fig. 2 C and D) (28, 29). Our observations are con-
sistent with those from previous studies using annexin V (although
kinetics differ); for example, stimulation by multiple agonists, the
presence of APLs in microparticles, and the requirement for Ca**
mobilization for their exposure (Figs. 2-4) (30-32). APL externali-
zation showed significant variation, indicating heterogeneity among
genetically unrelated donors. Whether this finding translates into
different levels of coagulation factor activities is unknown.
Platelet activation, apoptosis, and aging are all important for
regulating normal clotting, controlling platelet viability/number, and
extending the life span of platelets ex vivo for transfusion. Thus,
knowing which APLs are exposed may lead to important insights
into platelet biology and has implications for cardiovascular dis-
ease, acquired and congenital bleeding disorders, disorders of
platelet number (both low and raised), and transfusion medicine.
Profiling APL exposure during thrombin activation, apoptosis,

5878 | www.pnas.org/cgi/doi/10.1073/pnas.1222419110

or ATP depletion demonstrated the same species externalized
regardless of stimulus (Fig. 2-4). Thus, clearance pathways
and coagulation reactions would not distinguish between plate-
lets activated by different pathways. In contrast to thrombin or
rotenone stimulation, TMEM-16F is not required for apoptosis-
dependent APL exposure (Fig. 4). This recently discovered
protein is considered a regulator of calcium-dependent scramblase
and is mutated in Scott syndrome (21, 22). The existence of PS/PE
externalization pathways independent of TMEM-16F may explain
why people with Scott syndrome have a relatively mild bleeding
pattern and are not predisposed to malignancy.

The ability of APLs to interact with clotting factors is well
known. Specifically, tissue factor/factor VIla, factor VIIIa/IXa
(tenase complex), and factor Va/Xa (prothrombinase complex)
interact with surface APL in a Ca®*-dependent manner, enhancing
enzymatic activity (27, 33, 34). This interaction occurs through
multiple y-carboxylated glutamic acids (Gla domains), and the
mechanisms by which these interactions occur have been described
at an atomic level (35). Each Gla domain is thought to have one
specific interaction with the carboxylate on the headgroup of PS
and approximately six interactions with phosphates on any PL
except PC. This idea means that PS is required for coagulation to
take place but PE can enhance the rate of these reactions (27).
To date, the interaction between APL and coagulation factors was

Clark et al.
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Fig. 5. Thrombin, apoptosis, and energy depletion cause externalization of HETE-PEs, and tissue factor-dependent thrombin generation requires specific
fatty acids on PE, but not PS. (A and B) Externalized HETE-PEs were determined on platelets activated using thrombin (30 min), ABT-737 (60 min) or rotenone/
glucose-free (3 h), before biotinylation and analysis as described in Materials and Methods. Biotinylated 18:0a/12-HETE-PE was used as primary standard
for quantitation. (C) Tissue factor (1 pM)-dependent thrombin generation was determined in human plasma using liposomes containing 4 uM PLs (with
APL varying from 0 to 2 uM) of varying fatty acid composition, as described in Materials and Methods. (D) Tissue factor-dependent thrombin generation
was determined using liposomes containing 1.5 pM APL (in a total of 4 uM PL), as described in Materials and Methods. APL composition is varied according
to the labels on the figure, but PS:PE is maintained at 1:2.7 throughout. Representative experiments are shown in E and F. For all experiments, n = 3;
mean + SEM; data from three independent experiments. ***P < 0.001, **P < 0.01, *P < 0.05 vs. PC alone control, using a two-way ANOVA and Bonferroni

post hoc test.

assumed to involve the headgroup only, and a role for fatty acid
functional groups was unknown. Here, fatty acid chain length
is shown to regulate the ability of PE to support coagulation, with
platelet-specific PEs showing optimum activity (Fig. 5). In agree-
ment, lyso-PE (which contains no sn2 fatty acid) was previously
shown to not support activity of the tenase complex in PS liposomes
(27). Our finding that short chain PE poorly supports coagulation
whereas short chain PS supports coagulation normally, suggests that
these molecules interact differentially with coagulation factors
through their Gla domains. Further studies are required to elu-
cidate the precise mechanism. Omega-3 fatty acids are thought
to increase bleeding time and suppress thrombosis through
COX-1-dependent generation of bioactive lipids that have plate-
let inhibitory actions (Fig. 5D) (36, 37). Our data indicate that
DHA-containing PE is less able to support thrombin generation,
indicating a unique mechanism for the anti-coagulant actions of
this lipid, unrelated to eicosanoid generation.

In summary, we characterized the specific endogenous phos-
pholipid molecular species that cross the membrane of activated
platelets. This finding led us to demonstrate a critical role for
APL fatty acyl groups in regulating coagulation factor activity
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and has therapeutic implications for our understanding of the
functions of APL in hemostasis and platelet transfusion. The
approach could be applied to the study of APL externalization
in other cell types, to provide insight into how these molecules
regulate additional critical cellular events, including vesiculation,
phagocytosis, and cell division.

Materials and Methods

Materials. EZ-Link SNB, rotenone, and Q-VD-OPH were from R&D Systems.
NB and HPLC grade solvents were obtained from Thermo Fisher Scientific.
Corn trypsin inhibitor was from Haematologic Technologies. Phospholipid
standards are from Avanti Polar Lipids. Inhibitors of intracellular signaling
pathways were from Calbiochem. Unless otherwise stated, other reagents
are from Sigma-Aldrich. ABT737 was a gift from Abbott Laboratories.

Platelet Isolation and Activation. Whole blood was obtained from healthy
volunteers free of nonsteroidal antiinflammatory drugs for >14 d. Ethical
permission was obtained from the School of Medicine Research Ethics
Committee, Cardiff University, and was with informed consent. Ethical
approval for Scott syndrome samples was from the South East Wales
Research Ethics Committee. Washed human platelets were isolated as
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previously described and maintained at 22 °C in calcium-free Tyrode's buffer
(38). Platelets (2 x 108 cells/mL) were prewarmed for 10 min at 37 °C in the
presence of 1 mM CaCl, with/without inhibitors, before addition of stimuli.
Inhibitors were preincubated with platelets for 10 min before stimulation.
EGTA/BAPTA-AM was used in calcium-free buffer.

Biotinylation and Extraction of APL. For external APL derivatization, platelets
(200 pL of 2 x 10%/mL) or liposomes (4 pM) were incubated with 1.5 mg/mL
(3.4 mM) SNB for 10 min at 22 °C, followed by addition of 50 mM lysine
for a 10 min at 22 °C. For total cellular APLs, cells were incubated with
NB (Thermo Fisher Scientific): one-tenth volume of 20 mM NB in DMSO was
added to the cells and incubated at 22 °C for 30 min. Biotinylated APLs were
extracted as described below. Results are expressed as surface lipid (SNB-
derivatized) as a percentage of total lipid (NB-derivatized) for each molecular
species. In some experiments, cells were centrifuged at 900 x g for 10 min
to pellet intact platelets from microparticles. Biotinylated lipids were ex-
tracted by a modified Bligh and Dyer method (39). Samples (400 pL in
Tyrode's buffer) were added to 1.5 mL of chloroform and methanol (1:2)
with internal standards (10 ng each of di-14:0-PE-B and di-14:0-PS-B) and
vortexed. A further 0.5 mL CHCl; was added, followed by 0.5 mL water with
vortexing. The sample was centrifuged for 3 min at 895 x g and the lower CHCl3
phase recovered, dried, dissolved in methanol, and stored at —80 °C.

Reverse Phase LC/MS/MS of Biotinylated Phospholipids. Lipid extracts were
separated by reverse phase HPLC using an Ascentis C18, 5-um particle size,
150 x 2.1-mm column (Sigma-Aldrich) with a mobile phase of methanol,
0.2% ammonium acetate at 400 uL/min, with MS detection on a 4000 Q-Trap
(AB Sciex). Biotinylated PS and PE lipids (PS-B, PE-B) were quantitated using
standard curves. Multiple reaction monitoring transitions and MS settings
are given in S/ Materials and Methods.
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Measurement of Thrombin Generation by Calibrated Automated Thrombography.
Platelet poor plasma was obtained from human blood [drawn into 20 pg/mL
corn trypsin inhibitor and 4% (wt/vol) sodium citrate] by two rounds of
centrifugation (1,500 x g for 15 min) and filtration (0.22-um filter).
Trigger solution was prepared by dilution of liposomes in Hepes buffer,
0.5% BSA, and addition of tissue factor (Innovin, Dade). As control, trigger
solution with tissue factor and no liposomes was used. Plasma (80 pL) was
added in triplicate to wells of a 96-well plate followed by trigger solution
(20 pL). For each sample set, a separate calibrator well, containing
thrombin calibrator (a2-macroglobulin-thrombin instead of liposomes)
was used. The 96-well plate was warmed and placed into a Fluoroskan
Ascent Reader (Thermo Electron) and automated addition of fluorogenic
substrate for thrombin initiated (Z-Gly-Gly-Arg). The final concentrations
were 4 uM liposomes, 1 pM tissue factor, and 5 mM fluorogenic substrate.
The thrombin concentration reported represents the maximum present
during the assay (40).

Statistics. Data are representative of at least three separate donors, with
samples run in triplicate for each experiment, and expressed as mean + SEM.
Statistical significance was assessed using an unpaired, two-tailed Student
t test. Where the difference between more than two sets of data was an-
alyzed, one-way ANOVA was used with Bonferroni post hoc test. Where
ionophore was used, the statistical analysis of the response to ionophore
was conducted separately to physiological agonists. P < 0.05 was considered
statistically significant.
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