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Key Points

• Convex membrane
curvature and
phosphatidylserine
create discrete binding
locations for
lactadherin and
coagulation factor V(a).

• Stressed endothelial
cells extend filaments
with both high
convexity and PS,
establishing discrete
sites of
prothrombinase
activity.
Prior reports indicate that the convex membrane curvature of phosphatidylserine (PS)-

containing vesicles enhances formation of binding sites for factor Va and lactadherin. Yet,

the relationship of convex curvature to localization of these proteins on cells remains

unknown. We developed a membrane topology model, using phospholipid bilayers

supported by nano-etched silica substrates, to further explore the relationship between

curvature and localization of coagulation proteins. Ridge convexity corresponded to

maximal curvature of physiologic membranes (radii of 10 or 30 nm) and the troughs had a

variable concave curvature. The benchmark PS probe lactadherin exhibited strong

differential binding to the ridges, on membranes with 4% to 15% PS. Factor Va, with a PS-

binding motif homologous to lactadherin, also bound selectively to the ridges. Bound factor

Va supported coincident binding of factor Xa, localizing prothrombinase complexes to the

ridges. Endothelial cells responded to prothrombotic stressors and stimuli (staurosporine,

tumor necrosis factor-α [TNF- α]) by retracting cell margins and forming filaments and

filopodia. These had a high positive curvature similar to supported membrane ridges and

selectively bound lactadherin. Likewise, the retraction filaments and filopodia bound factor

Va and supported assembly of prothrombinase, whereas the cell body did not. The perfusion

of plasma over TNF-α–stimulated endothelia in culture dishes and engineered 3-dimensional

microvessels led to fibrin deposition at cell margins, inhibited by lactadherin, without

clotting of bulk plasma. Our results indicate that stressed or stimulated endothelial cells

support prothrombinase activity localized to convex topological features at cell margins.

These findings may relate to perivascular fibrin deposition in sepsis and inflammation.
Introduction

Quiescent cells maintain phosphatidylserine (PS) on the inner leaflet of the plasma membrane and do
not display PS-containing binding sites for factor V(a) or support prothrombinase activity. After stim-
ulation and very early in apoptosis, cells expose limited quantities of PS on discrete regions of the
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plasma membrane.1-4 This PS exposure is frequently below the
threshold that supports binding of the PS probe annexin A5, and
PS exposure is frequently reversible.5-7 However, in vivo data imply
that this limited, localized PS exposure supports procoagulant
function. For example, staining of injured vessels during intravital
thrombus formation have not reliably found PS-rich, annexin A5
binding, apoptotic cells, or microparticles that colocalize with fibrin
deposition.8,9

We have shown in other studies that lactadherin and annexin A5
differentially bind discrete PS-containing membrane sites on mul-
tiple cell types, including platelets, leukemia cells, and red blood
cells.1-3,8,10,11 Moreover, lactadherin and annexin A5 exhibit dif-
ferential abilities to functionally block exposed procoagulant sur-
face PS.1-3,8,11-14 These findings imply the value of lactadherin and
annexin A5 as probes that may help to illuminate focal PS exposure
on cell membranes but do not clarify the properties that enable
lactadherin and annexin A5 to preferentially bind disparate sites.

Lactadherin exhibits stereospecific binding to phosphatidyl-L-serine
and a strong preference for highly convex vesicle membranes.15,16

Binding is mediated by both hydrophobic spikes that partially
penetrate the membrane and charged residues that form salt
bridges, particularly with anionic moieties of PS. It has been used
as a probe for exposed PS and as an inhibitor of PS-dependent
procoagulant activity.1-3,8,13 Annexin A5 is representative of
another type of PS-binding proteins and is also frequently used as
a probe for PS exposure on apoptotic cells.17-21 Annexin A5 binds
membranes through, Ca++-dependent, ionic interactions with no
penetration of the membrane. Annexin A5 requires a higher mem-
brane PS content than lactadherin, and binding is cooperative, with
annexin A5 forming trimers on the membrane surface.22 Annexin
A5 exhibits a lower degree of specificity for phosphatidyl-L-serine
vs other negatively charged lipids and prefers membranes that are
flat or have concave curvature.22 Indeed, clusters of membrane-
bound annexin A5 can induce regions of concave curvature in a
cell membrane.23 In this study, we explored the relationship
between membrane curvature and binding of lactadherin and
annexin A5 on both synthetic membranes and cells.

Factor V is a 330-kDa glycoprotein that circulates in plasma.24

Upon encountering a PS-containing membrane and after proteo-
lytic activation, it serves as a membrane-bound cofactor for factor
Xa.25 The membrane-bound factor Va-factor Xa complex (pro-
thrombinase complex) efficiently cleaves prothrombin to thrombin
in the common coagulation pathway. The membrane-binding C
domains of factor V(a) share sequence homology with lactadherin
and bind membranes in a similar manner.26-28 Factor V(a) recog-
nizes membrane phosphatidyl-L-serine in a stereospecific manner29

and has a strong preference for highly convex phospholipid vesi-
cles.13,30 Surprisingly, the relationship of convex membrane cur-
vature to localization and function of the prothrombinase complex
on cell membranes remains largely unexplored.

Quiescent endothelia form a blood barrier that is anticoagulant.31-34

However, in response to cellular stress or stimulation, they undergo
several changes that confer limited procoagulant properties.35,36 In
particular, the cell margins topologically rearrange into thin (20-100
nm) filaments and filopodia and partially retract, exposing the sub-
endothelial matrix at intercellular gaps.37-43 Recent data also indi-
cate that endothelial cells expose PS in response to a variety of
stimuli, even in the absence of apoptosis.44-48 Moreover, several
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studies have either implicated or directly demonstrated that the
prothrombinase complex can assemble on endothelial sur-
faces.36,48,49 These observations motivated us to explore the rela-
tionship betweenmembrane convexity on the filaments and filopodia
and binding sites for factor V on stressed and stimulated endothelial
cells.

In this study, we used a novel technique to compare binding of
lactadherin and annexin A5 to convex and concave membrane
regions on the same synthetic membrane. We compared binding
of factor Va and assembly of the prothrombinase complex to lac-
tadherin and annexin A5. We then hypothesized that the location of
binding sites for factor V(a) and the assembly of the pro-
thrombinase complex would be on highly convex fibrils and filo-
podia and correlate with the location of binding sites for lactadherin
on stressed or stimulated endothelial cells. Indeed, we found that
the prothrombinase complex assembled preferentially on convex
portions of supported membranes as well as convex filopodia and
membrane filaments of endothelial cells. The localized pro-
thrombinase complex was functional, leading to thrombin genera-
tion and to localized fibrin deposition. The results indicate that
membrane topology influences the location of prothrombinase
complex assembly on endothelial cells.

Materials and methods

For antibodies and reagents, labeling proteins, phospholipid vesi-
cles, cell culture and stimulation, prothrombinase activity, and lac-
tadherin competition see the supplemental Materials.

Fabricated silica substrates and supported bilayers

We designed silica substrates to confer a defined positive mem-
brane curvature.50-52 Silica wafers were prepared to our specifi-
cations by Team Nanotec GmbH (Villingen-Schwenningen,
Germany). Substrates were etched as an array of parallel ridges
with interridge spacing of 7.5 μm within a 3 × 6-mm rectangle on a
7 × 7-mm substrate. The convex radii of curvature on the ridges
were either +10 nm or +30 nm, mimicking the curvature of soni-
cated phospholipid vesicles and filopodia.53 Troughs had concave
curvature of approximately −300 nm, with variably-spaced etched
ridges, confirmed by scanning electron microscopy. The silica
substrates were cleaned by immersing for 30 minutes in sulfuric
acid/hydrogen peroxide (3:1 v/v), rinsed with Tris-buffered saline,
then in filtered deionized water. The lipid bilayer was deposited by
incubating a 200-μL suspension of small unilamellar vesicles on the
substrate in dark for 1 hour at 22◦C. Residual vesicles were
removed by gently rinsing with phosphate-buffered saline (PBS).
The supported bilayers were maintained in PBS at 22◦C and used
within 6 hours. The phospholipid vesicles contained PS, L-α-phos-
phatidylethanolamine (PE), and phosphatidylcholine (PC) at ratios
of 0:20:80; 4:20:76, 10:20:70, and 15:20:65. In some cases, the
PE fraction was spiked with rhodamine-PE (PE:Rhod-PE, 19.5:0.5).

Supported bilayers were incubated with the indicated fluorescent
proteins (10 nM lactadherin, annexin A5, factor Va, or factor Xa) for
15 minutes in the dark at 22◦C. The bilayers were then rinsed with
Tris-buffered saline+Ca2+ and imaged immediately by confocal
microscopy. To maintain the bilayers/substrates in stable aqueous
suspension during imaging, we implemented a custom-designed
sample holder composed of a microscope glass, a silicon O-ring
spacer, and a coverslip.
ENDOTHELIAL TOPOLOGY LOCALIZES PROTHROMBINASE 61
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Figure 1. Lactadherin binds convex ridges of supported membranes and

annexin A5 binds concave valleys. We fabricated chemically etched silica nano-

ridge/-trough substrates as described in “Materials and methods.” (A) Color-coded

AFM topographic image of a representative substrate containing ridges (yellow) and

troughs (orange/brown) with radii of curvature of +10 and −300 nm, respectively.

Insets i and ii: schematics of the expected positively and negatively curved lipid

bilayers formed on the ridges and troughs, respectively. (B) A high-resolution

scanning electron microscopy side-view image of the substrate. (C) Top-down phase

images of the substrate showing brightly reflective ridges and dark troughs. (D)

Substrates were overlaid with lipid bilayers containing 4% PS, 20% PE, and 76% PC

followed by incubation with 10 nM lactadherin-alexa-647 (blue pseudocolor) and 10

nM annexin A5-FITC (green) in the presence of calcium and imaged by serial-section

confocal microscopy. Compressed z stacks are represented as a maximum-intensity

projection image. (E) Fluorescence intensity profiles corresponding to the white line in

panel D. Lactadherin preferentially bound to the positively curved ridges, whereas

annexin A5 selectively bound to the negatively curved troughs (dashed lines).

Additional quantitative evaluation displayed in supplemental Figure 1.
Atomic force and confocal microscopy

Atomic force microscopy (AFM) was conducted within a vibration/
acoustic isolation hood using an ESPM 3D atomic force micro-
scope, equipped with a sample holder for measurements in liquid
(Novascan Technologies, Inc, Ames, IA) integrated with a C1si
Confocal Microscope System (Nikon Instruments Inc, Melville, NY).
For contact mode AFM scanning, we used MLCT Silicon Nitride
Probes with a cantilever spring constant of 0.07 N/m (Veeco
Probes Inc, Plainview, NY). For tapping mode scanning, we used
NSC Silicon Probes with a cantilever spring constant of 5.0 N/m
(Mikromasch; San Jose, CA) at a scan rate of 0.5 Hz. Optical
imaging was performed at 22◦C in the dark using CFI Plan APO
DM 60× and 100× oil-immersion objectives (Nikon Instruments
Inc) using 488-, 561-, and 639-nm laser excitation wavelengths.
Data were processed with EZ-C1 image processing software
(Nikon Instruments Inc, Melville, NY). Additional optical imaging
was performed with the Confocal Laser Scanning Microcopy sys-
tem LSM 710/ConfoCor3 (Carl Zeiss MicroImaging, LLC, Jena,
Germany) equipped with an Ar laser (488 nm), a DPSS laser (561
nm), and an HeNe laser (633 nm) using IC2S Plan APO 40× and
64× oil-immersion objectives. Data acquisition and analysis were
performed in ZEN software (Carl Zeiss MicroImaging, LLC).

Fibrin deposition on endothelium

Human umbilical endothelial cells (HUVECs) were grown on stan-
dard culture plates and treated with 100 ng/mL tumor necrosis
factor-α (TNF-α) for 4 hours. The cells were then overlaid with fresh
recalcified plasma, partially anticoagulated with corn trypsin inhibitor
and 0.1 IU/mL heparin (equivalent to the concentration used to
treat thromboembolism), and maintained with continuous gentle
mixing at 37◦C in a 5% CO2 cell culture incubator. after 15, 30,
or 60 minutes, individual plates were withdrawn, rinsed, fixed, and
stained with FITC-59D8 against fibrin and 4′,6-diamidino-2-
phenylindole (nuclear stain). Imaging was performed with confocal
fluorescence and differential interference contrast microscopy.54

Fibrin deposition on endothelium in engineered

microvessels under flow

Engineered microvessel arrays lined with confluent HUVECs were
prepared as described55 and pretreated with 100 ng/mL TNF-α
overnight, for plasma experiments, or 50 ng/mL for 4 hours for
whole-blood experiments. Vessel microarrays were then perfused
with fresh plasma treated with corn trypsin inhibitor, supplemented
with fluorescein-labeled fibrinogen, at shear rates of 10 to 500
seconds−1. In some studies, the plasma membrane of the HUVECs
was concomitantly labeled by co-perfusion with CellMask Orange
or Deep Red, per the manufacturer’s specifications (Invitrogen).
Subsequently, the microvessels were rinsed with PBS and fixed
with 3.7% formaldehyde. In some cases, the samples were sub-
sequently stained with anti-VE-cadherin-FITC antibody (1:200
dilution; Cell Signaling) to mark the adherens junctions. Imaging
was conducted with an Axio Observer LSM 700 (Carl Zeiss) laser
scanning confocal microscope.

Results

We hypothesized that convex ridges would provide topological
motifs capable of localizing coagulation-related proteins. Accord-
ingly, we fabricated silica substrates with a defined positive
62 CARMAN et al
curvature to support lipid bilayers. The ridges of the substrate have
radii of +10 or +30 nm, alternating with concave troughs with radii
of approximately −300 nm (Figure 1A-B). The silica surfaces were
used to support fusion of suspended lipid vesicles to form lipid
bilayers conforming to the silica substrate.56 The bilayers were
composed of PS (0%, 4%, 10%, or 15%) and PE (20%), with
the balance made up of PC. To visualize the supported bilayers we
10 JANUARY 2023 • VOLUME 7, NUMBER 1



spiked the PE fraction with 0.5% fluorescent rhodamine-PE.
Through confocal microscopy (supplemental Figure 1A) and fluo-
rescence recovery after photobleaching (not shown), we confirmed
that lipids of these bilayers covered the silica substrate and
retained the expected lateral mobility of the lipids.

Supported bilayers containing 4% PS were incubated with
fluorescence-labeled lactadherin and annexin A5 and imaged with
confocal fluorescence microscopy (Figure 1). In phase contrast the
ridges appeared bright, troughs dark (Figure 1C) Lactadherin
exhibited a preference for positively curved ridges, whereas annexin
A5 preferred flat and negatively curved troughs (Figure 1D-E). The
fluorescence intensity ratio was at 16:1 ridge/trough for lactadherin.
Fluorescence intensity ratio for annexin was lower at 1:2 ridge/
trough for annexin A5. However, the fluorescence ratio may not
precisely reflect the quantity of protein bound or the exact distribu-
tion that either protein would have in the absence of the other
(supplemental Figure 2A). In fact, we found that annexin A5 and
lactadherin binding was more evenly distributed in the absence of
the other. Only lactadherin exhibited enhanced binding on the
convex ridges (supplemental Figure 1B). Thus, co-staining of the
ridges enhances the preference of each protein for differing curva-
tures. We found similar topological preferences for lactadherin and
annexin A5 on membranes with 10% or 15% PS, indicating a similar
relevance for curvature over a range of physiologic PS content.
Neither lactadherin nor annexin A5 bound detectably to PC/PE
bilayers lacking PS, indicating that curvature alone was insufficient to
form binding sites (supplemental Figure 2A). Lactadherin bound in
the same manner in the absence of calcium, whereas annexin A5
binding was not observed (supplemental Figure 2B), confirming the
known dependence of annexin A5 binding on calcium.15,19,21,57-59

These results indicate that membrane curvature can substantially
influence the location of these proteins.

We treated HUVECs with staurosporine to determine whether the
preapoptotic pattern of lactadherin and annexin A5 binding is com-
parable to that previously observed on HELA cells.2 Staurosporine-
treated HUVECs retracted from neighboring cells, developing
retraction filaments and filopodia-like protrusions as well as binding
sites for both lactadherin and annexin A5 (Figure 2B). Lactadherin
bound to subsets of retraction/filopodial structures at the cell margins
(Figure 2C). In addition, the cell body contained distinct, nonover-
lapping punctate binding sites for either lactadherin or annexin A5
(Figure 2D). Control HUVECs remained spread and supported little
lactadherin or annexin A5 binding (Figure 2A). The dependence of
lactadherin binding on exposed PS, rather than activated integrins,
was confirmed by demonstrating complete blocking of lactadherin
binding with an anti C2 domain antibody8 (not shown).

Treatment with TNF-α, a prothrombotic and proinflammatory stim-
ulus for HUVECs,35,42,43,60 produced a contractile response similar
to the early staurosporine response. The cells formed thin marginal
structures comparable to those seen with staurosporine treatment
(supplemental Figure 3C-E). These showed a mixture of pheno-
types including both gap-associated retractile filaments
(supplemental Figure 3D) and gap-absent filopodial protrusions at
intact junctions (supplemental Figure 3E). TNF-α also induced
formation of distinct lactadherin binding sites on marginal retraction
filaments and filopodia (supplemental Figure 4B), as well as on cell
body puncta (supplemental Figure 4C). These were distinct from
annexin A5 punctate binding sites (not shown).
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To further investigate the topological features of the lactadherin
binding sites, we imaged using the scanning AFM fluid phase in
tapping mode to minimally perturb the living cells. The cell
peripheries exhibited readily identifiable retraction filaments and
filopodia (Figure 3A) that were similar to those in Figure 2C and
supplemental Figure 3. These had heights that predicted radii
of +20 to 30 nm, similar to the supported bilayers (Figure 3B-C).
We performed sequential confocal fluorescence imaging followed
by scanning AFM of the same field (Figure 3D-G). Cells remained
viable and filopodia moved slightly with some shift in filopodia
alignment between the fluorescence (Figure 3E) and AFM images
(Figure 3F). We confirmed that the filopodial structures that sup-
ported lactadherin binding also had radii in the range of +20 to
30 nm (Figure 3G). These results are consistent with our findings
with supported bilayers (Figure 1; supplemental Figure 1) and
show that stressed endothelial cells localize lactadherin sites on
membrane features with a high positive curvature.

Lactadherin and factor Va membrane-binding C domains share
structural homology and a similar preference for binding sites on
membranes with convex curvature.26,28 Accordingly, we asked
whether factor Va would preferentially bind convex ridges, leading
to localized assembly of the prothrombinase complex. Because
factor Va serves as the membrane-bound anchor for factor Xa in
the prothrombinase complex, we assessed binding of both fluo-
rescent factors Va and Xa to supported bilayers (Figure 4). Factor
Va alone bound selectively to ridges with a ridge/valley ratio
comparable to that of lactadherin (not shown). In contrast, binding
of factor Xa alone was not detected at this concentration. When
both proteins were incubated with the substrate they exhibited
coincident binding to the convex ridges (Figure 4). Binding to
ridges was similar on bilayers containing 4% and 15% PS, whereas
neither protein bound to membranes lacking PS (not shown). This
demonstrated that the prothrombinase complex localizes to convex
membrane features with PS (Figure 4).

Next, we asked whether factor Va would bind to highly convex
structures of endothelial cells, similar to lactadherin. Concomitant
binding of fluorescent lactadherin and factor Va demonstrated that
these molecules have highly overlapping distributions on filopodia,
marginal filaments, and punctate sites on TNF-α–treated HUVECs
(supplemental Figure 4). Binding of factors Va and Xa was virtually
absent from quiescent HUVECs (Figure 5A-B). Filamentous pro-
jections connecting cells did not stain (5B arrow). However, after
TNF-α treatment, HUVECs supported binding of factors Va and Xa
to discrete marginal filaments and filopodia (Figure 5C-D) and
punctate (Figure 5E-F) domains resembling the distribution of sites
for lactadherin (Figure 2). As with supported bilayers, factor Xa
binding was dependent on the presence of factor Va (not shown).

To verify that prothrombinase complex binding features on endo-
thelial cells are comparable to the features rich with lactadherin
binding sites, we measured inhibition of the prothrombinase com-
plex by competing lactadherin. TNF-α pretreatment induced an
approximately eightfold increase in HUVEC-supported pro-
thrombinase activity, compared with untreated control cells (not
shown). Addition of lactadherin led to dose-dependent inhibition
with 50% and >90% inhibition at concentrations of 100 and 260
nM, respectively (Figure 5G). By contrast, inhibition by annexin A5
was less effective. Thus, the majority of functional prothrombinase
activity on activated endothelial cells is supported by PS-containing
ENDOTHELIAL TOPOLOGY LOCALIZES PROTHROMBINASE 63
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Figure 2. PS-containing features on staurosporine-treated HUVECs bind lactadherin or annexin A5. Staurosporine-treated HUVECs were incubated with 10 nM

lactadherin-488 (green) and annexin A5-Cy3 (red) and visualized with live-cell imaging. (A) Representative image of control, vehicle-treated HUVECs with differential interference

contrast (gray scale) and fluorescence lactadherin (green) and annexin A5 (red) overlaid. Note the absence of either green or red fluorescence. (B) HUVECs pretreated for

15 minutes with 0.5 μM staurosporine before incubation with lactadherin and annexin A5. The representative image shows strong binding of lactadherin and annexin A5 to

submicrometer scale structures with filopodialike (C) and punctate (D) structures. (C-D) Enlarged views of boxed regions in panel B showing individual and merged fluorescence

signals.
membrane sites that overlap with lactadherin binding sites,
concentrated on convex cell features.

We hypothesized that focal procoagulant activity of stimulated or
stressed endothelial cells on marginal filaments and filopodia would
cause focal fibrin deposition near these structures. Presumably, the
intact anticoagulant activity on the cell bodies would prevent clot-
ting of bulk plasma. To test this hypothesis, we prepared subcon-
fluent HUVEC monolayers and overlayed the cells with recalcified
plasma, partially anticoagulated by 0.1 IU/mL heparin (equivalent to
the concentration used as treatment for thromboembolism). After
the indicated intervals, plates were fixed, and fibrin derived from
native fibrinogen was imaged with fluorescein-labeled monoclonal
antibody 59D8 (supplemental Figure 5A).61 No fibrin accumulated
on untreated control HUVECs after 60 minutes (supplemental
Figure 5B). However, on TNF-α–treated HUVECs, focal fibrin
deposits were readily evident at the cell margins by 15 minutes,
with increased densities at 30 and 60 minutes (supplemental
Figure 5B-D). Bulk plasma did not clot for up to 6 hours under
these conditions (not shown). Fibrin deposition was highly atten-
uated by the addition of tissue factor pathway inhibitor or an anti-
tissue factor antibody, indicating that the extrinsic pathway drives
the focal fibrin formation (not shown). Thus, our data identified a
tissue factor–mediated pathway through which TNF-α–treated
endothelial cells mediated focal fibrin deposition.

We asked whether cultured endothelial cells would also support
focal fibrin deposition in three-dimensional engineered microvessels
64 CARMAN et al
exposed to plasma under physiologic shear force.55 Thus, we used
standard lithographic techniques to fabricate polydiethylsiloxane
microchannels with dimensions comparable to postcapillary
venules.55 These were seeded with HUVECs, cultured to conflu-
ence and treated with TNF-α (Figure 6A). We next perfused these
model microvessels with fresh plasma at a sheer of 500 seconds−1,
similar to microvasculature in vivo. To visualize the endothelial cell
membranes and in situ fibrin deposition, we supplemented the
perfusate with CellMask Deep Red (blue) and fluorescein-labeled
fibrinogen (green), respectively. Consistent with our findings in
supplemental Figure 5, no fibrin was deposited in the absence of
TNF-α treatment (Figure 6B). However, in TNF-α–treated micro-
vessels, significant fibrin deposition was evident within 30 minutes of
perfusion. Fibrin concentrations marked cell-cell junctions
(Figure 6C) indicating focal accumulation as predicted. Addition of
lactadherin prevented fibrin accumulation, confirming that the pro-
cess is dependent on exposed PS (Figure 6B; supplemental
Figure 6).

We further asked whether intercellular junctions would remain the
predominant location for fibrin accumulation when engineered
microvessels were perfused with fresh whole blood (Figure 6D-H).
Under these conditions, fibrin strands of varying thickness were
visible, primarily aligned with the direction of fluid shear. Indeed,
close examination revealed that the majority of fibrin strand initiation
sites are discretely localized to the cell margins (Figure 6E, cyan
arrows). In addition, most HUVEC boundaries are highlighted by a
line of fibrin (Figure 6E-H). These were present both at intact and
10 JANUARY 2023 • VOLUME 7, NUMBER 1
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Figure 3. AFM topographic and fluorescence imaging of PS-containing domains on stressed HUVECs. (A) HUVECs grown on glass substrates and treated with

staurosporine as in Figure 2 (0.5 μM, 15 minutes) followed by topographic AFM imaging, as described in “Materials and methods.” The representative micrograph shows a cell

undergoing retraction with filopodialike protrusions. (B) High-resolution scan of the boxed region in panel A. (C) Topographic profile of the retracted portion of the cell along the

black line in panel B indicating that the heights of 3 individual filopodialike structures varied between ~20 and 30 nm. (D) HUVECs were treated with staurosporine, then incubated

live with 10 nM lactadherin-488 (green) and annexin A5-Cy3 (red) and imaged by confocal and differential interference contrast (grayscale) microscopy. A representative image

shows that the cell body contained punctate structures that preferentially bound either lactadherin or annexin A5 (eg, green and red arrows), though some areas of apparently

coincident (yellow) binding were also noted. Thin filopodialike structures were at the periphery and a subset strongly bound lactadherin, but not annexin A5 (see box in panel E).

Some filopodia bound neither lactadherin nor annexin A5 (cyan arrow). (E) A higher magnification fluorescent image of the area indicated in panel D. (F) High resolution AFM

topographical scanning image of the cells protrusions shown by fluorescence in panel E. (G) Topographic profile of the protrusions along the line indicated in panel F, with a mean

diameter of ~15 nm.
gap-containing junctions in which retraction filaments and filopodial
protrusions were evident to varying degrees (Figure 6E-H; cyan
and yellow arrows). Similar findings were made in experiments in
which the junctions were visualized by staining of the specific
10 JANUARY 2023 • VOLUME 7, NUMBER 1
marker VE-cadherin (supplemental Figure 7). Together, these
findings support a model in which focal endothelia-supported
procoagulant activity arises on highly curved filopodia and con-
necting filaments at the interface between stimulated cells.
ENDOTHELIAL TOPOLOGY LOCALIZES PROTHROMBINASE 65
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Alexa 647; blue) were incubated in the buffer overlaying the membrane ridges.

(A) Differential interference contrast imaging mode localizes ridges (white) and

troughs (dark) of the silica substrate. (B-C) Fluorescence images of bound factor

Va–Alexa 488 and factor Xa–Alexa 647, respectively. (D) Overlay of images in panels

A to C. (E) Fluorescence intensity line scans of the line in panel D shows that factors

Va and Xa exhibited coincident and preferential binding to the convex ridges. See

scheme in panel F.
Discussion

Our studies identify a mechanism for concentrating PS-binding
proteins on topological features of the external plasma mem-
brane. We show that topology can govern the binding and domi-
nant location of lactadherin and annexin A5, leading to localization
of factor Va and prothrombinase activity to filopodia and retraction
filaments. The consequence of this localization is focal generation
of thrombin and fibrin, leading to deposition of fibrin at intercellular
junctions of stimulated endothelial cells.

Our results agree with prior observations indicating that lactadherin
exhibits preference for PS-containing membranes with convex cur-
vature.15Others have shown that annexin A5 binds preferentially to flat
or concave surfaces.22,62 In addition, we have shown that lactadherin
and annexin A5 bind to discrete PS-containing membrane sites on
stimulated or stressed platelets, leukemia cells, and HELA cells.1-
3,8,11,12 Lactadherin binding to HELA cells was largely restricted to
filopodia and retraction fibers, similar to endothelial binding in this
report. In this study, we used model membranes, supported by silica
substrates with defined ridge curvature, to demonstrate that convex
curvature of filopodia and other convex structures is an adequate
mechanism for localizing binding of lactadherin and factor Va.
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Prior studies report that activated endothelial cells bind factors Va
and Xa, supporting prothrombinase complex activity.48,49,63-66

Intravital imaging after laser-induced vessel injury showed that fac-
tor Va, factor Xa, prothrombinase, and fibrin all rapidly deposit on
endothelial surfaces.65,67-69 Our studies add to this body of infor-
mation, using a less severe form of endothelial stress or stimulation.
Under these conditions, the location of procoagulant activity is
restricted in relation to more limited PS exposure and the topology of
filopodia and retraction filaments at intercellular junctions.

Localization of enzymes and binding proteins in relation to mem-
brane curvature is not novel. However, it has been primarily studied
in the context of intracellular membranes. Curvature affects the
localization of proteins that mediate vesicular trafficking as well as
signaling via proteins, such as Arf-GAP1, dynamin, protein kinase C
and phospholipase A2.70-73 This study indicates that functional
compartments linked to membrane convexity are also present on
the exterior of cells.

We report use of membranes supported by engineered silica sub-
strates as a new tool to visualize topology-dependent localization of
membrane-binding proteins. We were able to verify the topo-
graphical preference of lactadherin and factor Va that had previ-
ously been reported. We anticipate further use of this methodology
for the study of blood coagulation proteins, fibrinolytic proteins, and
their inhibitors. In addition, we suggest that this methodology may
find use in study of topological localization of proteins involved in
cell fusion, vesicle fusion, and phagocytosis of apoptotic cells.

We hypothesize that the preference for curved membranes exhibi-
ted by lactadherin is related to its membrane binding mechanism.
This involves insertion of amphipathic amino acid side chains, on
surface-exposed spikes of the C2 domain, into the phospholipid
membrane28 Penetration is most likely enhanced by the decreased
lateral pressure on convex membrane regions.74 Notably, the C2
domain of factor V shares structural and sequence homology with
that of lactadherin including conservation of amphipathic residues
on exposed surface spikes.27,28,75 In addition to PS, phosphatidyl-
ethanolamine enhances PS-mediated membrane binding of factor
V,76 but has little effect on lactadherin.15 Phosphatidylethanolamine
has direct interactions with factor V and also enhances PS-
dependent membrane binding of vitamin K–dependent coagulation
proteins such as factor Xa,77 probably through the same mecha-
nism. By contrast with lactadherin, the membrane-binding facet of
annexin V is hydrophilic and nearly flat57 and the mechanism appears
related to Ca++-mediated bridging of phosphate lipid moieties with a
Ca++-binding motif of annexin A5. Both PS and phosphatidyletha-
nolamine also support binding of annexin A5 where binding can
induce local concave curvature.23

The proposed membrane-binding mechanisms in the prior para-
graph are readily reconciled with competitive membrane binding
between lactadherin or annexin A5 and proteins of the pro-
thrombinase complex. Lactadherin competes for factor V(a)–binding
sites on synthetic membranes, whereas annexin A5 does not.13

However, both lactadherin and annexin A5 can inhibit the pro-
thrombinase complex, albeit with differing degrees of efficiency.
Inhibition by annexin A5 occurs, presumably, through competition for
binding of factor Xa and/or prothrombin; it increases with membrane
PS and PE content and decreases with convexity.13 We rationalize
the partial inhibition of prothrombinase by annexin A5 on endothelial
cells (Figure 5G) to indicate incomplete compartmentalization of
10 JANUARY 2023 • VOLUME 7, NUMBER 1



1.0

0.5

Prothrombinase activity

0.0
0 100 200

[T
hr

om
bin

] (
no

rm
ali

ze
d)

[Inhibitor] (nM)

Ann A5
Lact

G

B

D

F

Control TNFα-treated (4 hr)

Prothrombinase (Va + Xa) assembly on ECs

A C E

B D FVa + Xa Va + Xa Va + Xa

10 μm

5 μm 5 μm 5 μm

10 10 μm10 μm 10 μm

Figure 5. Topology-related assembly of prothrombinase complexes on TNF-α–activated HUVECs. Subconfluent HUVECs were treated with TNF-α (50 ng/mL, 4 hours)

and then incubated with factor Va-Alexa 488, 10 nM (green) and 10 nM factor Xa-647 (red). They were then imaged, live, with differential interference contrast and confocal

fluorescence. (A-B) Representative wide and enlarged views of a field of HUVECs with low levels of factor Va and Xa binding. Thin cellular projections did not have visible staining

(arrow). (C-D) Representative wide and enlarged views of a field of HUVECs containing colocalized factors Va and Xa on filaments and filopodialike structures at the cell periphery.

(E-F). Representative wide and enlarged views of a field of HUVECs showing colocalized binding of factor Va and Xa on punctate structures of the cell body. (G) HUVECs were

cultured in 96-well plates in the presence of TNF-α. Prothrombinase activity was measured in a discontinuous assay with a chromogenic thrombin substrate. Prothrombinase

activity was inhibited to a greater degree by lactadherin compared with annexin A5. Data are mean ± standard deviation for 2 experiments, each performed in triplicate.
prothrombinase to the highly convex filopodia. We noted a compa-
rable disparity between lactadherin and annexin A5 inhibition of the
prothrombinase complex on platelets and leukemia cells.1,3,8

Quiescent endothelia have anticoagulant surfaces that prevent clot
formation in flowing blood.31-33,78 In response to various stresses
and stimuli the endothelia undergo changes that increase the
prothrombotic character.35,36 These include deencryption of tissue
factor,79 limited and reversible cell exposure of PS,36,44-47 and
transient topological rearrangements of their intercellular junc-
tions.37-43,80 Elevated cytosolic calcium leads to exposure of
membrane PS through TMEM16F, a membrane ion channel that
allows transmembrane flux of PS,81,82 a mechanism for global
10 JANUARY 2023 • VOLUME 7, NUMBER 1
cellular PS exposure. It is not yet known to what extent it mediates
localized exposure of PS on membrane patches, filopodia, and
retraction fibers. The results of our study underscore the impor-
tance of transient, localized PS exposure on these cells, as well as
development of marginal filopodia and contractile filaments.

Our experiments shed light on mechanistic details through which
perturbed endothelial cells may cause or contribute to dissemi-
nated intravascular coagulation. This disorder occurs in response
to severe infections as well as trauma.83 It is characterized by
activation and consumption of coagulation proteins and can lead to
organ damage when vessels are occluded, and bleeding when
coagulation proteins and platelets are consumed. Activation of
ENDOTHELIAL TOPOLOGY LOCALIZES PROTHROMBINASE 67



Engineered microvessels

Blood
plasma

Blood flow Blood flow

Plasma flow

Shear:
10–500 s−1

ECs

MembraneFibrin-488

Membrane

Mem

Fibrin-488

E

G

H

Membrane dyeMergeFibrin-488

Fibrin-488

Merge

MembraneMembraneMembraneFibrin-488−/+ TNFα

+ TNFα

+ TNFα, + lactadherin

10 μm

10 μm

GF

H

A

D

C

B

E

Figure 6. Fibrin deposition around TNF-α–treated endothelial cells under flow conditions. (A) Engineered microvessel setup. HUVECs were grown to confluence on

engineered microfluidic substrate and pretreated with TNF-α (100 ng/mL), overnight (B-C) or for 4 hours (D-H). The cell layer was stained with CellMask Orange or Deep Red to

visualize the plasma membrane (pseudocolor blue B, C; magenta D-H). Fresh plasma (B, C) was supplemented with corn trypsin inhibitor and fluorescein-labeled fibrinogen

(green) and passed through the microfluidic with a sheer of 500 seconds−1 for 30 minutes. The microvessels were imaged with fluorescence microscopy. (B) Representative

image of fibrin definition in TNF-α–treated microvessel perfused with plasma at 500 seconds−1. Fibrin deposition was not observed in the control channel and was prevented by

lactadherin in TNF-α–treated microvessels. (C) Enlarged view of TNF-α–treated microvessel with arrows identifying fibrin deposition at cell junctions or intercellular gaps. (D) Fibrin

deposition was also evaluated after perfusion of fresh whole blood, supplemented with corn trypsin inhibitor and fluorescein-fibrinogen at sheer of 100 seconds−1. Fibrin

accumulated at cellular junctions (magenta pseudocolor) in a reticular pattern (magenta) as well as in strands in the direction of flow. (E) Enlarged view of boxed region in panel D

with fibrin staining shown as white in the top panel, membrane staining as white in the bottom panel, and merged image in the middle. Arrows highlight junctional deposition of
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coagulation proteins is triggered, primarily, by tissue factor expo-
sure on endothelial cells and leukocytes in response to TNF-α and
cytokines. Recent studies have made it clear that the extent of
endothelial activation and injury correlates to clinical outcomes.84

Notably, a very recent report indicates that a viral gene of SARS-
CoV-2, expressed in endothelial cells, causes infected cells to
expose PS-support prothrombinase activity.85 Our studies suggest
that the procoagulant activity initially proceeds in a localized
manner on highly convex filopodia and retraction fibers at the
borders of activated endothelial cells.

In summary, our results demonstrate that the convex topology,
together with limited PS exposure on filopodia and marginal pro-
tuberances, leads to localized prothrombinase activity. Localization
is mediated by the marked preference of factor Va for convex
membranes. The procoagulant activity is localized to the margins
of, and interspace between, stressed endothelial cells, so that fibrin
deposition occurs at the cell margins. These findings are relevant to
compartmentalization of coagulation reactions and may contribute
to clinical illness in disseminated intravascular coagulation.
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