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Annexin V, the regulator of phosphatidylserine-catalyzed inflammation and coagulation
during apoptosis
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Abstract. Annexin V belongs to a family of phospholipid binding proteins, the Annexins. It binds in the presence
of Ca2+-ions with high affinity to negatively charged phospholipids like phosphatidylserine (PS). On the basis of
its protein structure and biological activity Annexin V is considered as a protein exhibiting its hitherto unknown
function within the intracellular environment. One argument comes from the understanding that PS is predomi-
nantly located in membrane leaflets, which face the cytosol. However, recent findings show that each cell type has
the molecular machinery to expose PS at its cell surface. This machinery is activated during the execution of
apoptosis. Once PS is exposed at the cell surface it exhibits procoagulant and proinflammatory activities. Annexin
V will bind to the PS-exposing apoptotic cell and can inhibit thereby the procoagulant and pro-inflammatory
activities of the dying cell. These findings together with the presence of Annexin V in the extracellular space depict

a novel (patho)physiological significance for Annexin V in vivo.
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Annexins are a class of proteins that share structural
and functional features. To date this family comprises
thirteen members whose primary structure has been
resolved.

The criteria for being a member of the Annexin family
are structural and functional. The Annexin primary
structure is characterized by tandem homologous do-
mains, each of which contains the so-called endonexin
loop. This conserved amino acid motif harbours the
phospholipid binding site, which conveys the functional
property of binding to phospholipids. Most Annexins
behave as extrinsic membrane proteins which bind re-
versibly to phospholipid membranes in a manner that
depends on Ca?*-ions. Annexins also bind preferen-
tially to the negatively charged phospholipid species.
During the past decade a great deal of information
about the structure and biological activity of Annexins
has been elaborated without, however, solving the
enigma of the (patho)physiological significance of the
individual Annexin or the whole family. Most of the
biological data on Annexins arise from in vitro studies
and point to roles in interfacial processing occurring at
or involving phospholipid membrane structures. These
processes include membrane trafficking, modulation of
membrane architecture, transmembrane transport of
compounds, membrane receptor function, generation of
membrane-derived second messengers, regulation of
membrane-dependent enzymes, and so forth (for recent
reviews see refs 1 and 2).

* Corresponding author.

Since Annexins lack a secretory signal sequence they are
supposed to be intracellular proteins and act as such.
This concept fits very well with the Annexin structure
and ability to bind to phospholipid, because the intra-
cellular cytoplasmic environment is constitutively sur-
rounded by phospholipid membrane leaflets bearing
negatively charged phospholipid species. Some Annex-
ins, like Annexin V, have, however, been reported to
have extracellular localization. From the point of view
of an Annexin the extracellular space is surrounded by
membrane leaflets which are devoid of negatively
charged phospholipids. What kind of functions can the
extracellular Annexin fulfil if binding to negatively
charged phospholipids is mandatory? Novel insights
into the regulation of cell surface exposure of phos-
phatidylserine (PS) shed light on this question and
stimulate a line of reasoning embedding a (patho)-
physiological significance of Annexins in the extracellu-
lar space. This essay uses the paradigm of Annexin V to
depict a concept and stimulate discussion and investiga-
tions into the significance of the extracellular Annexin.

Annexin V binding to phospholipid model membranes

Annexin V is also known by various synonyms, indicat-
ing widespread interest and reflecting its abundant pres-
ence in the organism as well as its activity in diverse
biological systems [3]. Annexin V was isolated from the
human umbilical cord artery by virtue of its anticoagu-
lant activity [4], which could be explained by its binding
to negatively charged phospholipids [5, 6]. In the pres-
ence of Ca?*, Annexin V binds to most phospholipid
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species in model systems [5-9]. Whereas Annexin V
hardly associates with phosphatidylcholine (PC) and
sphingomyelin (at <5 mM Ca?™*) [6] it binds with high
affinity to negatively charged phospholipids like phos-
phatidylserine (PS), probably because Annexin V bears
a binding pocket specific for the phosphoserine head-
group [10]. Binding to a PC model membrane contain-
ing PS occurs with a Kd of less than 0.1 nM [5, 6]. Its
interaction with the membrane is cooperative and de-
pends on both the phospholipid composition and the
Ca?* concentration [11]. The fraction of PS in such
membranes, together with the Ca?* level, determines
the number of Annexin V binding sites [6, 9]. Bound to
the phospholipid surface Annexin V forms two-dimen-
sional lattices, which are stabilized by protein-protein
interactions [12, 13]. Probably, the first Annexin V
molecule associates with its binding site comprising PS
and acts as an initiator from which crystallization on
the surface may proceed without the necessity for PS at
high Ca?* levels [13]. Binding of Annexin V to phos-
pholipid membrane is reversible and the rates of associ-
ation and dissociation are very rapid, suggesting that
Annexin V does not penetrate the membrane [6, 14].
Taking these data together, the following picture
emerges: Annexin V associates rapidly and reversibly
with PS-containing membranes under the influence of
Ca?*. It then starts to crystallize two-dimensionally and
may cover the whole phospholipid surface with triske-
lions of Annexin molecules. This process depends on
phospholipid composition and Ca2* level.

Cells treat PS in a specific manner which has conse-
quences for the perception of the (patho)physiological
significance of Annexin V (see below).

Phosphatidylserine localization and (patho)physiological
significance

Phosphatidylserine (PS) belongs to the aminophospho-
lipids and carries a phosphoserine headgroup, which
gives this phospholipid a negative charge at pH 7.4. As
was first shown for erythrocytes and platelets, PS local-
izes predominantly in those membrane leaflets facing
the cytosol. It is now generally accepted that this PS as-
ymmetry is ubiquitous. It is not a fixed situation but re-
quires generation and maintenance. In 1984 Seignereut
and Devaux demonstrated that the cell uses energy to
generate and maintain the phospholipid asymmetry of
its membranes [15]. A model exists in which various
membrane-associated proteins are directly responsible
for the distribution of the phospholipid species between
the two leaflets of the membrane [16]. These proteins,
which have not yet been identified, transport PS from
the outer to the inner leaflet (aminophospholipid
translocase) or vice versa (floppase), or bidirectionally
(scramblase) [17]. The aminophospholipid translocase
selectively transports aminophospholipids whereas the
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floppase and scramblase exhibit less specificity and
also translocate cholinephospholipids. Under viable
and nonperturbing conditions the aminophospholipid
translocase activity dominates by creating a situation in
which PS is exclusively localized to the inner leaflets.
Blood platelets were the first cells for which it was
demonstrated that a pathophysiological change in PS
asymmetry is invoked by the action of agonists like
thrombin and collagen [18, 19]. Stimulation of these
cells results in a rise of cytosolic Ca?*+, which causes on
the one hand inhibition of the aminophospholipid tran-
slocase, and on the other hand activation of the scram-
blase [20]. Within minutes the architecture of the
plasma membrane is changed such that the cell exposes
significant amounts of PS at its surface. Comparable
mechanisms operate in erythrocyte membranes and the
plasma membranes of nucleated cells [17]. Erythrocytes
have Ca2*-controlled regulation of phospholipid asym-
metry and show an age/density-dependent accumulation
of PS in the outer leaflet of the plasma membrane
[21]. As was demonstrated for the lymphocyte, the
nucleated cell type exposes PS at its surface during
apoptosis, which is a well-organized process of cell
suicide [22]. It was demonstrated that during apoptosis
by lymphocytes the aminophospholipid translocase is
inhibited while concomitantly a scramblase is activated
[23]. Obviously the cell uses energy to maintain its
surface devoid of PS and as soon as termination of
existence is preluded the cell transports PS to the outer
leaflet of the plasma membrane with a speed that is
orders of magnitude faster than the rate of passive
diffusion of phospholipids between the membrane
leaflets. Hence, the PS topology seems to be of major
physiological importance under viable as well as dying
conditions.

The platelet plays an active role in coagulation if its PS
asymmetry is perturbed by the action of agonists like
thrombin and collagen. The PS, which becomes surface-
exposed, catalyzes reactions of the coagulation cascade
[24]. The physiological significance of this phenomenon
resides in the effects of accelerating and localizing
thrombin formation at the site of the activated platelet.
Thrombin generated at those sites exerts diverse hu-
moral and cellular responses of the inflammatory and
haemostatic system [25]. The physiological significance
of adequate catalysis of thrombin formation, e.g. cell
surface exposure of PS, is underscored by Scott syn-
drome, which is characterized by an impaired Ca?*-in-
duced phospholipid scrambling and a moderately severe
bleeding disorder [26, 27].

Ageing of erythrocytes is associated with an accumula-
tion of PS at the cell surface [21]. This surface-exposed
PS triggers the reticuloendothelial system, which proba-
bly carries an as yet unidentified receptor recognizing
the PS ligand at the surface of blood cells [28]. This
mechanism scavenges aged cells from the circulation
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and thereby prevents PS-exposing and hence procoagu-
lant cells continuing to circulate in the blood.

A similar mechanism of removal of unwanted cells
operates in the tissues, where tissue macrophages recog-
nize and engulf PS-exposing cells through receptor-
mediated processes. Various tumour cells exhibit aber-
rant phospholipid asymmetry with cell surface-exposed
PS, which is recognized by monocyte-derived macro-
phages [29]. Fadok and coworkers recognized that cell
surface exposure of PS is connected with apoptosis,
entailing recognition and engulfment of the dying cell
by phagocytes [22]. Among other plasma membrane
structures, cell surface-exposed PS appears to signal the
termination of viability of the cell. This signal is picked
up by phagocytes, probably through a receptor-ligand
type of mechanism eliciting phagocytosis [30]. The func-
tionality of this recognition-based removal of cells
resides in the physiological need to prevent the dying
cell from spilling its pro-inflammatory contents into the
environment. Studies employing Annexin V as a tool
have revealed that a cell in apoptosis exposes PS at its
surface well before plasma membrane integrity becomes
compromized (see the section below). Hence, cell sur-
face-exposed PS is physiologically employed to entomb
the dying cell before it disintegrates and is able to
provoke unnecessary inflammatory responses.

Annexin V and cell surface-exposed PS, a revealing pas
de deux of apoptosis

Over the last five years apoptosis has enjoyed a steep
increase of interest, mainly because it represents a new
concept of how multicellular organisms from worms to
mammals regulate their cell number. Paradoxically, this
concept depicts this form of cell death to be crucial for
life in many ways. It became clear that apoptosis is a
process which is accurately orchestrated and organized
inside the cell by gene products. It is now accepted that
every cell type carries the machinery to commit suicide
by apoptosis. The molecular biology and biochemistry
of this death machinery are starting to be unravelled
and already show great diversity in the various cell
types and the manner in which apoptosis is induced.
Beyond this diversity three functionally distinct phases
of apoptosis can be distinguished [31, 32]. The initiation
phase is the most heterogeneous one in which death-in-
ducing signals like Fas ligand and tumour necrosis
factor alpha (TNF«), a lack of growth and survival
signals, or DNA damage may induce the cell to prepare
for suicide. This preparation results in the activation of
a more general effector phase, in which the cell is able
to make the decision to die. This phase is characterized
by the activation of proteases of the ICE/ICE-like fam-
ily (the executioner), which form a cascade amplifying
the death signals [33]. The death signals probably target
the mitochondrion which subsequently releases the
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Table 1. Ubiquity of cell surface exposure of PS during apoptosis.

Cell type Apoptosis initiating stimulus
Leukocytes Plasma membrane receptor/ligand
neutrophil lack of growth factor

T lymphocyte
B lymphocyte
monocyte
Tissue cells
endothelial cell

Fas/Fas ligand interaction

TNFR/TNF¢ interaction
Intracellular receptor/ligand

glucocorticoid
Intracellular signalling

smooth muscle cell C2-ceramide
fibroblast staurosporine
neuron olomoucine
Tumours Macromolecular synthesis
leukemic cell actinomycin D

carcinoma cell
Mouse tissue

all embryonic cell types
Plant cells

Nicotiana plumbaginifolia

cycloheximide
DNA

etoposide

camptothecin

UV irradiation

apoptosis inducing factor (AIF), a protease which is
inhibited by Z-VAD.fmk just like the ICE-like
proteases. This event marks the point of no return; the
cell has entered the degradation phase in which “death”
of cytoplasm and nucleus occurs by a thousand cuts, in
a way that seems common to all cells [33, 34].

In 1992 Fadok and coworkers reported that apoptotic
leukocytes expose PS at their surface, probably to serve
the physiological need to remove the dying cell by
phagocytosis [22]. At that time Annexin V was known
as a PS-binding protein (see section above) and appreci-
ated for its ability to bind to PS-exposing cells like
activated platelets [35] and ovarian tumour cells [36].
The publication of Fadok and coworkers triggered us to
investigate the binding of Annexin V to apoptotic cells.
Using leukocytes it was demonstrated that Annexin V
exhibits low affinity for the cell surface of the leukocyte
unless apoptosis is being executed [37-39]. Combina-
tion of the vital dye propidium iodide with fluores-
ceinated Annexin V revealed that the apoptotic cell
generates Annexin V binding sites at its surface while
maintaining the plasma membrane integrity [37-39].
Competition experiments using phospholipid vesicles
demonstrated that the binding site for Annexin V on
the apoptotic cell comprises PS [40]. The Annexin V
assay to measure cell surface exposure of PS [41] rapidly
increased our knowledge of the regulation of PS expo-
sure during apoptosis. Apoptosis-associated cell surface
exposure of PS happens during the effector phase, prob-
ably downstream of the point where the mitochondrion
gets involved [42] and releases AlIF into the cytoplasm
[43]. Indirect evidence for this notion comes from exper-
iments with Bcl-2, which is an anti-apoptotic protein.
Bcl-2 inhibits both the release of AIF from mitochon-
dria [43] and cell surface PS-exposure of cells treated
with pro-apoptotic agonists [40, 42, 44]. Studies with
Jurkat cells showed that Fas-mediated apoptosis acti-
vates the executioner, which subsequently turns on the
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machinery for exposing PS at the cell surface [44]. This
PS-exposing machinery is probably a scramblase [23],
which resides constitutively in the plasma membranes of
the viable cell [44] as is the case for platelets and
erythrocytes. As with platelets and erythrocytes, activa-
tion of the scramblase during apoptosis does not require
the involvement of the nucleus [42, 44]. Whether the
scramblase of nucleated cells is identical to the scram-
blase of platelets and erythrocytes remains to be shown.
Using Annexin V it turned out that cell surface exposure
of PS is a general phenomenon of apoptosis occurring in
hemopoietic [40, 41] and tissue-embedded cells [45, 46]
regardless of the initiating stimulus (table 1). This ubig-
uitous phenomenon also appeared to be part of apopto-
sis in vivo, as was shown by van den Eijnde and
coworkers by injecting Annexin V-Biotin into the blood-
stream of living mouse embryos [47].

A recent study showed that plant cells expose PS at their
cell surface during execution of apoptosis indicating
that, just like apoptosis itself, the mechanism of regulat-
ing PS asymmetry during life and death is conserved
through evolution and is apparently an absolute neces-
sity for multicellular life forms as we know them [48].

Annexin V, a potential regulator of the biological
activity of PS on the surface of apoptotic cells

Annexin V has been detected in extracellular space such
as blood plasma [49, 50], seminal plasma [51], amniotic
fluid [50] and cell conditioned medium [52, 53]. Since
the prevailing Ca2* levels are around 1 mM, the pres-
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death domains
mediated signaling

/

activation of the
executioner of apoptosis

binding followed by
2D-crystallization

translocase
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ence of Annexin V in the extracellular space implies that
plasma membranes containing PS in their outer leaflet
are covered by Annexin V if its concentration is in the
nM range or higher. As has been shown in vitro for
platelets [54], endothelial cells [55], and tumour cells [36,
56] this binding to the PS membrane results in an
inhibition of coagulation reactions, which depend on
the catalytic activity of PS.

In vivo the platelet is the classic provider of these
catalytic sites for the coagulation system. The novel
insights into the regulation of PS asymmetry by nucle-
ated cells open up the possibility that cells in apoptosis
express this platelet type of function in the coagulation
cascade. Apoptotic cells indeed catalyze coagulation
[22, 57]. Moreover this procoagulant activity of apop-
totic cells is inhibited by Annexin V [57], indicating
that, in vivo, extracellular Annexin V can regulate the
catalytic activity of both providers and, consequently,
regulates the participation of these cells in coagulation
and inflammation [25]. Under physiological conditions
apoptotic cells hardly play a role in those systems
because of their efficient removal by phagocytes. Patho-
logical conditions with a high incidence of apoptotic
cells have been described [58]. In this case, the pheno-
type of apoptosis, e.g. cell surface-exposed PS, may
contribute to coagulation and inflammation and extra-
cellular Annexin V may regulate this contribution (sum-
marized in fig. 1). The Annexin V shielding of PS on the
surface of apoptotic cells could produce an adverse
effect since PS functions as a recognition signal for
phagocytes. Phagocytes have developed redundancy in

shielding of the
pro-inflammatory and
procoagulant
phosphatidylserine

scramblase

floppase

Figure 1. Schematic presentation of the regulation of PS asymmetry of the plasma membrane during life and death, and the role of
Annexin V if PS (closed symbol) is exposed at the cell surface. For a detailed explanation see text.
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the mechanisms by which they recognize dying cells
[30]. Recently it was shown that Annexin V could not
completely block phagocytosis of apoptotic bodies [46],
indicating selective anticoagulant and anti-inflamma-
tory potential of Annexin V in the interplay between
PS-exposing cells and the extracellular environment.
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