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Annexin V: the membrane-binding protein with diverse functions

by Tatiana A. Kovalenko1-2#

1. Center for Theoretical Problems of Physico-Сhemical Pharmacology, Russian Academy of Sciences, 30 
Srednyaya Kalitnikovskaya str., Moscow, 109029, Russia 

2. National Medical Research Centеr of Pediatric Hematology, Oncology and Immunology named after Dmitry 
Rogachev, 1 Samory Mashela St, Moscow, 117198, Russia

# Сorrespondence: after-ten@yandex.ru

Received: 19.06.2022    Accepted: 27.06.2022           Published: 30.06.2022
DOI: 

Abstract
Annexin V is an eukaryotic protein from the 

annexin family which is able to reversibly bind to 
phospholipid membranes in a Ca2+-dependent 
manner. It possesses a complex mechanism of 
the membrane binding which includes the two-
dimensional lattice formation from annexin V trimers 
and significant variation of the membrane structure. 
The precise functions of annexin V are largely 
unknown, however, its participation in the blood 
coagulation, membrane repair process and the Ca2+ 
channel activity is suggested. The usage of annexin 
V as a marker of phosphatidylserine-positive cells in 
in vitro and in vivo studies makes the understanding 
of the protein role in cellular processes critically 
important.

The current review is focused on the structure 
of annexin V and the mechanism and kinetics of 
its membrane binding. The lipid specificity and the 
multimerization process will be described. Finally, 
some of the proposed annexin V functions including 
inhibition of the blood coagulation and the Ca2+ 
transport activity will be discussed.
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Introduction
Proteins which are able to reversibly bind to 

cellular membranes or phospholipid microparticles 
(microvesicles) play significant role in a wide range 
of processes, among which there are intracellular 
signaling, membrane remodeling and blood plasma 
gelation during blood coagulation [1,2]. Among 
those membrane-binding proteins annexins form a 
large family which share structural properties and 
demonstrate calcium-dependent membrane binding.

Annexins are eukaryotic proteins and more than 
100 annexins were found in different species including 
vertebrates, invertebrates, unicellular eukaryotes 
and plants [3–5]. The descriptor ‘A’ denotes that 
annexin is from vertebrates; ‘B’ denotes that annexin 
is from invertebrates; ‘C’ is for fungi and unicellular 
eukaryotes; ‘D’ is for plants; and ‘E’ is for protists. 
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In human 12 different annexins were identified: 
annexins A1 – 11 and A13 [3].

Most of annexins are cytosolic proteins. Their 
messenger RNA lack a 5’-leader sequence which 
directs synthesized proteins to the endoplasmic 
reticulum as occurs in the conventional pathway of 
the protein secretion [6]. Inside the cell annexins play 
role in many processes including the cell signaling, 
exocytosis, membrane repair and the vesicle 
trafficking. However, annexins A1, A2, A4 and A5 
might be found on the cell surface or in circulation 
and the mechanism of their secretion is largely 
unknown [7,8].

Annexin A5 (or annexin V) was firstly isolated 
in 1979 [9] from human placenta and later and 
independently in 1985 from human arteries [10]. 
It is a 35.7 kDa protein which might be found both 
in the cellular cytosol and in the blood plasma of 
healthy individuals in concentration between 0.77 
and 6.7 ng/ml according to different studies [11–
14]. It is suggested that annexin A5 takes part in 
such important physiological processes as cellular 
membrane repair or inhibition of blood coagulation, 
however the mechanism and significance of its 
functioning are still unclear.

Annexin V has a complex mechanism of 
the membrane binding. It forms trimers on the 
phospholipid membrane and subsequently protein 
trimers form a two-dimensional lattice which covers 
the membrane surface [15]. According to some 
studies this multiphase binding mechanism is 
important for the annexin V functioning [16,17].

Due to its ability of binding to phospholipid 
membranes containing the negatively-charged 
phospholipid, phosphatidylserine (PS), annexin V is 
used in in vitro and in vivo studies as a marker of PS-
positive cells [7,18–21]. In patients it is used in clinical 
imaging procedure of the apoptotic cells detection 
which includes the injection of the recombinant 
human annexin V into circulation [22,23].

Because of the annexin V participation in 
important physiological processes and the usage of 
annexin as a biomarker for PS-positive membranes 
the understanding of its precise physiological 
roles and mechanisms of its functioning is of great 
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importance.
The current review is focused on the structure 

of annexin V and the mechanism and kinetics of 
the membrane binding. Lipid specificity and the 
multimerization process will be described. Finally, 
we will discuss some of the proposed annexin V 
functions including inhibition of the blood coagulation 
and the Ca2+ transport activity.

1. Structure of annexin A5 monomer
The crystal structure of human annexin V was 

firstly resolved in 1990 by Huber et al [24]. Structures 
of rat [25] and chicken [26] annexin V are available, 
and structures of bovine, mouse and chimpanzee 
annexin V are predicted by AlphaFold [27].

The protein consists of 320 amino acid residues 
and is almost entirely α-helical. The amino acid 
sequence contains a short N-terminal tail and four 
C-terminal repeats of approximately 70 residues 
each. Those four repeats are folded into four compact 
domains, numbered I to IV, which share the similar 
structure. Each domain consists of five α-helixes, 

named from A to E (for example, the helix A in domain 
II is referred to as helix IIA), which are connected by 
loops and the expression “loop IAB” refer to the loop 
between helixes A and B in domain I. All domains 
have hydrophobic cores in their centers [24,28,29]. 
Domains are bounded as follows: N-terminal tail, 
residues 5 – 16; domain I, residues 17 – 88; domain 
II, 89 – 159; linker, 160 – 167; domain III, 168 – 246; 
domain IV, 247 – 317 [24] (Figure 1A).

Four annexin V domains are arranged in a 
cyclic array. In the center of this structure there is a 
hydrophilic pore which is coated by charged residues 
[24,28,29] and inside it salt bridges Asp280-Arg276, 
Asp92–Arg117 and Glu112 -Arg271 are formed 
(Figure 1A). Those residues are invariant in different 
annexins [24].

The annexin V molecule has a slightly curved 
shape with a convex and a concave sides (Figure 1B). 
The N-terminal tail resides on the concave side and 
binds domains I and IV non-covalently [28] whereas 
the membrane binding sites locate on the opposite, 
convex surface [29].

Figure 1. The annexin V structure. A. The view from the convex side. Magenta, N-terminal tail; blue, domain I; yellow, 
domain II; green, domain III; red, domain IV; orange, Ca2+ ions. In the center of annexin V the charged residues Asp280, 
Arg276, Asp92, Arg117, Glu112, Arg271 are represented. B. The view from the domain II. The convex and the concave 
sides are marked by black arrows. Ca2+-binding sites are located on the convex surface, N-terminal tail is on the 
concave side. Figures were created in VMD for the current review using the structure 1ANX [29] from PDB Data Bank. 
C. Annexin V from human (ANXA5_HUMAN) and from rat (ANXA5_RAT) sequences alignment. Residues that form the 
Ca2+-binding sites are highlighted in green and yellow for human and rat annexin V respectively. The alignment was 
done using the UniProt Align tool.
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Annexin V is a Ca2+-binding protein. Binding sites 
for Ca2+ ions are located on the convex side of the 
molecule [29] (Figure 1B) and site-forming residues, 
revealed in different studies of human annexin V, are 
listed in Table 1. Briefly, seven different calcium sites 
were distinguished: 3 in domain I, 1 in domain II, 2 in 
domain III and 1 in domain IV.

In annexin V from Rattus norvegicus up to 11 
Ca2+ binding sites were identified (2H0K in PDB 
Data Bank) [16]. Interestingly, human and rat annexin 
V are more than 90% identical (the sequences 
alignment is shown on Figure 1C) and amino acid 
residues which were found to form the Ca2+-binding 
sites are conserved in both proteins. Thus it might be 
speculated that the same 11 Ca2+-binding sites might 
exist in human annexin V.

The binding of Ca2+ ions influences the annexin 
V conformation. The comparison of the Ca2+-bound 
and the Ca2+-unbound structures revealed that 
significant changes occur in domain III. In the Ca2+ 
unbound structure the carbonyl oxygen of Gly183 
forms a hydrogen bond with the backbone amide 
group of Lys186. In Ca2+-bound rat annexin V this 
bond between the corresponding residues Gly181 
and Lys184 is broken and both residues bind Ca2+ via 
carbonyl oxygen [30]. As a result, in the Ca2+-bound 
form the Trp187 residue (Trp185 in rat annexin V) 
is exposed on the protein surface (outward-facing 
Trp187) whereas this residue is buried in the 
hydrophobic core of the protein in the Ca2+-unbound 
form (inward-facing Trp187). The protein region 
including residues 220 – 246 becomes more ordered 
in the Ca2+-bound form of annexin V [29,31]. The 
molecular dynamics simulation revealed that Ca2+-
bound annexin V has an extremely stable secondary 
structure with almost no fluctuations, while the Ca2+-

unbound form demonstrates large fluctuations of the 
secondary structure and lower content of α-helical 
structures (71%) when compared to the Ca2+-bound 
form (80%) [32]. The Ca2+-unbound structure is more 
flexible in solution [32].

2. Annexin V binding to phospholipid 
membrane

Annexin V is able to reversibly bind to PS-
containing membranes [34]. The binding efficacy 
strongly depends on the Ca2+ concentration and PS 
content and it was studied extensively in different 
conditions.

Dependency on Ca2+ and phospholipids

At low pH (< 5) annexin V binds to PS-containing 
membranes even in absence of Ca2+. At neutral  
pH (= 7.4) Ca2+ is absolutely required for the annexin 
V membrane binding and the threshold concentration 
which initiates binding was found to be about 16 µM 
[35].

In presence of phospholipid vesicles, lipid 
bilayers on glass beads or planar lipid bilayers of 
constant composition the concentration of the bound 
protein rises with the increase of Ca2+ concentration 
in solution from 0.01 to 10 mM [34,36,37]. The 
dependence is non-linear: for the smallest Ca2+ 
concentrations the binding is zero, it follows with the 
fast rise of the adsorbed protein quantity with Ca2+ 
concentration and reaches the constant value for the 
highest Ca2+ concentrations. For greater PS content 
less Ca2+ is needed to reach the maximal binding 
[34,37].

For small unilamellar vesicles (SUVs) (PS/PC = 
20/80) the equilibrium dissociation constant Kd was 
determined: it decreases from 0.25 nM to 0.05 nM 

Table 1. Ca2+ binding sites in human annexin V. Protein domains and amino acid residues which 
form the Ca2+ binding sites are listed in columns 1 and 2. One row corresponds to one domain 
or one binding site. Sites which are distinguished in the mentioned studies are highlited in grey.

Huber et al.,
1992 [28], 
1AVR (PDB)

Sopkova et 
al., 1993 [29], 
1ANX (PDB)

Burger et al., 
1994 [33], 1HVD, 
1HVE (PDB)

Hong et al., 
2020 [31], 
6K22 (PDB)

domain I
(residues 17 
– 88)

M28, G30, 
G32, E72

T33, E35

K70, L73, 
E78

domain II
(residues 89 
– 159)

L100, G102, 
G104, D144

domain III
(residues 
168 – 246)

G183, K186, 
G188, E228

D226, T229, 
E234

domain IV
(residues 
247 – 317)

M259, G261, 
G263, D303
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when the Ca2+ concentration increases from 0 to 0.8 
mM and is almost constant for Ca2+ concentration 
higher than 0.8 mM [36].

Interestingly, the concentration of the bound 
protein in presence of saturating Ca2+ concentration 
(when the binding is maximal) was found to be 
the same on the planar phospholipid bilayers of 
substantially different composition (PS is varied from 
1 to 100%) [34]. In contrast, for SUVs the number 
of phospholipid molecules per bound annexin V was 
found to be approximately 3 times higher for PS/
PC = 10/90 when compared with PS/PC = 20/80 in 
presence of saturating Ca2+ concentration and that 
means that less annexin V was bound to vesicles with 
lower PS content even when the Ca2+ concentration is 
high enough to reach the maximal binding [36]. This 
apparent discrepancy might be due to the difference 
in studied phospholipid systems.

In presence of constant Ca2+ concentration the 
dependence of annexin V binding on the PS content 
was determined [36–39]. The number of phospholipid 
molecules per bound annexin V decreased nonlinearly 
from 1100 to 84 when the phospholipid content of SUVs 
increases from 10 to 50%, the Ca2+ concentration 
was equal to 1.2 mM. It means that more protein is 
bound for higher PS contents. For all studied SUVs 
compositions the equilibrium dissociation constant Kd 
was unchanged and equal to 0.036 ± 0.011 nM. Thus 
the main changes in annexin V binding to vesicles 
of different content are associated with the changes 
in stoichiometry and density of binding sites but not 
with affinity to the binding site [36]. In presence of 
lipid bilayers on glass beads or planar lipid bilayers 
the quantity of bound protein rises with PS content 
too for different Ca2+ concentrations added [37,38]. 
The dependency is nonlinear with rapid increase 
of binding for PS content less than 4% and almost 
constant value for more than 4% of PS [37] or even 
more complex behavior [38]. In a more recent study 
it was found out that annexin V binding demonstrates 
the threshold behavior: in presence of 1.5 mM Ca2+ 
the protein does not bind to membranes containing 
less than 8% of PS and it shows the maximal binding 
for higher PS content [40].

The binding of annexin V is not specific for the 
PS only [34,37]. Studies with different phospholipid 
types revealed that human annexin V is able to bind 
to planar bilayers containing 30% of cardiolipin or 
phosphatidylglycerol (PG) or phosphatidylinositol (PI) 
with 70% of phosphatidylcholine (PC) in presence 
of Ca2+ and the bound protein concentration is the 
same as for PS/PC = 30/70 [34]. Rat annexin V 
binds to SUVs made of PC/ phosphatidic acid (PA) = 
50/50 [41]. Human annexin V is able to bind to large 
unilamellar vesicles (LUVs) composed of DOPG/
DOPC = 20/80 as was observed using cryo-electron 
microscopy [42] and to bilayers containing more than 
20% of phosphatidylethanolamine (PE). Addition of 
PE to vesicles containing PC and PS reduces the 

minimal PS content needed for the annexin V binding 
and leads to the earlier reaching of the maximal 
binding [37,40].

The data on cholesterol effects are controversial. 
Addition of cholesterol to the PS/PC membranes 
on the glass beads attenuates the binding [37]. In 
contrast, for LUVs it was shown that cholesterol 
promotes binding to PC/PS membranes [39,43]. 
The discrepancy might be due to the difference in 
phospholipid systems or PS contents used.

Cholesterol stabilizes the membrane-bound 
annexin V and the dissociation rate constant kd 
decreases from 1.69×10−3 s−1 for PS/PC = 20/80 to 
3.24×10−4 s−1 for PS/PC/cholesterol = 20/70/10 [39].

Annexin V do not bind to 100% PC membranes 
[44] or membranes composed of PC and cholesterol 
[39]. However, existing studies with phospholipids 
of different types are quite limited and they utilize 
annexin V from different species. Thus additional 
extensive studies are required to fully elucidate the 
effect of different phospholipid head groups and fatty 
acid chains types on annexin V membrane interaction.

The annexin V binding is specific for Ca2+ ions. In 
presence of other divalent cations including Zn2+, Mn2+ 
and Mg2+ substantially less or almost no protein binds 
to the membrane [32,34]. In a molecular dynamics 
simulation annexin V structures with 4 Mg2+ or 4 
Ca2+ bound ions were compared and it was shown 
that Mg2+ ions are significantly embedded inside the 
protein structure and are less accessible to solvent 
molecules than Ca2+ ions are [32]. From those data 
it was proposed that Mg2+ is less accessible for the 
phospholipid phosphate group which participates in 
the Ca2+-mediated membrane binding of annexin V 
and thus the binding is impaired.

Addition of the Zn2+ ion in small concentration (50 
µM) to solution which contains Ca2+ ions improves 
the annexin V binding to PS-containing membranes 
and less Ca2+ is needed to reach the maximal binding 
[34]. Thus Ca2+ and Zn2+ were shown to have the 
synergistic effect and the precise reason for it is 
currently unknown.

The binding of annexin V depends on the 
membrane curvature: the protein binds better to planar 
phospholipid bilayers than to small phospholipid 
vesicles with high curvature and more Ca2+ is needed 
to reach the maximal binding to vesicles than to 
planar bilayers [17]. This effect might be due to the 
annexin V ability to form multimeric arrays on the 
membrane, and formation of such arrays might be 
counteracted by steric constraints on small vesicles 
surfaces where neighboring annexin V monomers 
may make an angle with each other.

Structural considerations concerning the membrane 
binding

Studies of the annexin V binding to membranes 
at a submolecular level revealed that all four domains 
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of the protein are involved in interactions with 
phospholipids [45]. There are three types of protein-
membrane interactions observed.

The first type is so-called “Ca2+-bridges”, when 
the Ca2+ ion interacts simultaneously with the protein 
binding site and phospholipid charged groups. Both 
phosphate and PS carboxyl groups might be involved 
in this type of binding [45]. One Ca2+ ion might be 
chelated by more than one lipid molecule [46]. This 
type of interactions was also proposed for the rat 
annexin V in the X-ray diffraction study [47].

The second type of interactions involves the 
hydrogen bonds formation between carboxyl groups 
of PS or phosphate oxygen and amino acid residues 
of the protein, which include Lys76, Lys101, Lys108, 
Thr74 and Ser305 [45].

The third type of contacts is formed because of 
the hydrophobic effect. In this type Trp187 is involved 
[45].

Annexin V multimerization

Annexin V is supposed to be monomeric in 
solution but it is able to form two-dimensional lattices 
on the membrane surface. Such lattices are formed 
when monomers of annexin V bind each other 
and organize into large highly structurized arrays 
of bound molecules. The main structural subunit 
of those arrays is trimer of annexin V which was 
visualized using X-ray crystallography [29,31], atomic 
force microscopy [15,46] and electron microscopy 
[15,33,48,49] (for schematic representation see 
Figure 2A).

Two different types of annexin V 2D arrays were 
observed on the membranes of different composition: 
so-called p6 and p3 lattices (Figure 2B, C). Lattice 
p3 is approximately 1.2 times denser than p6. 
The p6 lattice was the only one presented on the 
membranes containing less than 40% of PS, and p3 
was observed on membranes containing 40% of PS 
or more. P3 lattice might transform into p6 when Ca2+ 
in the system is depleted or when the lipid surface 
available for the array formation increases via 
addition of phospholipids to the membrane covered 
by annexin V. P6 lattice may transform into p3 when 
an excess of annexin V is added [15].

The structure of human annexin V lattices and 
contacts between individual annexin V trimers were 
extensively studied using X-ray crystallography and 
combination of atomic force microscopy and structure 
modeling [31,46].

In p6 lattice two types of annexin V trimers were 
distinguished: “p6 trimers” (green on Figure 2B) and 
central “non-p6 trimers” (orange on Figure 2B), which 
are structurally similar. Both types are supposed to 
have annexin V domain II in their center (Figure 2A) 
and this kind of trimer was previously visualized using 
X-ray crystallography for rat annexin V [47].

The contacts between two p6 trimers (marked 

by yellow triangle on Figure 2B) involve domains III 
of two neighboring monomers. Amino acid residues 
which might participate in binding are Gln174, 
Gln177, Phe180, Thr215, Ile216, Ser217 and the side 
chains of Phe180 are supposed to form π stacking. 
The distance between backbones of proteins is 
approximately 3 A [46]. The same contact was 
previously observed between trimers of rat annexin 
V in p6 lattice [49].

Contacts between p6 and non-p6 trimers 
involve domain IV (amino acid residues Ser295, 
Tyr297, Ser298) from p6 and domain III (amino 
acid residues Thr215, Ile216, Ser217, Gly218) from 
non-p6 monomers (marked by magenta triangle on 
Figure 2B). The distance between backbones of 
proteins is much higher than for two p6 trimers and is 
approximately 6 – 8 A. The non-p6 trimers possess 
the high degree of rotational freedom and exhibit 
rotational diffusion [46]. It is supposed that non-p6 
trimers possess lower affinity for the Ca2+ ions as 
those trimers dissociate from the membrane earlier 
than p6 trimers in experiments with Ca2+ depletion 
[46].

For p3 lattice three types of contacts between 
human annexin V monomers were observed [31]. 
The first type (marked by black triangle on Figure 
2C) forms the annexin V trimer with domain II in the 
center, as was for p6 lattice. Salt bridges are formed 
between acidic amino acid residues from domains II 
and III (Asp162, Glu192, Glu138) of one monomer 
and basic amino acid residues from domain I (Arg18, 
Lys29, Arg25, Lys58) of another [31]. For the same 
type of trimer of rat annexin V residues Arg23, Lys27 
and Glu190 were found to form contacts between 
monomers and those residues correspond to Arg25, 
Lys29 and Glu192 of human annexin V [47].

The second type of contacts (marked by red 
triangle on Figure 2C) forms annexin V trimers with 
domain III in their center. Amino acid residues Gln177 
and Gln181 form a circular network of hydrogen 
bonds with water molecules in the center of trimer. 
The residues Trp187 from three monomers in their 
outward-facing conformation are grouped together 
near the center of trimer [31].

The third type of contacts (marked by blue 
triangle on Figure 2C) forms annexin V trimers with 
domain IV in their center. The same type of trimer 
was observed earlier using X-ray crystallography [29] 
(Figure 2D). Amino acid residues Lys26 and Tyr297 
from one monomer form bonds with corresponding 
residues Glu223 and Ala293 from another [31].

From those data it might be concluded that 
different domains of one annexin V monomer might 
form bonds with varied domains of another monomer 
(domain III of one monomer with domains III or IV or I 
of another; domain I of one monomer with domains II 
or III of another and so on) and protein multimerization 
might involve formation of multiple contacts between 



22T.A. Kovalenko SBPReports 2022

different amino acids. In agreement with this conclusion 
it was found out that 4 or 5 different mutations are 
needed to construct the annexin V mutant that lack 
the ability of trimer formation [16]. Rat annexin V with 
mutations Arg16Glu, Arg23Glu, Lys27Glu, Lys56Glu, 
Lys191Gly (those residues correspond to Arg18, 
Arg25, Lys29, Lys58 and Lys193 of human annexin 
V, the majority of which were shown to participate in 
trimerization [31]) was not able to form 2D arrays that 
additionally emphasize the role of domains I and III in 
multimerization process.

In addition to the p6 and p3 lattices some other 
crystal forms of annexin V were observed on PS-
containing membranes including the dimers of 
annexin V trimers or trimers of trimers. Those forms 
coexists with p6 lattice [49].

The annexin V 2D lattice formation is a reversible 
process as was shown via sequential addition and 
depletion of Ca2+ in solution [46]. Addition of Ca2+ 
leads to the rapid (within 5 s) array formation, but 
lattice might be completely dissolved when Ca2+ 

is depleted using EDTA. This process might be 
repeated several times. The boundaries of the 
formed lattices are highly dynamic and annexin V 
molecules constantly associate to and dissociate 
from the lattice with rate constants ka = 2.3 s-1 and 
kd = 2.0 s-1 respectively [50]. The height of the 
annexin lattice on the membrane was equal to 2.5 
nm above the membrane surface [38,50,51] and was 

found to decrease to approximately 2.2 nm on the 
membranes with higher PS content [38].

The annexin V lattice formation on the phospholipid 
membrane of vesicles leads to the decrease of the 
membrane curvature and to formation of planar 
phospholipid surfaces [17,41]. The vesicle changes 
its shape from round to polyhedral that was observed 
using cryoelectron microscopy [17].

The annexin V lattice formation might be 
interrupted by presence of different membrane-
binding proteins. Simultaneous addition of annexin V 
and another member of the annexin family, annexin 
A4, in a 1:1 mixture to the PS-containing membrane 
results in the irregular packing of individual annexin 
V and A4 trimers without the lattice formation. 
Interestingly, the addition of annexin A4 even in small 
concentrations to preformed annexin V lattice disrupt 
its regular structure, but the alternative situation when 
annexin V is added to preformed A4 lattice does not 
alter the A4 lattice structure significantly [52].

The 2D annexin V lattice might be disrupted by 
antiphospholipid antibodies [51].

Structural alterations of annexin V and membrane 
during binding

Both experimental [53] and theoretical [45] 
evidences exist that annexin V does not change its 
structure significantly in the process of the membrane 
binding. The molecule maintains its bent shape with 

Figure 2. The annexin V 2D lattice formation. A. Schematic representation of the annexin V trimer. Domains are 
marked with roman numbers. B. Scheme of the p6 annexin V lattice. Green, p6 trimer; orange, non-p6 trimer. Contacts 
between two p6 or p6 and non-p6 trimers are marked by yellow and magenta triangles respectively. C. Scheme of the 
p3 annexin V lattice. Centers of different types of trimers are marked by red, blue and black triangles. D. The structure 
of the annexin V trimer. Magenta, N-terminal tail; blue, domain I; yellow, domain II; green, domain III; red, domain IV; 
orange, Ca2+ ions. The figure was created in VMD using the structure 1ANX [29] from PDB Data Bank.
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a convex and a concave sides. Only small local 
differences between membrane-bound and unbound 
structures were observed [53]. Differences in the 
secondary structure of two forms are negligible too 
[41]. The membrane-bound annexin V demonstrates 
smaller fluctuations in a molecular dynamics 
simulation [45] that is consistent with stabilization of 
its structure due to the membrane binding [54].

However, in the process of annexin V adsorption 
major changes of the phospholipid membrane were 
observed.

In early studies it was found out that the annexin 
V binding leads to the increase of the phospholipid 
monolayer surface pressure, to its rigidification [55,56] 
and to significant ordering of the phospholipid acyl 
chains [56]. The PS and PC diffusivity is significantly 
reduced too [57].

Later the detailed studies using atomic force 
microscopy and fluorescence techniques were 
conducted. It was found out that the bilayer composed 
of DOPC/DOPS = 50/50 undergoes shrinkage due 
to the annexin V adsorption [50]. Additionally, the 
decrease of the diameter was observed for unilamellar 
vesicles. The membrane thickness increases after 
the annexin V binding from 3.15 to 3.45 nm and it 
corresponds to the more ordered gel rather than 
the liquid crystal state. The phospholipid diffusivity 
decreases to only 15% of the original rate [50]. 
Comparable results (shrinkage of the membrane and 
reduction of diffusivity) were obtained in a molecular 
dynamics simulation of the membrane with bound 
and fixed Ca2+ ions in positions corresponding to 
positions in a membrane-bound annexin V trimer [50]. 
It was proposed that the binding of annexin V leads 
to the increase of the local Ca2+ concentration on the 
membrane surface up to 606 mM and such high ion 
concentration might alter the bilayer properties [50].

The binding of annexin V induces the local 
membrane curvature due to the bent shape of the 
molecule [45]. In a large-scale process on the 
membrane with free edges this curvature induction 
leads to the membrane rolling [58]. The rolling of the 
membrane starts from multiple points on the free edge 
and results in formation of one major roll parallel to 
the membrane edge thus the process was suggested 
to be cooperative [58]. In contrast to the 2D lattice 
formation, the annexin V induced membrane rolling 
is not disturbed by the presence of annexin A4 [52]. 
However, it should be noted that both annexin V and 
annexin A4 are able to induce membrane rolling.

Annexin V properties of the membrane stabilization 
and rolling were suggested to be important for the 
membrane repair process [52].

The binding of annexin V to various proteins

In early studies it was discovered that annexin 
V is able to bind to the membrane of thrombin or 
А23187-stimulated platelets in two distinct ways 

[59]. The first way occurs in presence of high Ca2+ 
concentrations and correspond to the membrane 
binding discussed earlier. The second way occurs in 
presence of low Ca2+ concentrations and the bound 
protein is resistant to EGTA treatment. From those 
data it was suggested that annexin V is able to form 
complex with a membrane protein [59]. Later it was 
found out that annexin V colocalizes with actin in 
stimulated platelets and the 85 kDa complex of actin 
and annexin V was identified [60]. The association 
is Ca2+-dependent and it was shown that annexin V 
binds to the γ-actin isoform [61].

Annexin V is able to bind annexin A2. The 
binding is independent of phospholipid and occurs in 
solution but requires presence of the millimolar Ca2+ 
concentration. Both monomeric and trimeric forms of 
annexin A2 bind annexin V and this interaction might 
be inhibited by addition of the low-molecular-mass 
heparin [62].

2. Annexin V functions

Inhibition of the blood coagulation

In 1985 it was revealed that annexin V is able 
to inhibit the tissue factor (TF) or factor Xa initiated 
blood plasma clotting but does not affect the 
fibrinogen cleavage by thrombin [10]. Its proposed 
inhibitory action is based on the ability of high affinity 
binding to phospholipid membranes. Reactions of 
the blood clotting require the presence of negatively-
charged phospholipid membranes for the maximal 
reaction efficiency [63,64] and the mechanism of 
those membrane-dependent reactions includes the 
stage of proteins association with the membrane, 
two-dimensional diffusion on the membrane surface 
and the membrane-associated active complexes 
formation [65–67]. The annexin V membrane binding 
might interrupt those processes.

The anticoagulant effect of annexin V was 
extensively studied.

Annexin V inhibits the prothrombin activation by 
the prothrombinase complex (formed by FVa and 
FXa) in a dose-dependent manner. Higher annexin V 
concentrations lead to the higher degree of inhibition 
[10,68,69]. It was shown that the binding of annexin 
V cannot fully displace coagulation factors (factor 
Xa, Va or thrombin) from the vesicle surface and 
enough factors are kept on the membrane for the 
prothrombinase functioning, so it was concluded that 
inhibition of the reaction is associated with the annexin 
V 2D lattice formation [17]. Such a lattice might slow 
down the factors diffusion on the membrane surface 
and thus their collisions and binding. The extent of 
inhibition depends on the membrane curvature with 
more prominent inhibition on the surface of planar 
bilayers than on SUVs [17]. Annexin V inhibits 
prothrombinase activity on the surface of apoptotic 
smooth muscle cells [70] and on the malignant cell 
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lines [68,69].
The FX activation by the intrinsic tenase complex 

(formed by FVIIIa and FIXa) is inhibited by annexin V 
on the surface of different cell lines [68,69,71]. It was 
demonstrated that the addition of annexin V reduces 
the factor VIIIa binding to LUVs containing 10% of 
POPS with the rest of POPC. The effect depends on 
the annexin V concentration and is more prominent 
for higher concentrations [72]. For vesicles with 15% 
of PS the dependence of FVIIIa binding on annexin 
V concentration is more complex. The presence of 
low annexin concentrations leads to the moderate 
increase of FVIIIa binding, but higher concentrations 
inhibit binding. The dependences of the inhibitory 
effect on annexin V concentration cannot be explained 
by a simple model of competition for the binding sites 
and require a more complex model of “phospholipid 
shielding” by annexin V [72].

The extrinsic tenase (formed by FVIIa and tissue 
factor TF) activity on the surface of apoptotic smooth 
muscle cells is inhibited by annexin V [70].

For the extrinsic tenase one more, alternative 
mechanism of inhibition was proposed. In etoposide 
stimulated macrophages (THP-1 cell line) it was 
observed that annexin V might be internalized and 
it induces the TF internalization [73]. Internalized TF 
and annexin V co-localize in endocytic vesicles. The 
TF internalization leads to the decrease of the cell-
surface TF procoagulant activity. In vivo in mouse 
model it was shown that exogenously added annexin 
V significantly reduces the TF expression on the 
surface of smooth muscle cells after mechanical 
injury when compared to situation without added 
annexin V [73].

It was suggested that annexin V anticoagulant 
activity plays role in preventing thrombotic processes 
in placenta [74]. Antiphospholipid antibodies inhibit 
the anticoagulant function of annexin V because of 
the two-dimensional lattice disruption [51].

Annexin V as a Ca2+ channel

In early studies it was found out that annexin V 
is able to transport Ca2+ ions across the membrane 
of phospholipid vesicles and it was suggested that 
annexin V forms Ca2+ channels [33,44,75]. Those 
channels are voltage-gated and demonstrate 
selectivity for Ca2+ ions [33,55].

The role of individual amino acid residues in 
the process of ion transport was investigated using 
point mutations of the protein and structural studies. 
In the X-ray diffraction study residues T33, E35 and 
K70, L73, E78 (Table 1) were suggested to form 
intermediate binding sites for Ca2+ on the protein 
surface and thus play role in the ion transport 
[28]. The residue Glu95 is responsible for the ion 
selectivity, as the mutant Glu95Ser demonstrates the 
higher permeability for Na+ and K+ ions. Furthermore, 
it demonstrates the slightly reduced Ca2+ flux 

through the channel and different current-voltage 
dependence when compared to wild-type annexin 
V [33,48]. The mutation Glu112Gly leads to similar 
changes in the channel activity as were for Glu95Ser 
(the loss of selectivity for Ca2+ and different current-
voltage dependences). In addition, Glu112Gly mutant 
demonstrates two levels of the ions transport: high, 
which corresponds to the level of wild-type annexin 
V, and low, and this property was not demonstrated 
by Glu95Ser or wild type annexin V, which have only 
one level of the transport [76]. Both residues Glu95 
and Glu112 locate inside the hydrophilic pore in the 
annexin V center.

Glu78 and Glu17 play role in the ion transport as 
their mutations into Gln and Gly alter the transport 
kinetics significantly [33]. Both mutants have two 
levels of the ion transport (high and low) and the 
double mutant Glu78Gln/Glu17Gly exhibits only the 
smaller level. The Glu17Gly mutant provides the 
significantly slower Ca2+ influx into the phospholipid 
vesicle [75].

Interestingly, obtained structures of p6 lattices 
made of wild-type or mutant (Glu95Ser, Glu112Gly, 
Glu17Gly and Glu78Gln) annexin V are the same and 
the main difference between them is located around 
the mutated residue [33,48,76].

The N-terminal domain of annexin V is required 
for the ion channel activity as the mutated annexin V 
without 14 N-terminal amino acids does not support 
the Ca2+ flux across the membrane [75].

The hydrophilic pore in the center of the annexin 
V monomer was suggested to form the ion transport 
pathway through the molecule. Salt bridges inside 
the pore form the “gate” [55]. Hypotheses concerning 
the ways of the ion path opening include the hinge 
movement of the molecule that leads to the change 
of the inter module angle which opens the pore. The 
alternative salt bridge formation was also suggested 
[28,55,77]. The hinge movement of annexin V domains 
was observed in a molecular dynamics simulation. 
The angle between two parts of the molecule was 
bigger in a Ca2+-bound form of annexin V than in a 
Ca2+-unbound one and thus the Ca2+-bound form 
might represent a more open conformation of the 
channel. However the simulation time was relatively 
small [77]. Free diffusion through the pore is supposed 
to be impossible. The channel width was found to be 
0.8 A in the most opened conformation and those 
dimensions are still not sufficient for the ion passage 
so it was proposed that even larger annexin V hinge 
motions than those observed in simulation might be 
expected [77].

The precise mechanism of the ion transport by 
annexin V is currently unknown but two hypotheses 
exist. The first one includes the structural changes of 
the protein and its deep penetration into the membrane 
surface [78]. It is often emphasized that annexin V 
is a soluble protein and it has very few hydrophobic 
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areas on its surface at neutral pH = 7.4 [35] so its 
membrane insertion seems to be not favorable and 
might require extensive structural changes of the 
molecule [41]. However it was shown that annexin V 
does not demonstrate any significant changes of the 
structure after the membrane binding [41] (discussed 
in details in previous sections). Furthermore, it binds 
predominantly to lipid head groups and does not 
disturb lipid tails significantly and that contradicts the 
model of the membrane insertion [41]. On the other 
hand, the hydrophobicity of the protein increases 
substantially at acidic pH = 4.0 and those conditions 
might facilitate the membrane insertion [35], so the 
possibility of this process in different conditions is still 
under question.

The second hypothesis includes changes 
in the membrane structure and the process of 
electroporation, the reversible membrane pore 
formation under action of the external electric field 
[55] (for resent review of electroporation see [79]). 
It was shown that Ca2+-bound annexin V is able to 
exert the electric field in the region of the protein-
membrane contact and this field is strong enough to 
induce the pore formation [55].

The key limitation of the early studies of annexin 
V ion transport activity is the usage of extremely 
acidic phospholipid membranes (PS/PE = 90/10) or 
small membrane patches on the micropipettes. More 
recently the annexin V channel activity was studied 
on the phospholipid vesicles of different composition 
(25, 50, 75 or 90% of PS with the rest of PE) [80]. It 
was revealed that the significant Ca2+ flux across the 
membrane exists only for PS/PE = 90/10 vesicles but 
is not observed on vesicles with lower PS content. 
On vesicles composed of PG/PE or PI/PE annexin V 
does not demonstrate Ca2+ channel activity, and only 
vesicles composed of PA/PE = 90/10 support the 
Ca2+ flux across the membrane [80]. Those findings 
suggest that for the Ca2+ transport by annexin V the 
acidic surface is required. However, this study was 
performed for chicken annexin V which has different 
from human annexin V properties (for example human 
annexin V does not promote the vesicles aggregation, 
while the chicken annexin V does [42,81]), thus the 
human annexin V channel activity on membranes of 
different composition might be different.

In some studies it was noted that authors were 
unable to detect the annexin V channel activity 
[82]. However the leakage of fura-2 from the acidic 
phospholipid vesicle (PS/PE = 90/10) in presence 
of high (2.5 mM) Ca2+ concentration or annexin V 
without Ca2+ was observed [82]. From those data 
it was hypothesized that in the Ca2+-free solution 
annexin V might cause the loss of the membrane 
integrity but this effect is diminished in presence of 
moderate Ca2+ concentrations.

Conclusions
Annexin V is a protein with diverse functions 

and the majority of them depends on its ability of the 
membrane binding. However, it is largely unknown 
whether annexin performs those functions in cells in 
presence of many other membrane-binding proteins 
and on the membrane of significantly different 
composition from the artificial ones. The protein is 
widely used as a marker of PS-positive cells, but the 
evidence exists that it is able to bind to different types 
of phospholipids.

Thus additional studies of annexin V phospholipid 
specificity and the protein functions are required.
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