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Abstract Annexin VI from porcine liver can be photoaffinity-
labeled with 8-azido-[y-32P]ATP in a concentration-dependent, 
saturable manner. The extent of labeling varied with the 
concentration of calcium. The dissociation constant for the 
nucleotide was found to be in the range reported for ATP-binding 
proteins. The ATP analog, 2'-(or 3')-0-(2,4,6-trinitrophenyl)-
adenosine 5'-triphosphate, also bound to AnxVI, as indicated by 
shift in its fluorescence spectra in the presence of protein. Any 
significant 8-azido-ATP or TNP-ATP binding was not observed 
with AnxIV. ATP modulated the binding of AnxVI to 
erythrocyte membrane and increased the Ca2 + concentration 
required for half-maximal binding of AnxVI to F-actin. 
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1. Introduction 

In several mammalian organs (e.g., placenta, brain, heart 
and liver) annexins, which belong to a unique family of Ca 2 + -
binding proteins, exhibit a high level of cellular expression; 
however, their functions in these organs are poorly under-
stood [1,2]. The prevailing opinion is that annexins become 
functionally active when the local concentrations of calcium 
are elevated [1]. The calcium signal causes binding of annexins 
to membrane phospholipids, and the interaction of Anx mol-
ecules with membrane may influence locally its structure, re-
sulting in altered membrane-cytoskeleton interactions, and 
membrane permeability to ions. Some Anx isoforms have 
been found in vivo to be associated with membranes but in 
a Ca 2 +- independent manner [3,4]. Tagoe et al. [5] have dem-
onstrated that in the presence of millimolar concentrations of 
ATP, binding of annexins to membranes is potentiated. It has 
also been shown that adrenal AnxVI can be separated from 
other bovine annexins by affinity chromatography on ATP-
agarose [6], and that A T P inhibits, driven by Anxl of bovine 
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trinitrophenyl)adenosine 5'-triphosphate 

lung, the aggregation of chromaffin granules and PS lipo-
somes [7]. These findings suggest that some annexins bind 
certain nucleotides which may affect their physiological func-
tions. We show here that AnxVI but not AnxIV of porcine 
liver is specifically photoaffinity-labeled with 8-azido-[y-32P]-
A T P in a concentration-dependent and saturable manner. 
The annexin labeling was found to vary with calcium concen-
tration and A T P modulated the binding of AnxVI to mem-
branes, and its interaction with actin. 

2. Materials and methods 

2.1. Preparation of porcine annexins IV and VI and human erythrocyte 
ghosts 

AnxIV and AnxVI were purified from porcine liver as described in 
[8], and stored at 1-2 mg protein/ml in 20 mM Tris-HCl, pH 7.0, 
1 mM EGTA at —70°C until used. Human erythrocyte ghosts were 
prepared according to Steck and Kant [9], then frozen in 10 mM Tris-
HCl, pH 7.4, containing 0.1 mM EDTA, 0.1 mM PMSF, 1.4 mM 
ß-mercaptoethanol, and 50 μΜ butylated hydroxytoluene, at a protein 
concentration of 9-10 mg/ml, and stored at —20°C. 

2.2. Photoaffinity labeling of annexins with 8-azido-A TP 
8-Azido-[y-32P]ATP (specific activity 10.6 Ci/mmol) was purchased 

from ICN Pharmaceuticals, Inc. (Irvine, CA, USA) and used within a 
month. Labeling with 8-azido-ATP was performed at room temper-
ature, under the conditions described for the 90-kDa canalicular 
transporter protein of rat hepatocytes [10], with some modifications. 
In the present experiments 8-azido-ATP was added from a methanolic 
stock solution prior to the addition of other components, and the 
solvent from the reaction mixture was evaporated to dryness. Label-
ing was achieved in a solution containing in 20 μΐ 20 mM Tris-HCl, 
pH 7.4, 0.5 mM EGTA, various concentrations of CaCl2, 0.1-0.5 μg 
protein, in the presence or absence of 12 μg asolectin/cholesterol (4:1, 
w/w) or PS liposomes. Where indicated, the concentration of 8-azido-
ATP was varied, otherwise it was kept at 2 μΜ (specific activity 
0.5 Ci/mmol). Samples were irradiated for 3 min with a hand-held 
UV lamp (UVSL25, Ultra-Violet Product Inc., San Gabriel, CA, 
USA), denatured with SDS sample buffer, for 30 min at 37°C, and 
subjected to SDS-PAGE. Gels were dried and the peptide-associated 
radioactivity was visualized by exposure of gels to a storage phospho-
rus screen for 4-72 h, or for 18-140 h (for AnxIV). The results were 
evaluated using a Phosphorlmager (Molecular Dynamics), and the 
Image Quant program (version 3.3). Non-irradiated samples served 
as controls for non-specific binding. 

2.3. Enhancement of TNP-ATP fluorescence in the presence of 
annexins 

The fluorescence emission spectra of TNP-ATP (Molecular Probes, 
Inc., Eugene, OR, USA) were measured using a F-4500 fluorescence 
spectrophotometer (Hitachi Ltd., Tokyo, Japan) at 23°C in a buffer in 
a total volume of 1 ml 50 mM Tris-HCl, pH 7.4, 0.5 mM EGTA, 
containing 0-5 mM CaCl2, in the presence or absence of asolectin/ 
cholesterol liposomes (0.25 mg/ml). If present, annexins were at con-
centration ranging from 1.3-7.5 μΜ. TNP-ATP concentration ranged 
from 0-10 μΜ. The samples were excited at 412 nm (excitation slit 
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5 nm), and emission spectra were recorded between 500 and 600 nm 
(emission slit 20 nm). Data were acquired at a scanning speed of 
240 nm/rnin. The value of fluorescence intensity of an emission peak 
at 535 nm, after subtracting the fluorescence intensity of TNP-ATP 
measured in the absence of protein, was used for calculations. 

2.4. Binding of annexins to ATP-agarose 
ATP insolubilized on 4% beaded agarose (Sigma) was used 

throughout (3.0 μπιοΐ ATP/ml packed gel). Prior to the experiments 
ATP-agarose (100-μ1 aliquots) was pelleted by centrifugation and 
washed (X3) with 1 ml portions of 10 mM Tris-HCl, pH 7.4; this 
procedure gave 25 μΐ of packed resin. The resin was then incubated 
with 200 μΐ of 10 mM Tris-HCl, pH 7.4, 0.5 mM EGTA, 0-5 mM 
CaCl2, and 19-22 μg of annexin, for 60 min at 23°C. After incubation, 
samples were centrifuged at 3000 Xg for 10 min, 100-μ1 aliquots from 
supernatants were lyophilized, solubilized in SDS sample buffer, and 
subjected to SDS-PAGE. In parallel, the resin was washed, incubated 
with 5 mM ATP in 20 mM Tris-HCl, pH 7.4, for 30 min, and the 
composition of peptides eluted from ATP-agarose analyzed by elec-
trophoresis. The gels were scanned, their computer images were cre-
ated using Eagleeye II (Stratagene, La Jolla, CA, USA), and quanti-
fied with the aid of the Image Quant program. The samples incubated 
without the resin or with agarose without covalently linked ATP 
served as controls. 

2.5. Binding of annexins to erythrocyte membrane and to F-actin 
Binding of annexins to erythrocyte ghosts or liposomes was per-

formed according to [8], or as otherwise stated in the text. Quantita-
tive analysis of the obtained results was performed as described in 
Section 2.4. F-actin from bovine muscle insolubilized on cyanogen-
bromide-activated Sepharose 4B (Sigma) resin (0.9 mg bound F-actin/ 
ml packed resin) was prepared according to the procedure described 
by Singhai et al. [11]. Binding of annexin to the F-actin/Sepharose was 
performed in 2 mM Tris-HCl, pH 7.4, 50 mM KC1, 0.5 mM dithio-
threitol, 2 mM MgCl2 (BB buffer), supplemented with 0.5 mM 
EGTA, various concentrations of CaC^, 15-18 μg of AnxIV or VI, 
with or without 2 mM ATP. To the reaction mixture (total volume 
0.2 ml), 60-70 μΐ of packed resin was added. Before use the resin was 
washed thrice in BB buffer, then incubated with Anx for 60 min at 
23°C. Samples were centrifuged at 1300Xg for 2 min, 100-μ1 aliquots 
of the supernatants were lyophilized, subjected to SDS-PAGE, and 
the amount of protein bound to the resin was determined by subtrac-
tion from the total the amount of protein found in the supernatant. 
The gels stained with Coomassie brilliant blue were subjected to den-
sitometric analysis. 

2.6. Other procedures 
Free calcium concentrations were calculated with the aid of a com-

puter program and the log Κα
ΕατΑ values of Vianna [12], and verified 

using a Ca2+-selective electrode (Orion, Res. Inc., USA). Protein con-
centration was determined by the method of Bradford [13], with bo-
vine serum albumin as a standard. SDS-PAGE under reducing con-
ditions was performed on 3% stacking and 12.5% resolving gels, 
according to Laemmli [14]. Gels were stained with Coomassie brilliant 
blue (G-250) or silver, as described in [14] and [15], respectively. 

3. Results 

3.1. Photoaffinity labeling of AnxVI with 8-azido-ATP 
Photoaffinity labeling of AnxIV and AnxVI with 8-azido-

ATP was examined in order to characterize the nucleotide 
binding site of these proteins. Annexins in the cell alternate 
between two major forms—a soluble form, when cytosolic 
Ca2+ concentration is 50-100 nM, and a membrane-bound 
form, when calcium concentrations become elevated upon 
cell activation [1,2]. Therefore, we incubated and UV-irradi-
ated AnxIV and AnxVI separately with 8-azido-[y-32P]ATP 
and either 0.5 mM EGTA or 0.5 mM CaCl2, with or without 
liposomes. The results of this experiment showed that only 
AnxVI was photoaffinity-labeled with the ATP analog (Fig. 
1). No labeling was observed with AnxVI bound to either 
asolectin/cholesterol or PS liposomes. The labeling of AnxVI 
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was dependent on UV activation of the photoaffinity probe, 
was saturable with respect to 8-azido-ATP concentration (Fig. 
2A; Kd 4.6 μΜ at 0.5 mM EGTA), and diminished gradually 
with increasing ATP concentration in the reaction mixture 
(Fig. 2B); however, the competition of ATP with 8-azido-
ATP labeling was not complete. Among other nucleotides, 
20 μΜ ADP and UTP had no effect on labeling, 20 μΜ 
CTP inhibited it by about 30%, the effect of 20 μΜ GTP 
was the same as that of 20 μΜ ATP, and 16 μΜ TNP-ATP 
inhibited it completely. At 100 μΜ Ca2+ the 8-azido-ATP 
labeling of AnxVI was as efficient as in the presence of 
0.5 mM EGTA, and decreased on raising CaCb concentra-
tions in the assay mixture. Under the described conditions 
there was none or minimal labeling of AnxIV, observed only 
in the presence of relatively high calcium concentrations, and 
after 6 days of exposure of the gels in the Phosphorlmager. 

3.2. Binding of TNP-ATP to annexins 
Upon excitation at 412 nm, TNP-ATP in aqueous solution 

exhibits a fluorescence emission spectrum with a maximum at 
approximately 550 nm. Addition of AnxVI (with 0.5 mM 
EGTA) markedly increased the probe fluorescence intensity 
with a concomitant 15-nm blue shift of the emission peak 
maximum to 535-540 nm. The differential spectrum, corre-
sponding to the fluorescence of the protein-bound TNP-
ATP, exhibited maximal emission at 535 nm (Fig. 3). Under 
the same conditions AnxIV did not affect the emission spectra 
of TNP-ATP, further confirming the inability of AnxIV to 
bind nucleotides. The binding of TNP-ATP to AnxVI under 
various conditions (Fig. 4) was concentration-dependent and 
saturable. The binding was also saturable with respect to the 
protein concentration, and was calcium concentration-de-
pendent. The affinity of AnxVI for TNP-ATP was found to 
be higher than for 8-azido-ATP. Binding of TNP-ATP to 
protein in the presence of 0.5 mM EGTA gave, however, 
opposite results to labeling of AnxVI with 8-azido-ATP 

Fig. 1. Labeling of annexins IV and VI with 8-azido-ATP. Annexins 
(40 μg/ml) were preincubated in the presence of various effectors: 
0.5 mM CaCl2 (lane 1), 0.5 mM CaCl2/0.5 mg asolectin liposomes 
(lane 2), 0.5 mM EGTA (lane 3) or 0.5 mM EGTA/0.5 mg asolectin 
liposomes (lane 4) in 20 mM Tris-HCl, pH 7.4. Aliquots of 20 μΐ 
were irradiated for 3 min in the presence of 2 μΜ 8-azido-[7-32P]-
ATP. The samples were subjected to SDS-PAGE, and the radioac-
tivity associated with AnxVI or AnxIV was visualized using a Phos-
phorlmager after 24 h exposure. 



302 J. Bandorowicz-Pikula, Y.C. AwasthilFEBS Letters 409 (1997) 300-306 

'c 

> s 
1 _ 

CO 

_̂ 

-t—' 

'·*—* 
O 
CO 
O 

T3 
CO 

rr 

150-

100-

50-

0-

A 

1 

\ 

1 

• 

1 

\χ 

| 

1 

150 

-100 

1 2 3 4 

8-Azido-ATP (μΜ) 
20 30 

ATP (μΜ) 

Fig. 2. Characteristic features of 8-azido-ATP labeling of annexins. A: Saturation curve for annexins. AnxIV (380 ng) (■) + 0.5 mM CaCl2 or 
AnxVI (440 ng) (·) + 0.5 mM EGTA samples were UV-irradiated in the presence of increasing concentrations of 8-azido-[y-32P]ATP. B: Com-
petition with ATP. AnxIV in 0.5 mM CaC^ or AnxVI in 0.5 mM EGTA was supplemented with 2 μΜ 8-azido-[/y-32P]ATP and with ATP at a 
concentration range from 0-45 μΜ. Radioactivity associated with proteins was estimated using a Phosphorlmager; the control value (no ATP) 
was taken as 100%; symbols are the same as in panel A. The experiment described was repeated 3 times and the results obtained are shown 
on both panels. 

(Fig. 1). The enhancement of TNP-ATP fluorescence in the 
presence of AnxVI and 0.5 mM EGTA was 50% lower than 
that observed for AnxVI incubated in the presence of 0.5 mM 
CaCl2 (Fig. 4A). No change in protein affinity for the nu-
cleotide was observed under these conditions {K¿ 1.28 and 
0.75 μΜ, respectively). The reasons for such a discrepancy 
are given in Section 4. In agreement with the results of experi-
ments with 8-azido-ATP labeling, the binding of TNP-ATP to 
AnxVI in the presence of 0.5 mM CaCb was abolished by 
more than 35% in the presence of liposomes, with no change 
in affinity for the nucleotide (Äj 0.73 μΜ). Furthermore, the 
binding of TNP-ATP to AnxVI in the presence of EGTA was 
not affected by liposomes. This points to partial competition 
of nucleotide binding and binding of AnxVI to membranes in 
the presence of calcium. 

The competition between ATP and TNP-ATP for binding 
to AnxVI (Fig. 4B) was similar to that found for 8-azido-ATP 
labeling and other ATP-binding proteins. This effect, pro-
nounced at low TNP-ATP concentrations, points to competi-
tion between ATP and its analog for the same binding site. It 
is worth noting that AnxIV did not interact with TNP-nucleo-
tide, except when it was incubated with asolectin liposomes in 
the presence of 0.5 mM CaCl2 (Fig. 4A, Kd for TNP-ATP 
7.01 μΜ), under conditions when binding of Anx to liposomes 
[1] and self-association of protein molecules might occur [16]. 

3.3. Binding of annexins to ATP-agarose 
The binding of AnxVI to ATP-agarose is calcium-depend-

ent with K¿ of 0.56 μΜ for Ca2+ and Bmax of 11 nmol of 
annexin per 1 ml of packed resin at 100 μΜ Ca2+ (Fig. 5). 
The latter value corresponds approximately to 4 μπιοΐ protein/ 
mol ATP. The binding was observed even in the presence of 
0.5 mM EGTA (20% of Bmax at 100 μΜ Ca2+). Under these 
conditions AnxIV did not bind to ATP-agarose; however, 

minimal binding was observed at calcium concentrations ex-
ceeding 1 mM. 

3.4. Effect of ATP on Ca2+-dependent binding of annexins to 
erythrocyte ghosts and F-actin 

Porcine AnxIV and AnxVI bind to ghost membranes with 
Bmax of 64.5 and 29.5 nmol/mg protein, and K¿ 1.0 μΜ and 
0.35 μΜ at 0.5 mM CaCl2, respectively [8]. Both proteins 
interact with PS [17] in a calcium-dependent manner, and 
when associated with membranes induce extensive clustering 
of acidic phospholipids [18,19]. Upon addition of ATP to the 
reaction mixture, K\/2 for Ca2+ of AnxVI to erythrocyte ghost 
binding increased gradually from 1.54 μΜ in the absence of 
ATP to 4.48 and 21.1 μΜ in the presence of 2 and 4 mM 
ATP, respectively (Fig. 6A). No changes were, however, ob-
served in maximal binding capacity. On the other hand, for 
AnxIV (Fig. 6B) Κχ/2 values for Ca2+ amounted to 20 ± 6 μΜ, 
irrespective of the presence or absence of ATP. AnxIV and 
AnxVI bound also to F-actin insolubilized on Sepharose 4B, 
which is consistent with previously reported binding of AnxVI 
to F-actin in solution [20]. The Kij2 values for calcium for 
F-actin binding to AnxIV and AnxVI were found to be 98.7 
and 5.8 μΜ, respectively, in the absence of núcleo tides (Fig. 
7). In the presence of 2 mM ATP, K\¡i for Ca2+ increased to a 
10-fold higher value for AnxVI (66.5 μΜ; Fig. 7A), while it 
remained practically unchanged for AnxIV (85.0 μΜ; Fig. 
7B). These results suggest that ATP may attenuate the binding 
of AnxVI to filamentous actin. 

4. Discussion 

In the present report we provide evidence that AnxVI of 
porcine liver interacts with ATP. AnxVI is specifically photo-
labeled with 8-azido-[y-32P]ATP, and the K¿ of the process is 
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Fig. 3. Spectral features of TNP-ATP binding to AnxVI upon exci-
tation at 412 nm. The extrinsic fluorescence of 9.6 μΜ TNP-ATP 
was measured in the presence of 0.5 mM EGTA, in the absence of 
protein (lower curve) or in the presence of 4.4 μΜ AnxVI (upper 
curve). The differential spectrum corresponding to net TNP-ATP 
bound to AnxVI is represented by the middle curve. The arrows in-
dicate the wavelengths of maximal emissions. 

in the range comparable to that for ATP-binding proteins. 
TNP-ATP also binds to AnxVI, as indicated by enhancement 
in its fluorescence upon addition of the protein. Since TNP-
ATP has recently been used to characterize the nucleotide 
binding properties of other ATP-dependent proteins, such as 

P-glycoprotein [21], cystic fibrosis transmembrane conduct-
ance regulator [22], rat liver multispecific organic anion trans-
porter [10], the epidermal growth factor receptor protein-ty-
rosine kinase [23], mitochondrial Fl-ATPase [24], Na+,K+-
ATPase [25], Ca2+-ATPase [26], and F-actin [27], our results 
support the idea that nucleotides do indeed bind to annexin. 
AnxVI binds to ATP-agarose, and this binding was further 
promoted by calcium ions. We have not been able, however, 
to observe similar behavior of liver AnxIV. These observa-
tions suggest that ATP is an important ligand which may, 
upon interaction with AnxVI, regulate cellular function of 
the protein. Present studies indicate that the extent of binding 
of ATP to porcine AnxVI varied with the calcium concentra-
tion, pointing to an interrelationship between Ca2+- and nu-
cleotide-binding sites within an AnxVI molecule. There is, 
however, an inconsistency with the results of labeling with 
8-azido-ATP and the binding experiments with TNP-ATP 
with regard to the presence of calcium and liposomes. The 
8-azido-ATP labeling of AnxVI has been found to be com-
pletely prevented in the presence of 0.5 mM CaCi2 and lipo-
somes while binding of TNP-ATP was only partially inhib-
ited. Moreover, photoaffinity labeling was decreased in the 
presence of 0.5 mM CaCl2, while the interaction of protein 
with TNP-ATP was significantly enhanced. These differences 
can be explained by a lower affinity of AnxVI for 8-azido-
ATP than for TNP-ATP and a different mechanism of inter-
action for AnxVI with these ATP analogs (covalent, non-sto-
ichiometric attachment and non-covalent interaction, respec-
tively). In fact, the results of our preliminary investigations 
into the effects of nucleotides on the intrinsic fluorescence of 
AnxVI reveal that TNP-ATP is the most potent, among the 
adenine nucleotides tested, in quenching fluorescence. In the 
presence of EGTA it was accompanied by a fluorescence en-
ergy transfer from AnxVI tryptophans to a fluorophore, and 
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Fig. 4. Binding of TNP-ATP to annexins. A: Fluorescence enhancement at 535 nm of various concentrations of TNP-ATP was determined in 
the presence of 2.1 μΜ of AnxIV+ 0.5 mM EGTA (D) or +0.5 mM Ca2+ (■) or in the presence of 1.3 μΜ of AnxVI+ 0.5 mM EGTA (o) or 
+ 0.5 mM Ca2+ (·), and fluorescence intensity of TNP-ATP in buffer in the absence of protein was subtracted. B: Increasing concentrations of 
ATP were added to the samples in the presence of 9.6 μΜ TNP-ATP. Symbols are the same as in panel (A). Mean values of two experiments 
are shown; they varied by 3-5%. 
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Fig. 5. The effect of calcium on the binding of annexins to ATP-
agarose. AnxIV (■) or AnxVI (·) (19-22 μg of protein) was prein-
cubated for 60 min at 23°C with 25 μΐ of packed ATP-agarose resin 
in a total volume of 200 μΐ of 10 mM Tris-HCl, pH 7.4, 0.5 mM 
EGTA, with various concentrations of CaCl2 (0-5 mM). The incu-
bation mixtures were centrifuged for 10 min at 4000 rpm and 
100-μ1 aliquots from supernatants were lyophilized and subjected to 
SDS-PAGE. In parallel, the resin was treated for 30 min at room 
temperature with the buffer containing 5 mM ATP, and the pep-
tides present in the eluate were analyzed by SDS-PAGE gels stained 
with Coomassie brilliant blue (R-250), as described in the text. 
Binding was quantified from the difference between samples incu-
bated with and without resin. Mean values of two experiments 
which varied by 5% are shown. 

this effect was not observed in the presence of millimolar 
CaCl2 concentrations. One may, therefore, speculate that the 
interaction of AnxVI with TNP-ATP is a sum of relatively 
weak but numerous forces and is affected by binding of Anx-
VI to the membrane in the presence of calcium and self-asso-
ciation of protein molecules on the membrane surface. Fur-
ther studies are required to clarify this point. 

Tagoe et al. [5] have demonstrated that in the presence of 
physiological concentrations of ATP the association of annex-
ins to hepatocyte plasma membrane is potentiated. Further-
more, calcium-dependent binding of adrenal medulla AnxVI 
has been found to be promoted by ATP [28]. Lin et al. [29] 
have shown that cytosol-dependent activation of Anx required 
for budding of clathrin-coated pits occurred in the presence of 
both ATP and Ca2+. Recently, Cohen et al. [7] have reported 
that ATP binding to Anxl of bovine lung is accompanied by 
inhibition of Ca2+-dependent aggregation of PS liposomes 
and bovine chromaffin granules driven by Anxl, and altera-
tion of the conductance of calcium channels formed by Anxl 
in planar lipid bilayers. Considering the physiological signifi-
cance of ATP binding by AnxVI, we have tested several ex-
perimental models in which, as we expected, the effect of 
nucleotides would be visible. Since Plager and Nelsestuen 
[30] proposed that binding of AnxVI to membrane could serve 
as one of the regulators of cell function, we checked the effect 
of ATP on binding of AnxVI to erythrocyte ghosts and found 
that nucleotide modulates this process. Taking into account 
that AnxVI is able to bind F-actin [20], dissociates brain spec-
trin from F-actin in a Ca2+/PS-dependent manner [31], or co-
localizes with actin in enamel- and dentin-related portions of 
dental tissue, where it is postulated to play a role in exocytotic 
and endocytotic events [32], we checked whether AnxVI could 
interact with F-actin and whether this process was modulated 
by ATP. We found that ATP indeed raised the Ca2+ concen-
tration required for half-maximal binding of Anx to F-actin. 
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Fig. 6. The effect of ATP on binding of annexin VI (A) and annexin IV (B) to human erythrocyte membrane. Ca2+-dependent binding of an-
nexins to erythrocyte ghosts was performed as described in the text, in the presence of 2 mM ATP (+), 4 mM ATP (■), or absence of ATP 
(O), at various Ca2+ concentrations. Mean values of two experiments are shown; they varied by 5-7%. 
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Fig. 7. Binding of annexins VI (A) and IV (B) to F-actin insolubilized on Sepharose 4B. The effect of ATP. The experiments were performed 
in the presence of 2 mM ATP (o, □) or absence of ATP ( · , ■), at various Ca2+ concentrations, as described in the text. The mean values of 
two experiments with AnxIV (D, ■) or AnxVI (O, · ) are shown; they varied by 5-7%. 

The universal importance of ATP for living organisms lies 
in the fact that hydrolysis of ATP releases a substantial 
amount of free energy, and that the ATP hydrolysis products 
provide opportunities for coupling of a variety of chemical 
reactions. ATP itself may play an important role as an intra-
cellular signaling molecule and as a specific ligand required 
for proper functioning of certain proteins without being hy-
drolysed. ATP is also released from nerve cells, dense granules 
during platelet aggregation, chondrocytes and adrenal medul-
la, endothelial or other cells under stress, hypoxia or inflam-
mation. It can act on P2 purinoreceptors of hepatocytes or 
smooth muscle cells and on ATP-gated ion channels [33,34], 
including the ATP-inhibited K+ channel in inner mitochon-
drial membrane [35]. The growth plate cartilage chondrocytes 
represent an interesting example of cells which are signifi-
cantly depleted of ATP and have elevated cytosolic P¡, a pre-
requisite for formation of Ca2+-acidic phospholipid-com-
plexes during matrix mineralization [36]. These cells actively 
acquire Ca2+, concentrate in the cell periphery and exfoliate it 
as Ca2+-rich matrix vesicles, microstructures which induce 
mineral formation in vitro. Matrix vesicles are linked to 
type II and X collagens which in turn activate the influx of 
Ca2+ into these vesicles. The binding of collagens to the 
vesicle surface is mediated by annexins II, V and VI, relatively 
abundant in chondrocytes [37,38]. In addition, these cells se-
crete ATP which is used to regulate cell maturation, and has a 
profound influence on the amount and type of minerals de-
posited [39]. ATP may also elicit deleterious effects when its 
extracellular concentration rises above certain levels [40]. One 
may, therefore, speculate that annexins which are able to form 
Ca2+-channels in chondrocytes and matrix vesicle membranes 
and bind to the matrix collagens or acidic phospholipids, act 
as mechano-transducers in growth plate cartilage, gating Ca2+ 

entrance into the cells, and facilitating formation of Ca2+ and 
Pi-primed matrix vesicles, as postulated by Wuthier [36]. ATP 

binding to annexins could serve as an additional factor influ-
encing their interaction with a set of proteins characteristically 
associated with mineralization [41] and with acidic phospho-
lipids. 

We have shown recently that porcine liver AnxIV and Anx-
VI are indistinguishable with respect to their Ca2+-dependent 
phospholipid binding characteristics [8,42], and specific abol-
ishment of Ca2+-induced fluidization of PS/PC liposomes [17]. 
The present results would point, however, to a distinct differ-
ence between these two homologous proteins in their interac-
tion with nucleotides, suggesting that the function of various 
annexins is differently regulated within the cell. 
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