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Annexin VI: An intracellular target for ATP*®
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Annexin VI (AnxVI), an Ca>'- and phospholipid-binding protein, interacts in vitro
with ATP in a calciom-dependent manner. Experimental evidence indicates that its
nucleotide-binding domain which ig localized in the C-terminal half of the protein dif-
fers structurally from ATP/GTP-binding motifs found in other nucleotide-binding pro-
teins, The amino-acid residues of AnxVI directly involved in ATP binding have not
been yet defined. Binding of ATP to AnxVI induces changes in the secondary and ter-
tiary structures of protein aﬂacﬁngtheatﬂnltyofﬁmﬂfnrﬂat'md,inmm
quence, influencing the Ca“ -dependent activities of AnxVI: binding to F-actin and to
membranous phospholipids, and self-association of the annexin molecules. These ob-
servations suggest that ATP is a functional ligand for AnxVI in vivo, and

ATP-sensitive AnxVI may play the role of a factor coupling vesicular transport and cal-
cium homeostasis to cellular metabolism.

Annexin VI (AnxVI), a multifunctional tein, is expressed at the highest level in endo-
Gaztdependent and membranebinding pro-  thelial cells. In these cells, it exhibits various
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activities, such as inhibition of phospholipase
Ay activity affecting blood coagulation, inter-
action with cytoskeletal proteins and proteas-
es which possibly participate in membrane
traffic during endo- and exocytosis, and inter-
action with Ca®* transport proteins, as well as
formation of transmembrane calcium chan-
nels playing a role in intracellular calcium ho-
meostasis. Annexin VI is also phosphorylated
by various protein kinases, including protein
kinase C. Therefore, it is considered to be an
element of the intracellular signaling cascade
(for reviews see [1, 2]). The complete range of
physiclogical functions of AnxVI has not been
established. Recently, it has been reported
that AnxVI can bind in vitro adenine nucleo-
tides [3, 4]; this observation, however, has not
been substantiated in vivo, and so far no re-
lated function has been discovered [5, 6].
The aim of this article is to provide a concise
overview of recent progress in the field of nu-
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cleotide binding properties of AnxV], as exam-
ined at various levels of structural organiza-
tion of the annexin molecule, and to describe
possible functional implications of AnxVI-nu-
cleotide interaction.

NUCLEOTIDE-BINDING PROPERTIES
OF ANNEXIN VI

AnxVI interacts with many structural and
functional analogs of nucleotides (Fig. 1). In
this regard, AnxVI fulfills the requirements
established for ATP/GTP-binding proteins,
e.g. AnxVI is photoaffinity labeled with
S-Mid&[}f—ﬂP]ETP in a concentration-depen-
dent manner (Fig. 24) [3, 4]. The external flu-
orescence of 3'(or 2'V042,4,6-trinitrophe-
nyl)adenosine 5'-triphosphate (TNP-ATP) be-
comes increase 2-3-fold in the presence of
this protein, pointing to binding of TNP-ATP

Figure 1. Chemical formulas of structural
and functional analogs of nucleotides used
in the present study.

Taken from Molecular Probes Inc., and Aldrich
Chemical Co. catalogs.
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Figure 2. Interaction of annexin VI with nucleotides.

(A) Concentration-dependent binding of Erazido{y-MP]ﬁTP {C, in the absence of Ca2+} and TNP-ATP (@, in the
presence of 0.5 mM Caﬁ*} to AnxVI. The competitive effect of 0.1 mM ATF on the two processes is shown (the re-
gpective symbols are [J,M). (B) Quenching of intrinsic fluorescence of AnxVI by nucleotides (in the presence of 20
mM Caz']. (C) Calcium-dependent binding of AnxV] to ATP-agarose (@) or Cibacron blue 3GA-agarose (O). (D) Pro-

tein concentration-dependent enhancement of TNP-ATP fluorescence accompanied by a blue shift of emission maxi-
mum of TNP-ATP.

Fluorescence titrations were determined at room temperature at A, = 415 nm and A, = 530 nm, in the presence of
1.5-6.0 uM AnxVI + 1 mM CaCl,, at increasing TNP-ATP concentrations, using a Double Spectrometer, model
1680B, equipped with DM 3000 software (Spex Fluorolog Industries Inc., U.8.A.). Titration curves were fitted by hy-
perbolic regression. Mean values of two experiments are shown. Fluorescence due to unspecific binding was mea-
sured in the presence of 2 mM ATP. Concentration of TNP-ATP bound to AnxVI, fluorescence yield (¢) and the bind-
ing stoichiometry were calculated essentially, as described by Huang et al. [12]. The results presented in panel A are
taken from [3], in panel B from [4], in panel C from [3] and [9], and in panel D from J. Bandorowicz-Pikuta,
A, Wrzosek, M. Danieluk, S, Pikula & R. Buchet, Biochem, Biophys. Res. Commun., in press.

to AnxVI. In addition, a blue shift of emission  trum is observed; from 550 nm to 530-535
maximum of the TNP-ATP fluorescence spec-  nm. The binding of TNP-ATP to AnxVI is a nu-
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Figure 3. Primary structure of human AnxV1 [19, 20] revealing a repeat-domain nature of the protein.

Partial amino-acid sequences of the porcine liver AnxVI isoform are also shown, indicating a high level of homology
between the two proteins. Asterisks denote identical amino-acid residues. Proteolytic fragments of AnxV1 after di-
gestion with V8 protease from Staphylococcus aureus were purified as described previously [8, 9]. Direct sequencing
of N-terminal portions of these fragments, after their separation by ATP-agarose affinity chromatography,
SDS/PAGE, and electroblotting to Immobilon-P transfer membrane, was performed in the Protein Chemistry Labo-
ratory (University of Texas Medical Branch at Galveston, TX, U.5.A.).

cleotide concentration-dependent (in the pres-
ence of Ca’ Kp rnparp = 0.6 £ 0.1uM,n=23)
and it is by more than 80% inhibited by 0.1
mM ATP (Fig. 2A) [3]. Furthermore, the in-
trinsic fluorescence of AnxVI is quenched by
adenine and guanine nucleotides in the follow-
ing order of effectiveness: GTP > ATP > ADP
> cAMP (Fig. 2B) [4]. In the case of TNP-ATP,
the quenching of intrinsic fluorescence of
AnxVI by a nucleotide is accompanied by a flu-
orescence energy transfer from Trp343 in the
AnxVI molecule to TNP-ATP [4]. The rate of
quenching depends on AnxVI conformation
[8, 7]1. AnxVI binds also specifically and in a
Ca®’.dependent manner to ATP-agarose
(Fig. 2C). The binding is reversed by ATP and
GTP [3, 8]. Annexin VI binds also to Cibacron
blue 3GA-agarose, the binding depending on
calcium concentration (Fig. 2C) [9, 10].
Cibacron blue 3GA is not a structural but
rather a functional analog of ATP, e.g. it has
been found to evoke P2 purinergic receptor
antagonism and to affect the activity of many
ATP-binding proteins [11]. Thus, also this ob-
servation favors the view of AnxVI being a nu-
cleotide-binding protein. From experiments in

which various concentrations of AnxVI were
used to titrate the external fluorescence of
TNP-ATP (Fig. 2D), the TNP- ATP:AnxVI bin-
ding stoichiometry was calculated (using a
standard method deseribed by Huang et al.
[12]; the experimental details are described in
the legend to Fig. 2), to be amounted to 1:1
(TNP-ATP/AnxVI, mol/mol). Binding reveal-
ed no cooperativity (Hill coefficient = 1.0
0.1, n=3).

The above characterized behavior of AnxVI
in the presence of purine nucleotides justifies,
in our opinion, further structural studies
aimed at identification and characterization
of the nucleotide-binding domain of AnxVI.

_NUCLEOTIDE-BINDING DOMAIN OF

ANNEXIN VI: PRIMARY STRUCTURE

Analysis of primary structure of AnxVI did
not reveal the presence of Walker consensus
motifs A and B involved in ATP/GTP binding
[13] and other motifs found in ATP/GTP-
binding proteins characterized to date [14].
Some similarity to cAMP-binding proteins has
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domain V

domain VIl

Figure 4. Ribbon representation of the annexin VI molecule, showing a tight association of domains V
and VIII within the C-terminal portion of the protein.

The Figure is based on the crystal structure of bovine AnxVI (resolution 2.9 A, space group P43, unit cell dimen-
sions: a 67.40 A, h67.40 A ¢ 200.08 A, unit cell angles: & = f = ¥ 90°), crystallized in the presence of ca®’ [21] (cal-
cium ions bound are shown as dark grey balls). The picture prepared with the use of MOLSCRIPT was obtained
from Protein Data Bank (code 1AVC). The position of domains V and VIII, tightly connected to each other, is de-
picted. A linker between domains V and IV, containing residue Trp343, is not well visible from this perspective. We
suggest that aminc-acid residues located within the domains V and VIII, as well as in a linker region between do-
mains [V and V, form a nucleotide-binding domain of AnxV1. Other explanations are in the text.

been reported for AnxI [15], but no strue-
ture-funection relationship has been deseribed.

In most species, as in rat [16], mouse [17],
Bos taurus [18] and man [19, 20] AnxVI is
composed of 673 amino-acid residues. The
molecule is organized into two symmetrical
lobes A and B connected by a linker, as estab-

lished from crystal structure of bovine [21]
and human [22] AnxVI isoforms. These lobes
consist of four domains, each containing con-
servative consensus motifs for Ca®'- and phos-
pholipid-binding, so<called “annexin folds”.
Annexin folds represent Caz*-rjependent
phospholipid-binding sites, alternative to C2
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Figure 5, The effect of ATP on secondary structure of annexin VL

Far-UV CD spectra of AnxVI were recorded in the presence of EGTA (A) or CaCl, (B) at room temperature on an
AVIV CD spectrophotometer (AVIV Associates Inc., U.S.A.), essentially as described previously [43]. The assay me-
dium contained AnxVI (0.25 mg protein/ml) in 5 mM Tris/HC), pH 7.4, 20 mM NaCl, and 1 mM EGTA (solid line), 2
mM Ca®* (dashed line), 1 mM EGTA and 0.2 mM ATP (dashed-dotted line) or 2 mM Ca”" and 0.2 mM ATP (dotted
line). On the Figure the representative smoothed spectra chosen from 3-8 experiments are shown.

domains, which allow protein binding to lipid
membranes. Annexin folds are present exclu-
sively in annexins while C2 domains can be
found in various protein families, such as pro-
tein kinase C isoforms, phospholipase Ay and
proteins involved in membrane traffic [23].
Annexin folds differ from C2 domains in hav-
ing, unlike the C2 domains, a high a-helix con-
tent [24-27].

The following regions can be recognized in
the AnxVI molecule: the N-terminal tail (num-
bering of residues in parentheses) (1-21), do-
main I (22-91), domain II (92-163), coil
1I-111 (164-172), domain III (173-250), do-
main IV (251-325), a linker (326-354) pre-
ceding lobe B coil (355-365), domain V
(366-434), domain VI (435-506), coil VI-VII
(507-515), domain VII (516-599), and do-
main VIII (600-673) [21]. The actin-binding
site, found in lung AnxII [28], is present in
AnxVI (TLIRIMVSR) starting, however, from
Tre273, and not from valine, as in AnxIl.
Annexin VI is also able to bind heparin [29],
although it does not contain typical Cardin-
Weintraub recognition sequences for glyco-

saminoglycans localized in other annexins, as
for example in AnxII [30, 31].

On the basis of the following experimental
data it can be hypothesized that the nucleo-
tide-binding domain of AnxVI is located
within the C-terminal half of the protein mole-
cule. The fluorescence energy transfer from
Trp343 to TNP-ATP occurs only in the case of
a large, eight-domain AnxVT [4], but not in ho-
mologous four-domain AnxIV [32]. Partial di-
gestion of AnxVI with protease V8 followed by
affinity chromatography on ATP-agarose
gives three proteolytic fragments of protein
with molecular masses of 33.2 kDa, 18.8 kDa
and 14.3 kDa. Their N-terminal sequences re-
veal that these fragments originate from the
C-terminal half of the AnxVI molecule (Fig. 3).
In addition, these fragments, especially those
of 33.2 kDa and 14.3 kDa, retain covalently at-
tached ﬂrazido-[}r-?’zP]ATP [9]. It can be specu-
lated, on the basis of the crystal structure of
human [22] and bovine [21] AnxVI, that the
putative high affinity nucleotide-binding site
is located within the calcium-binding domains
V and VIII of AnxVI (Fig. 4), since both do-
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mains were found to interact tightly with each
other, and are spatially close to Trp343, allow-
ing fluorescence energy transfer from this res-
idue to TNP-ATP. These speculations are sub-
stantiated by observations made by other in-
vestigators suggesting that a nucleotide-bind-
ing domain is present in human AnxI [15, 33],
in bovine and recombinant human AnxVII
[34], and in the four-domain GTP-binding
plant annexin [35].

CHANGES IN SECONDARY AND
TERTIARY STRUCTURE OF ANNEXIN
VI UPON ATP BINDING

By using circular dichroism (CD) spectros-
copy, we investigated the mechanism of the
interaction of AnxVI with ATP and found a 5%
decrease in a-helix content upon ATP binding
in the presence of Ca®* but not of EGTA
(Fig. 5). Since we have used only a self-consis-
tent method to calculate a change in the sec-
ondary structure of AnxVI upon ATP binding,
the observed decrease in a-helix content has
to be taken qualitatively. However, this inter-
pretation of CD spectra is corroborated by in-
frared spectroscopy in conjunction with
photoactivated release of ATP (J. Bandoro-
wicz-Pikula, A. Wrzosek, M. Danieluk, S.
Pikula & R. Buchet, in press) from an inactive
photolabile substrate, caged-ATP (at Fig. 1).
This method used was based on measure-
ments before and after illumination of two in-
frared spectra of protein, reflecting the two
states of the protein: nucleotide free and nu-
cleotide bound. This is the so-called reac-
tion-induced difference spectroscopy (RIDS),
used earlier in the case of Ca®'-ATPase [36,
37], creatine kinase [38] and arginine kinase
[39]. Secondary structural changes were also
observed by infrared spectroscopy upon inter-
action of AnxV with lipids [40, 41]. However,
so far the putative effects of nucleotides on
the secondary structure of any annexin
isoform, except AnxVI, have not been de
scribed.

The results of CD determinations suggest a
moderate rearrangement of AnxVI secondary
structure upon ATP binding. Therefore, we in-
vestigated the possible changes in the tertiary
structure of AnxVI. In fact, various adenine
and guanine nucleotides quenched the intrin-
sic fluorescence of AnxVI, which implies that
some tyrogine and tryptophan residues lo-
cated in the vicinity of ATP-binding site of
AnxV] undergo relocation resulting in
changed exposure of these residues to the sur-
rounding milieu [4, 7, 10]. The findings are in
agreement with the results of experiments
with the use of a hydrophobic fluorescent
probe, 2-p-toluidinylnaphthalene-6-sulphate
(TNS). Mani & Kay [42] have earlier shown
that this compound occupies a larger hydro-
phobic space when bound to AnxVI in the
presence of Ca?* than in the presence of
EGTA, as it was evident from the enhance-
ment of TNS fluorescence. We have found
that addition of ATP abolishes the Ca®"-de-
pendent enhancement of TNS fluorescence,
suggesting that the structure of the cal-
cium-binding sites within an AnxVI molecule
is affected upon nucleotide binding [43].

IMPACT OF ATP/GTP BINDING FOR
ANNEXIN VI FUNCTIONING

The effect of binding of nucleotides to AnxVI
on protein function was extensively studied in
the case of ATP. It has been shown that ATP
shifts the affinity of AnxVI for Ca®' while
binding to erythrocyte ghosts (shifting K9
value for Ca®' from 1.5 #M to 21.1 uM in the
absence or presence of 4 mM ATP, respec-
tively) [3]. A similar effect of ATP was ob-
served in the case of calcium-dependent inter-
action of AnxVI with F-actin (10-fold increase
of Ky /9 for Ca®" in the presence of nucleotide)
[3]. These results strongly suggest that ATP
may influence in vivo the binding of AnxVI to
membranes and cytoskeleton [44]. This was
further substantiated by the results of experi-
ments, revealing changes in affinity of AnxVI
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for Cal! [7], in which AnxVT in complex with
ATP aggregated phosphatidylserine lipo-
somes. In our opinion, these observations are
in agreement with the results of structural
studies, suggesting rearrangement of cal
cium-binding domains within an AnxVI mole-
cule upon nucleotide binding. This hypothesis
should be verified in experiments in vivo.
Some results, as those of Tagoe et al. [45] indi-
cating that binding of AnxVI to hepatocyte
plasma membrane is enhanced by ATP at rela-
tively high calcium concentrations, point in
that direction. The hypothesis is also sup-
ported by the results of Hoyal et al. [46], show-
ing that, under oxidative stress accompanied
by the depletion of intracellular ATP, AnxVI
detaches from the plasma membrane of alveo-
lar macrophages releasing a substantial
amount of Ca®*, leading thus to an overall ele-
vation of intracellular Ca®* concentration.

Further experiments are required to confirm
the importance 6f AnxVI/nucleotide interac-
tion for cell functioning. We are currently
considering two possibilities. First, AnxVI is
activated by ATP/GTP binding. In that case
the nucleotide signal should be stopped by
slow rate hydrolysis of nucleotide, perhaps
regulated by Ca®’, as shown for plant
annexins [35, 47, 48] and AnxVII exhibiting
GTPase activity [34, 49]. As a second possibil-
ity, we suggest that AnxVI interacts with
other nucleotidebinding proteins, e.g. with
synapsins [50, 51]. AnxVI may also play a role
of a guanine exchange factor (GEF) or of a
GTPase activating protein (GAP) or may in-
teract with other GAPs. In favor of the latter
possibility is the observation that AnxVI
binds to plZOG‘H"P, an activator of GTPase
p21™ [52, 53]. The suggestion that AnxVIisa
GAP is in agreement with the observation
that AnxVTI interacts with dynamin, a GTPase
involved in endocytosis [54]. Thus, it appears
that the AnxVI/nucleotide interaction might
play a role in membrane traffic processes (for
review see [44]).

CONCLUDING REMARKS AND
FUTURE PERSPECTIVES

The hypothesis of ATP/GTP being func-
tional ligands for AnxV1 requires, in our opin-
ion, the following verification. First, the crys-
tal structure of AnxVI/nucleotide complex
has to be solved and amino-acid residues in-
volved in binding of nucleotides identified.
Second, the nucleotide binding properties of
the annexin family has to be provided. It has
been earlier shown that AnxI [15, 33], AnxIV
[32], AnxVII [34, 49], and probably AnxV [55,
56] are able to bind cAMP, ATP or GTP/GDP,
although neither structural data nor convine-
ing results of in vivo experiments have been
given. Third, one of the most important tasks
we foresee in the near future is an elaboration
of experimental conditions which will eluci-
date the significance of the AnxVI/nucleotide
interaction in vivo. We believe that such ef-
forts will allow to define a new function for
some members of the annexin family. We sug-
gest that ATP-sensitive AnxVI may play the
role of a factor coupling the intracellular cal-
cium homeostasis to cellular metabolism.

The authors wish to express their gratitude
to Professor Yogesh C. Awasthi from the De-
partment of Human Biological Chemistry and
Genetics, University of Texas Medical Branch
at Galveston, Galveston TX, U.S.A., and to
Professor Aleksander F. Sikorski from the In-
stitute of Biochemistry, University of
Wrocltaw, Wroctaw, Poland, for making it pos-
sible to perform some of the experiments pre-
sented in this communication in their labora-
tories.
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