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Annexin VI (AnxVI) of molecular mass 68–70 kDa belongs to a multigenic family of

ubiquitous Ca
2+

- and phospholipid-binding proteins. In this report, we describe the

GTP-binding properties of porcine liver AnxVI, determined with a fluorescent GTP

analogue, 2�-(or 3’)-O-(2,4,6-trinitrophenyl)guanosine 5�-triphosphate (TNP-GTP).

The optimal binding of TNP-GTP to AnxVI was observed in the presence of Ca
2+

and

asolectin liposomes, as evidenced by a 5.5-fold increase of TNP-GTP fluorescence and

a concomitant blue shift (by 17 nm) of its maximal emission wavelength. Titration of

AnxVI with TNP-GTP resulted in the determination of the dissociation constant (Kd)

and binding stoichiometry that amounted to 1.3 �M and 1:1 TNP-GTP/AnxVI,

mole/mole, respectively. In addition, the intrinsic fluorescence of the membrane-

bound form of AnxVI was quenched by TNP-GTP and this was accompanied by fluo-

rescence resonance energy transfer (FRET) from AnxVI Trp residues to TNP-GTP.

This indicates that the GTP-binding site within the AnxVI molecule is probably located

in the vicinity of a Trp-containing domain of the protein. By controlled proteolysis of

human recombinant AnxVI, followed by purification of the proteolytic fragments by

affinity chromatography on GTP-agarose, we isolated a 35 kDa fragment correspond-

ing to the N-terminal half of AnxVI containing Trp
192

. On the basis of these results, we

suggest that AnxVI is a GTP-binding protein and the binding of the nucleotide may

have a regulatory impact on the interaction of annexin with membranes, e.g. forma-

tion of ion channels by the protein.
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Annexins form a family of Ca
2+

- and phos-

pholipid-binding proteins, represented in

higher Eucaryota by over 200 species- and tis-

sue-specific isoforms (Morgan et al., 1999;

Bandorowicz-Piku³a et al., 2001). The eight-re-

peat domain AnxVI is the largest member of

the family. As a result of alternative splicing,

it is expressed in mammalian tissues in two

isoforms (Moss & Crumpton, 1990; Kaetzel et

al., 1994) that differ by six amino-acid resi-

dues (Fig. 1). The crystal structure of the

larger AnxVI isoform of human and bovine or-

igin has been solved (Benz et al., 1996;

Avila-Sakar et al. 1998; 2000), however, the

functional significance of this isoform re-

mains unclear. It was reported that, in A431

cells expressing the larger isoform of AnxVI,

EGF-mediated membrane hyperpolarization

was attenuated and Ca2+ entry abolished

(Fleet et al., 1999). Moreover, some evidence

has been provided that the lack of the six

amino acid residue-long fragment in the

shorter AnxVI isoform may have some impli-

cations for the folding of the C-terminal half of

AnxVI, related to a different function of this

isoform (Smith et al., 1994).

From in vitro studies, AnxVI was implicated

in Ca2+-homeostasis (Hawkins et al., 2000), in

vesicular trafficking (Bandorowicz-Piku³a &

Piku³a, 1998a), and in signal transduction

pathways (Russo-Marie, 1999; Bandorowicz-

Piku³a et al., 2001). In all these processes, pu-

rine nucleotides are engaged. Membrane traf-

ficking is a GTP-dependent process, and

AnxVI has been found to interact with

GTP-binding proteins, e.g., with dynamin

(Turpin et al., 1998), and with GTPase activat-

ing proteins, e.g., p120GAP (Davis et al., 1996;

Chow et al.,2000). In addition, it has also been

reported that AnxVI interacts with

ATP-binding proteins, e.g., with F-actin

(Jones et al., 1992), and in vitro itself binds

ATP (Bandorowicz-Piku³a & Awasthi, 1997;

Bandorowicz-Piku³a et al., 1997a; 1997b;

1999a; 1999b) or its analogues (Danieluk et

al., 1999a; 1999b). What could be the func-

tional significance of AnxVI–nucleotide inter-

actions?

Recently, two types of interaction of AnxVI

with lipid membranes in vitro were observed.

The first type was induced by acidification of

the assay medium (Golczak et al., 2001a),

while the second one by the presence of purine

triphosphonucleosides, ATP (Bandorowicz-

Piku³a & Awasthi, 1997; Bandorowicz-Piku³a

& Piku³a, 1998b; 1998c) or GTP (Kirilenko et

al., 2002). Both low pH and the presence of

GTP in the millimolar concentration range in-

duced voltage-dependent ion channels formed

by AnxVI in lipid membranes that can poten-

tially play a role in cellular ion homeostasis

(Hawkins et al., 2000; Kourie & Wood, 2000),

especially under pathological conditions

(Rand, 2000). However, the mechanisms of in-

teraction of AnxVI with membrane lipid bi-

layers at low pH and in the presence of GTP

are probably different. At low pH, AnxVI be-

haved like an integral membrane protein

(Golczak et al., 2001b; 2001c), and at pH 7.4,

in the presence of the nucleotide, AnxVI
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Figure 1. The domain structure of two isforms of

AnxVI expressed in mammalian tissues.

The following regions can be recognized in the AnxVI

molecule (on the basis of the crystal structure of bovine

AnxVI): the N-terminal tail (residues 1–21), repeat do-

main I (residues 22–91), repeat domain II (residues

92–163), coil II–III (residues 164–172), repeat domain

III (residues 173–250 with Trp
192

), repeat domain IV

(residues 251–325), linker region (residues 326–354

with Trp
343

), coil preceding lobe B (residues 355–365),

repeat domain V (residues 366–434), repeat domain VI

(residues 435–506), coil VI–VII (residues 507–515), re-

peat domain VII (residues 516–599), and repeat do-

main VIII (residues 600–673). As a result of alternative

splicing of AnxVI mRNA, the sequence VAAEIL is

eliminated, giving rise to a shorter AnxVI isoform.



bound to the membrane as a peripheral pro-

tein (Kirilenko et al., 2002). While the exis-

tence of membranous AnxVI in various cell

types has been reported by other investigators

(Giambanco et al., 1993; Ishitsuka et al., 1998;

Turpin et al., 1998; Babiychuk et al., 1999;

Babiychuk & Draeger, 2000; Ayala-San-

martin, 2001; Orito et al., 2001), GTP-induced

interactions of AnxVI with membranes, lead-

ing to the activity of the protein as an ion

channel, are still unclear. AnxVI was found se-

creted into the bile, although no molecular

mechanism explaining how the soluble pro-

tein can cross the membrane was proposed

(Thorin et al., 1995). AnxVI was also reported

to regulate the function of the ryanodine re-

ceptor in muscle cells. The results were sug-

gestive of AnxVI being present in the lumen of

the sarcoplasmic reticulum (Diaz-Munoz et al.,

1990). These experiments were, however, per-

formed in vitro using the patch-clamp tech-

nique and a reconstituted system into which

AnxVI was added from the side corresponding

to the luminal surface of the sarcoplasmic re-

ticulum membrane. No proof was provided

that AnxVI is indeed present inside the

sarcoplasmic reticulum compartment, how-

ever, it is a ubiquitous protein in skeletal and

cardiac muscles (Kaetzel et al., 1994;

Luckcuck et al., 1998; Benevolensky et al.,

2000). So far, AnxVI has been detected in the

lumen of the endocytotic compartment, sug-

gesting that AnxVI is able to cross the mem-

brane of endocytes (Cuervo et al.,2000). In ad-

dition, a KFERQ-like sequence was identified

within the AnxVI molecule (Cuervo et al.,

2000). This sequence is defined as a targeting

sequence for the chaperone-mediated

lysosomal pathway of protein degradation

that is activated in confluent cells in response

to the removal of serum growth factors (Dice

et al., 1990). This suggests the existence of a

mechanism allowing transport of the hydro-

philic, at neutral pH, AnxVI through the hy-

drophobic region of the membrane bilayer.

Various cellular proteins are already known

to transit between two major states: soluble in

the cytosol and integral membrane protein.

Among various examples are bacterial toxins

(Prevost et al., 2001) as well as prion proteins

(Abdulla et al., 2001; Prusiner, 2001). Protein

transformation from the soluble to insoluble

form is accompanied, in those cases, by a sig-

nificant change of protein secondary struc-

ture, namely from an �-helix to a �-structure

rich conformation (Lesieur et al., 1999). For

human AnxV and hydra AnxXII, a mechanism

involving changes in protein hydrophobicity

(Köhler et al., 1997; Isas et al., 2000;

Sopkova-De Oliveira Santos et al., 2000) and

protein hexamerisation in response to acidifi-

cation of the surrounding milieu was reported

(Cartailler et al., 2000; Isas et al., 2000). In the

case of AnxVI, we have already shown that the

formation of low pH-induced channels by

AnxVI is accompanied by changes in second-

ary and tertiary structure of the protein

(Golczak et al., 2001a, 2001b), as well as an in-

crease of protein hydrophobicity (Golczak et

al., 2001c). In contrast, the GTP-induced ion

channel activity of human recombinant

AnxVI was not associated with penetration of

a hydrophobic region of the membrane lipid

bilayer by the protein (Kirilenko et al., 2002).

The GTP-induced interaction of AnxVI with

membranes and formation of GTP-dependent

channels by the protein molecule in planar

lipid membranes suggests that AnxVI may

bind the nucleotide. Therefore, in this report

we determined the GTP-binding properties of

AnxVI (porcine liver isoform) using a fluores-

cent analog of GTP, TNP-GTP. In addition, we

followed conformational changes of AnxVI in-

duced by GTP by circular dichroism (CD)

spectroscopy.

MATERIALS AND METHODS

Chemicals. TNP-GTP was purchased from

Molecular Probes Inc. (Eugene, OR, U.S.A.).

Purine nucleotides, asolectin (soybean lipids),

GTP-agarose (3.0 �moles GTP/ml packed gel)

and V8 protease from Staphylococcus aureus

Vol. 48 Binding of trinitrophenyl-GTP to annexin VI 853



were obtained from Sigma-Aldrich (Poznañ,

Poland). Isopropyl-D-thiogalactopyranoside

(IPTG) was provided by BIO 101, Inc. (Vista,

CA, U.S.A.). All other chemicals were of the

highest purity commercially available.

Purification of AnxVI from porcine liver

and expression of human recombinant

AnxVI in Escherichia coli. AnxVI was puri-

fied to homogeneity from the fraction of cal-

cium-precipitable proteins of porcine liver ho-

mogenate (containing in addition AnxIV,

AnxII and other proteins as minor impuri-

ties), by means of EGTA extraction and ion ex-

change chromatography, essentially as de-

scribed in Danieluk et al. (2001). The yield of

purification was 0.9–1.1 mg protein/100 g tis-

sue (wet mass), as observed earlier (Bando-

rowicz et al., 1992). The protein was lyophi-

lized and stored at –22oC until use. Its purity

was ascertained by SDS/PAGE (Laemmli,

1970) and silver staining (Morrisey, 1981).

The proteins were then electrotransferred

onto nitrocellulose membranes (Towbin et al.,

1979) and identified using monoclonal

antibodies against human AnxVI (Trans-

duction Laboratories, Lexington, KY, U.S.A.)

also recognizing porcine, rat and mouse

isoforms. Human recombinant AnxVI was ex-

pressed in Escherichia coli strain B121(DE3)

after induction with IPTG, and purified as

previously described in detail (Golczak et al.,

2001c).

Steady-state fluorescence. Fluorescence

measurements were performed on a Fluo-

rolog 3 spectrophotometer (Jobin Yvon Spex,

Edison, NJ, U.S.A.) with 3 nm slits for both

excitation and emission at 25°C. The assay

medium consisted of 50 mM Tris/HCl, pH 7.4,

50 mM NaCl, 0.5 mM EGTA or 2 mM Ca2+,

0.25 mg/ml asolectin liposomes. Fluorescence

titrations with TNP-GTP were monitored at

�ex = 415 nm and �em = 545 nm and 550 nm.

Fluorescence emission spectra were recorded

in the wavelength range of 500–600 nm (�ex =

415 nm) for TNP-GTP or wavelength range of

305–580 nm (�ex = 295 nm) for the intrinsic

porcine liver AnxVI fluorescence. All titration

points were corrected for dilution (not exceed-

ing 10%) and inner filter effects (Lakovicz,

1983). The specific fluorescence change (�F)

of TNP-GTP in the presence of AnxVI was ob-

tained by subtracting the nonspecific fluores-

cence measured in the presence of excess GTP

(5 mM) from the total fluorescence, as de-

scribed in Huang et al. (1998). To calculate

Kds, the �Fs were plotted versus TNP-GTP

concentrations, and the results were analysed

using Eqn. 1: �F = �Fmax [U0+D0+Kd((U0+

D0+Kd)
2–4U0D0)

1/2]/(2U0), where U0 is the

concentration of AnxVI and D0 is the concen-

tration of TNP-GTP (Huang & Klingenberg,

1995). The binding stoichiometry TNP-

GTP:AnxVI (n) was obtained from a mass ac-

tion plot (Eqn. 2): r/[L]free = n/Kd – r/Kd,

where r is the concentration ratio of the

bound ligand to the protein, and [L]free is the

concentration of free ligand (Huang et al.,

1998).

Binding of proteolytic fragments of hu-

man recombinant AnxVI to GTP-agarose.

The procedure in general followed that de-

scribed for binding of AnxVI to ATP-agarose

(Bandorowicz-Piku³a, 1998). Briefly, a GTP-

agarose column (3 ml) was washed with 50

mM Tris/HCl, pH 7.4, 2 mM Ca2+. In the

meantime, 400 �g of AnxVI was treated with

0.4 �g of V8 protease form S. aureus at room

temperature for 12 min in 50 mM Tris/HCl,

pH 7.4, 2 mM Ca2+. The reaction was stopped

with the additions of protease inhibitors,

phenylmethylsulfonyl fluoride and aprotinin,

to final concentrations of 4 mM and 1000

K.I.U./ml, respectively. Annexin fragments

were applied to the column by gravity, the col-

umn was washed once with 50 mM Tris/HCl,

pH 7.4, 2 mM Ca2+ to remove non-specifically

bound fragments. The annexin fragments

that bound to the column were eluted with a

0–300 mM linear gradient of NaCl. The pro-

tein fragment that specifically bound to

GTP-agarose eluted at 100–150 mM NaCl and

was then subjected to SDS/PAGE, electro-

blotted onto PVDF membrane and sequenced.

N-terminal amino-acid sequence analysis was
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performed on a gas-phase sequencer (Model

491, Perkin Elmer-Applied Biosystems, Fos-

ter City, CA, U.S.A.) at the BioCenter,

Jagiellonian University (Kraków, Poland).

The phenylthiohydantoin derivatives were

analysed by on-line gradient high perfor-

mance liquid chromatography on a

Microgradient Delivery System Model 140C

equipped with a Programmable Absorbance

Detector Model 785A (Perkin Elmer-Applied

Biosystems, Foster City, CA, U.S.A.).

CD Spectra of porcine liver AnxVI.

Far-UV CD spectra of AnxVI with and without

GTP in the presence of Ca2+ and asolectin

liposomes were measured at 25�C on an AVIV

CD spectrophotometer (AVIV Associates Inc.)

with a light source of 450 watts under an N2

atmosphere. GTP was added to 100 �M. Pro-

tein concentration was 3 �M. The assay me-

dium contained 25 mM Tris/HCl, pH 7.4,

0.25 mg/ml asolectin liposomes, 1 mM Ca2+

or 0.25 mM EGTA. The spectra were recorded

in 0.2-cm quartz cuvettes. The bandwith was 1

nm and the integration time 1 s. Protein sec-

ondary structure was calculated using the

Contin software, 1999 edition (Provencher &

Glockner, 1981).

Other procedures. Protein concentrations

were determined by the Bradford method

(Bradford, 1976) with bovine serum albumin

as a standard. Free calcium concentrations

were calculated using the Chelator program

(Schoenmakers et al., 1992). SDS/PAGE un-

der reducing conditions was performed on 5%

stacking and 12% resolving gels, according to

Laemmli (1970).

RESULTS AND DISCUSSION

GTP-binding properties of AnxVI purified

from porcine liver

In our previous report we tested the effect of

GTP on the human recombinant AnxVI/mem-

brane interaction using planar lipid mem-

branes made of asolectin. We found that

milimolar GTP induced voltage-dependent ion

channels formed by AnxVI molecules (at low

nanomolar concentration) with a single ion

channel conductance of 30–35 pS under sym-

metric conditions (i.e. 200 mM KCl in both

chambers) (Kirilenko et al., 2002). Such a

value corresponds to the diameter of the hy-

drophilic pore within the protein molecule of

approximately 8 Å, assuming the existence of

a single pore. This is larger than predicted

from an analysis of the structure of recombi-

nant human AnxVI in a membrane bound

form, described by Benz et al. (1996). More-

over, these authors suggested the presence of

two hydrophilic pores within the AnxVI mole-

cule. This points out to the possibility of vari-

ous mechanisms of ion channel formation by

AnxVI, depending on the conditions. Indeed,

at low pH we observed a different interaction

of AnxVI with membranes that resembled in-

trinsic membrane proteins rather than, elec-

trostatic in nature, the surface interaction at

pH 7.4 (Golczak et al., 2001a). It has to be

stressed that, under our experimental pH 7.4

conditions, the ion channels were induced in-

dependently of the fluctuations of Ca2+ con-

centration and that the presence of GTP was a

prerequisite. Other nucleotides, such as GDP

or cGMP, did not induce channel formation by

AnxVI (Kirilenko et al., 2002), suggesting spe-

cific interactions.

On the basis of these observations, we de-

cided to test the hypothesis that AnxVI itself

binds GTP. To verify this hypothesis we puri-

fied native AnxVI from porcine liver and used

TNP-GTP as a fluorescent probe to character-

ize the GTP-binding site of AnxVI. Trinitro-

phenyl derivatives of nucleotides have

succesfully been used to investigate the

GTP/ATP-binding properties of various na-

tive and recombinant proteins including, for

example, Na+,K+-ATPase (Moczydlowski &

Fortes, 1981), cystic fibrosis transmembrane

conductance regulator (Thomas et al., 1991;

Randak et al., 1996), nucleotide-binding do-

main of P-glycoprotein (Baubichon-Cortay et

al., 1994), EGF receptor protein tyrosine

Vol. 48 Binding of trinitrophenyl-GTP to annexin VI 855



kinase (Cheng & Koland, 1996), SV40 T anti-

gen (Huang & Klingenberg, 1995; Huang et

al., 1998), and many more. By using TNP-ATP

we observed that AnxVI binds the nucleotide,

and that the binding is enhanced in the pres-

ence of calcium (Bandorowicz-Piku³a &

Awasthi, 1997; Bandorowicz-Piku³a et al.,

1997a). However, no physiological signifi-

cance of the binding was proposed.

Considering the effect of calcium and the

lipid-binding properties of AnxVI, we decided

to test the TNP-GTP-binding properties of

AnxVI under conditions promoting the bind-

ing of AnxVI to membranes (e.g., Ca2+ and

asolectin liposomes) or retaining AnxVI in so-

lution (EGTA, no liposomes). We used aso-

lectin instead of phosphatidylserine-enriched

liposomes, proven to specifically interact with

AnxVI in a Ca2+ concentration-dependent

manner (Bandorowicz et al., 1992). Firstly,

this matches the experimental conditions for

previous ion conductance measurements

(Golczak et al., 2001a; 2001c; Kirilenko et al.,

2002) and secondly, this reduces the electro-

static interactions between AnxVI and lipo-

somes in the presence of Ca2+.

In the assay medium devoid of protein,

TNP-GTP, in the micromolar concentration

range, displayed little extrinsic fluorescence

and the emission maximum was centered at

552 nm. All the constituents of the medium

such as calcium ions in combination with

asolectin liposomes did not significantly af-

fect either the quantum field of the fluores-

cent dye or evoke a shift of the fluorescence

emission maximum (not shown). The situa-

tion was different in the presence of AnxVI in

the micromolar concentration range. Even in

the absence of calcium there was an

enhancement of TNP-GTP fluorescence. The

effect was optimal in the presence of Ca2+ and

asolectin liposomes (Fig. 2A) and this effect

was taken as a measure of binding of

TNP-GTP to AnxVI. Some binding was also

seen in the absence of liposomes (Fig. 2B), but

in the presence of Ca2+ and asolectin lipo-

somes, a several fold enhancement of TNP-

GTP fluorescence was accompanied by a

17-nm shift of the emission maximum (Ta-

ble 1). Under other tested conditions the shift

of the fluorescence maximum was much

smaller, not exceeding 5 nm.

Figure 2C shows the results of fluorescence

titration experiments in the presence of

AnxVI concentration ranging from 1.0 to 2.75

�M, where the TNP-GTP emission fluores-

cence at �em = 545 nm (�ex = 415 nm) was

measured. Such experiments allowed us to de-

termine the maximal fluorescence enhance-

ment (�Fmax) and the dissociation constants

(Kd) by fitting the experimental data using

Eqn. 1 given in the Materials and Methods

section. The specificity of the interaction be-

tween TNP-GTP and AnxVI were examined in

an experiment designed to check the ability of

GTP to displace TNP-GTP from its binding

sites on the AnxVI molecule. It was found that

GTP in the milimolar concentration range di-

minished the enhancement of TNP-GTP fluo-

rescence in the presence of AnxVI in the me-

dium containing Ca2+ and asolectin liposomes

(Fig. 2D). This result can be interpreted as the

competition of GTP with TNP-GTP for the

same binding site in the AnxVI molecule. A

similar behavior was observed for the inhibi-

tion of the interaction of methylanthryniloyl

derivatives of ATP and GTP (Mant-nucleo-

tides) with rat elongation factor eEF-2 by

large excess of unmodified respective nucleo-

tides (Gonzalo et al., 2000). The binding of

TNP-ATP and TNP-ADP to the C-terminal nu-

cleotide-binding domain of P-glycoprotein was

also effectively inhibited by ATP and ADP

present in a 1000-times higher concentration

than the TNP-nucleotides (Baubichon-Cortay

et al., 1994). In both above examples, the in-

terpretation was the same as ours — competi-

tion between unmodified nucleotides and

their derivatives for the same binding site.

Since we checked the specificity of the inter-

action, we were able to determine the binding

parameters of TNP-GTP to AnxVI. In Fig. 3A,

the �Fmaxand Kd values obtained as shown in

Fig. 2C were plotted against AnxVI concentra-
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tions; all determinations were performed un-

der optimal conditions, e.g., in the presence of

Ca2+ and asolectin liposomes. �Fmax values

increased linearly with AnxVI concentration,

while Kd values appeared to be independent of

the AnxVI concentration. Therefore, by fol-

lowing the procedure described for the analy-

sis of the binding of TNP-ATP and TNP-ADP

with SV40 T antigen (Huang et al., 1998), we

were able to calculate the binding stoichio-

metry for AnxVI and TNP-GTP interactions.

The stoichiometry was obtained by reploting

the titration data from Fig. 2A in the form of a

mass action plot (Fig. 3B), according to Eqn.

2 given in the Materials and Methods section.

The data fit to a straight line (R = 0.99). On the

basis of the plot depicted in Fig. 3B, we calcu-

lated the intercept value at the X-axis (Y = 0)

that amounted to 1.05, indicating a binding

stoichiometry (n) of 1 mole of TNP-GTP per 1

Vol. 48 Binding of trinitrophenyl-GTP to annexin VI 857

Figure 2. Binding of TNP-GTP to AnxVI as monitored by the enhancement of extrinsic fluorescence of

the fluorescent dye in the presence of the protein.

(A) The fluorescence emission spectra of 5 �M TNP-GTP (�ex = 415 nm) measured in the absence (lower curve) or

presence (upper curve) of 2 �M AnxVI. The assay medium was supplemented with 0.25 mg/ml of asolectin

liposomes and 2 mM Ca
2+

. Representative spectra are shown from at least 3 different experiments. (B) Same as

panel A, except the measurements were performed in the presence of 2 mM Ca
2+

, without asolectin liposomes. (C)

Titration of TNP-GTP extrinsic fluorescence with various concentrations of AnxVI. The assay medium contained 25

mM Tris/HCl, pH 7.4, 50 mM NaCl, 2 mM Ca
2+

, 0.25 mg/ml asolectin liposomes, TNP-GTP (0–12 �M) and AnxVI:

1.0 �M (�) 1.5 �M (�), 2.0 �M (�) 2.5 �M (�), and 2.75 �M (�). The specific fluorescence enhancement (�F) was

calculated as the difference between the fluorescence emission intensity of TNP-GTP + AnxVI, measured in the ab-

sence and presence of 5 mM GTP. Mean values of three experiments are shown. They varied by 3–5%. (D) The effect

of GTP on the binding of TNP-GTP to AnxVI. The fluorescence emission spectra of 5 �M TNP-GTP were recorded in

the presence of 2 �M AnxVI, asolectin liposomes (0.25 mg/ml), 2 mM Ca
2+

and, as indicated in the figure, concen-

trations of GTP ranging from 0 to 10 mM. Representative spectra from two experiments are displayed.



mole of AnxVI. The Hill coefficient of the bind-

ing amounted to 1, suggesting no

cooperativity in TNP-GTP binding to AnxVI,

as also revealed for TNP-ATP and porcine

liver AnxVI (Bandorowicz-Pikula et al.,

1999a), and TNP-GTP and human AnxVI

(Kirilenko et al., 2002).

Localization of the GTP-binding domain in

the AnxVI molecule

Using TNP-GTP as a fluorescent probe to de-

termine the nucleotide-binding properties of

AnxVI, we observed that the binding of

TNP-GTP is accompanied by the quenching of

the intrinsic fluorescence of the protein by the

nucleotide, as also observed for the TNP-ATP

and AnxVI interaction (Bandorowicz-Piku³a et

al., 1997a). Figure 4 shows the fluorescence

emission spectra of AnxVI Trp residues (�ex =

295 nm) titrated with 0–15 �M TNP-GTP. In

the absence of the nucleotide, the AnxVI spec-

trum exhibited an emission maximum at 339

nm. In the presence of raised concentrations

of TNP-GTP, Trp fluorescence was signifi-

cantly quenched (by more than 36%) due to

FRET from Trp residues to bound TNP-GTP,

as visible by a peak of fluorescence at 535 nm

characteristic for TNP-GTP bound to the pro-

tein. This result supported the assumption

that the GTP-binding site, observed in the

presence of Ca2+ and asolectin liposomes, is

localized in the vicinity of a Trp residue.

As revealed by the crystal structure of the

AnxVI molecule, of the two Trp residues pres-

ent in AnxVI, Trp192 is located in the repeat

domain III of the protein, and Trp343 in the

linker between two symmetric lobes (Benz et

al., 1996). With this in mind, we performed a

test to locate the GTP-binding site by using

controlled proteolysis of AnxVI with protease

V8 and affinity chromatography of the ob-

tained fragments on a GTP-agarose column.

Since the complete primary sequence of por-

cine liver AnxVI is not known (Bandorowicz-

Piku³a et al., 1999a), we used for this purpose

human recombinant AnxVI expressed in

E. coli. We already knew that this recombi-

nant protein is indstinguishable from the na-

tive protein with respect to nucleotide binding

properties (Danieluk et al., 2001; Kirilenko et

al., 2002) and ion channel activity at low pH
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Figure 3. The binding parameters of TNP-GTP to AnxVI.

(A) Maximum fluorescence enhancement (�Fmax) (�) and dissociation constant (Kd) (�) dependence on AnxVI con-

centration. Fluorescence titrations were performed in the presence of 1.0–2.75 �M AnxVI (as indicated on the ab-

scissa), at pH 7.4 in the presence of 0.25 mg/ml of asolectin liposomes and 2 mM Ca
2+

. Titration curves were fitted

according to hyperbolic regression while the straight line is the least-square fit with R = 0.99. Mean values of three

experiments, varying by 3–5%, are shown. (B) Mass action plot for experiments performed under conditions de-

scribed in panel A, e.g. �Fmax dependence was determined in the presence of 1.0–2.75 �M AnxVI. The straight line

is the least-squares fit with Kd 1.9�M (slope) and n 1.05 (intercept with the X-axis at Y = 0). Fluorescence was moni-

tored at �em = 545 nm (�ex was 415 nm).



(Golczak et al., 2001c). By performing similar

experiments to those described for the identi-

fication of porcine liver AnxVI proteolytic

fragments that are able to bind to ATP-aga-

rose and can be labelled with 8-azi-

do[�-32P]ATP (Bandorowicz-Piku³a, 1998), we

purified the N-terminal fragment of recombi-

nant human AnxVI with an apparent molecu-

lar mass of 35 kDa, as identified by partial se-

quencing. Since this fragment contains

Trp192, we suggest that this residue is located

in the vicinity of the nucleotide-binding do-

main of AnxVI. On the other hand, by using a

different experimental approach, we were

able to purify two different proteolytic frag-

ments of AnxVI on an ATP-agarose column, of

molecular masses 33.2 and 18.8 kDa. Both

fragments were derived from the C-terminal

part of the AnxVI molecule, as determined by

partial sequencing and comparison with hu-

man isoform of the protein (Bandorowicz-

Piku³a et al., 1999a; 2001a). On the basis of

these two experiments and the AnxVI/GTP

binding stoichiometry, we suggest that the

residues forming the GTP-binding domain of

AnxVI are evenly distributed within both sym-

metrical halves of the protein. One has to re-

member that no sequence similarity to any

known nucleotide-binding motif identified to

date have been reported for AnxVI and other

members of the annexin family of proteins

(Bandorowicz-Piku³a et al., 2001). In agree-

ment with the observations presented in this

report, other investigators have already ob-

served that purine nucleotides affect the inter-

action of annexins with membranes, as for ex-

ample the ion channel activity of AnxI was

modulated by cAMP and ATP (Cohen et al.,

1995), ATP enhanced binding of AnxVI to

hepatocyte plasma membranes (Tagoe et al.,

1994), and AnxVII, in the presence of

Ca2+/liposomes, exhibited a hydrolytic

acitivity towards GTP (Caohuy et al., 1996;

Pollard et al., 1998). The latter observation is

consistent with the stimulatory effects of GTP

on the ion channel activity of AnxVI

(Kirilenko et al., 2002). One may, therefore,

speculate that GTP-AnxVI interactions occur

in the protein domain that is also involved in

AnxVI-membrane binding at neutral pH.

The effect of GTP binding on AnxVI

secondary structure

Finally, we addressed the question of possi-

ble conformational changes occuring during

nucleotide-binding to AnxVI. We already

knew that the binding of one of the most im-

portant ligands for annexins, calcium ions, is

not accompanied by a profound conformatio-

nal transition, as revealed by the crystal struc-

ture of AnxVI (Benz et al., 1996). On the other

hand, we found that the low pH-induced ion

channel formation by AnxVI paralleled

changes in protein hydrophobicity in a spe-
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Figure 4. Quenching of intrinsic fluorescence of

AnxVI with TNP-GTP.

The assay medium contained 25 mM Tris/HCl, pH 7.4,

50 mM NaCl, 2 mM Ca
2+

, 0.25 mg/ml asolectin

liposomes, 2.0 �M AnxVI and 0 (spectrum a), 5 �M

(spectrum b), 10 �M (spectrum c) or 15 �M (spectrum

d) TNP-GTP. Samples were excited at �ex = 295 nm.

Representative differential spectra of typical experi-

ments (after subtraction of buffer signal) are shown.

Inset represents an enlargement of the main spectra

showing significant fluorescence resonance energy

transfer as visible from the increase in the intrinsic flu-

orescence intensity at 533 nm, characteristic for

TNP-GTP in the form bound to AnxVI, with the

isosbestic point at 500 nm.



cific domain (Golczak et al., 2001c), as well as

large changes of secondary structure, charac-

terized by a significant increase of �-helix con-

tent at the expense of �-structures (Golczak et

al., 2001a; 2001b). Conformational changes

observed upon GTP binding to porcine liver

AnxVI were measured using CD spectroscopy,

and are summarized in Table 2. They revealed

that the binding of AnxVI to asolectin

liposomes in the presence of Ca2+ was accom-

panied by a moderate drop of �-helix content

of the protein at the expense of turn-like struc-

tures. Surprisingly, addition of GTP under

these conditions shifted the AnxVI secondary

structure back to the form observed for the

soluble protein in the presence of Ca2+ with no

liposomes. On the other hand, addition of

GTP in the absence of liposomes produced a

smaller but significant drop of �-helix content

in the protein and a concomitant increase in

the amount of turn-like structures. This may

suggest that the initial binding of GTP to

AnxVI, that is stimulated by Ca2+, already oc-

curs in solution, and then it may further mod-

ulate the interaction of AnxVI with mem-

branes and perhaps the formation of GTP-in-

duced ion channels by annexin in membranes.

Furthermore, by using Fourier-transform in-

frared spectroscopy and caged-ATP, we ob-

served that, after UV photolysis of the caged

compound to release the nucleotide, the bind-

ing of ATP to AnxVI in solution affected less

than 10 amino-acid residues of the 673 resi-

dues of annexin (Bandorowicz-Piku³a et al.,

1999a; 2001) and the binding was not accom-

panied by profound changes in the secondary

structure of the protein (Bandorowicz-Piku³a

et al.,1997a; 1999a). These results point to the
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Table 1. Characteristics of TNP-GTP binding to porcine liver AnxVI

Conditions of binding

Binding monitored by TNP-GTP fluorescence
a Binding monitored by Trp

fluorescence quenching
b

�em (nm)
c increase in quantum

yield
d

Kd (�M) maximal quenching (%)

– liposomes – Ca 550 ± 2 	 1.3 5.0 ± 1.2 2.0

– liposomes + Ca 548 ± 2 	 1.6 8.6 ± 2.8 5.0

+ liposomes – Ca 552 ± 2 	 1.5 2.0 ± 0.2 9.3

+ liposomes + Ca 533 ± 1 	 5.5 1.3 ± 0.4 36.6

a
Fluorescence measurements were performed at the wavelength of maximum emission after excitation at 415 nm.

b
Fluorescence

measurements were performed at 337 nm after excitation at 295 nm.
c
The maximum-emission wavelength of free TNP-GTP is

553 ± 1 nm.
d
Compared to the quantum yield of free TNP-GTP.

Table 2. The effect of GTP on the secondary structure of porcine liver AnxVI

Additions
Regular

�-helix

Distorted

�-helix

Regular

�-strands

Distorted

�-strands

Turn-like

structures

Unordered

structures

Ca 59.6 ± 2.8 32.3 ± 2.5 0.4 ± 0.1 0.3 ± 0.1 7.3 ± 2.5 0

Ca + GTP 52.9 ± 2.1 29.3 ± 2.6 0.4 ± 0.1 0.4 ± 0.1 17.1 ± 1.2 0

Ca + liposomes 48.6 ± 2.1 25.8 ± 2.8 3.4 ± 1.5 0 20.1 ± 2.4 2.0 ± 0.9

Ca/liposomes/GTP 58.5 ± 2.3 22.4 ± 1.9 0 0 5.6 ± 0.9 14.6 ± 1.7

Calculations are based on far-UV CD spectra measured at 25�C. The assay medium contained 0.2 mg/ml of porcine liver AnxVI in

25 mM Tris/HCl, pH 7.4, 1 mM CaCl2 and other additions as indicated in the Table, i.e. 0.1 mM GTP or 0.25 mg/ml of asolectin

liposomes. The mean values ± S.D. from three determinations are shown and were calculated with the aid of the Contin software,

1999 version (Provencher & Glockner, 1981). The distorted and regular �- and �-structures are distinguished according to the

definition given in the software description.



existence of at least three independent mecha-

nisms of interaction of AnxVI with mem-

branes. At neutral pH, the binding of AnxVI to

phosphatidylserine-enriched membranes is

stimulated by Ca2+ and is accomplished

mostly by electrostatic interactions of AnxVI

with membrane lipids, without major

conformational alterations within the protein

molecule (Benz et al., 1996; Avila-Sakar et al.,

2000). By replacing phosphatidylserine with

asolectin, the binding of AnxVI to membranes

is stimulated with GTP and Ca2+, and may re-

sult in the formation of ion channels by the

annexin molecules (Kirilenko et al., 2002).

This type of interaction is accompanied by

moderate changes in protein secondary struc-

ture (Table 2). The third type of interaction,

Ca
2+

-independent and induced at low pH, is

accompanied by a profound change in protein

secondary structure and a significant increase

of protein hydrophobicity that accounts for

the appearance of membrane forms of AnxVI

that behave as true integral membrane pro-

teins (Golczak et al., 2001a; 2001c). Such

isoforms of annexins have already been ob-

served in nature by other investigators

(Bianchi et al., 1992; Turpin et al., 1998;

Babiychuk et al., 1999; Lavialle et al., 2000).

CONCLUDING REMARKS

In this report we provide experimental evi-

dence that GTP binds to AnxVI with optimal

efficiency in the presence of Ca2+ and

asolectin liposomes. This is consistent with

the formation of ion channels by AnxVI mole-

cules that are induced at neutral pH in the

presence of GTP (Kirilenko et al., 2002). The

interaction of GTP with AnxVI is already initi-

ated in solution in the presence of Ca2+ and is

associated with a moderate drop of �-helix

content at the expense of turn-like structures.

In this form, AnxVI may interact with mem-

branes. Work is in progress in our laboratory

to identify the nucleotide-binding domain

within the AnxVI molecule, using recombi-

nant peptides, point mutations and crystallo-

graphic approaches.
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