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ABSTRACT: Reaction-induced infrared difference spectroscopy (RIDS) has been used to investigate the
nature of interactions of human annexin A6 (ANXA6) with nucleotides. RIDS results for ANXA6, obtained
after the photorelease of GTP-γ-S, ATP, or Pi from the respective caged compounds, were identical,
suggesting that the interactions between the nucleotide and ANXA6 were dominated by the phosphate
groups. Phosphate-induced structural changes in ANXA6 were small and affected only seven or eight
amino acid residues. The GTP fluorescent analogue, 2′(3′)-O-(2,4,6-trinitrophenyl)guanosine 5′-triphosphate
(TNP-GTP), quenched tryptophan fluorescence of ANXA6 when bound to the protein. A binding
stoichiometry of 1 mol of nucleotide/mol ANXA6 was established with aKD value of 2.8µM for TNP-
GTP. The bands observed on RIDS of ANXA6 halves (e.g., N-terminal half, ANXA6a, and C-terminal
half, ANXA6b) were similar to those of the whole molecule. However, their amplitudes were smaller by
a factor of 2 compared to those of whole ANXA6. TNP-GTP bound to both fragments of ANXA6 with
a stoichiometry of 0.5 mol/mol. However, the binding affinities of ANXA6a and ANXA6b differed from
that of ANXA6. Simulated molecular modeling revealed a nucleotide-binding site which was distributed
in two distinct domains. Residues K296, Y297, K598, and K644 of ANXA6 were less than 3 Å from the
bound phosphate groups of either GTP or ATP. The presence of two identical sequences in ANXA6 with
the F-X-X-K-Y-D/E-K-S-L motif, located in the middle of ANXA6, at residues 293-301 (within ANXA6a)
and at 641-649 (within ANXA6b), suggested that the F-X-X-K-Y-D/E-K-S-L motif was the putative
sequence in ANXA6 for nucleotide binding.

Annexins belong to a family of homologous Ca2+- and
phospholipid-binding proteins. They are represented in
various verterbrate tissues by at least 12 different subfamilies
(1). Among these, the eight-repeat domain annexin, ANXA6,
is the largest (Mr ) 68 kDa) member of the family (1).
Analysis of paralogy linkage maps between human chro-
mosomes 4 and 5, and the comparison of primary sequences
of several annexins, suggest that the four-repeat domain
annexins, ANXA5 and ANXA10, may be the direct progeni-
tors of ANXA6 octad formation (1). Experimental evidence
indicates that mammalian ANXA6 may bind ATP and GTP
in Vitro (2-5) and that a putative nucleotide-binding domain
is located in the N-terminal half of the annexin molecule (5,
6). However, the functional significance of these findings,

and the primary structure of the nucleotide-binding domain
in ANXA6, remained uncertain (7).

On the basis of its known properties and its intracellular
localization, it has been proposed that ANXA6 may be
involved in nucleotide-dependent processes, such as mem-
brane trafficking (8), signal transduction pathways within
specific membrane microdomains (9), and canalicular con-
traction in hepatocyte (10). It has been observed that ANXA6
interacts or colocalizes with GTP-binding proteins, e.g., a
GTPase [dynamin (11)], and proteins mediating vesicle
docking and/or fusion (e.g., v-SNARE, VAMP-2, and NSF)
(12) or with GTPase activating proteins (GAPs, e.g.,
p120GAP) (13, 14). Plant annexins from maize, tomato, and
cotton can hydrolyze nucleotides (15-17). This hydrolytic
activity has been suggested to play a role in vesicular
transport in plant cells (15-18). The hydrolytic activity
toward ATP (determined by the analysis of the monophos-
phate generated from ATP) has been reported for annexin
24 (Ca32) fromCapsicum annum; this activity is slightly
activated by Ca2+ but completely vanishes in the presence
of a divalent cation chelating agent (19). In the case of
mammalian annexins, the best example of proteins displaying
both GTP binding properties and GTPase activity is ANXA7
from chromaffin (20-23) and alveolar type II cells (24). In
chromaffin cells, GTP-activated ANXA7 has been implicated
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in exocytotic membrane fusion (21, 23) and surfactant
secretion (24). For other mammalian annexins, such as
ANXA5 (19) and ANXA6 (25), the hydrolytic activity
toward nucleotides has been questioned.

In this report, we have used RIDS1 (26-30) to investigate
the molecular details of the peptide backbone structure, the
side chain environment, and the nature of the nucletide-
binding site. Furthermore, RIDS in combination with fluo-
rescence spectroscopy and simulated molecular modeling
permitted us to localize the nucleotide-binding domain of
ANXA6. The nucleotide binding, characterized by RIDS and
fluorescence spectroscopy, was observed in the whole
protein, and in the N-terminal (ANXA6a) and C-terminal
(ANXA6b) halves of ANXA6. This result suggested that the
nucleotide-binding site of ANXA6 is formed by the amino
acid residues located in both halves of the protein. Simulated
molecular modeling was performed in a limited region of
ANXA6, consistent with experimental results. K296, Y297,
K598, and K644 were found to be less than 3 Å from â-
andγ-phosphate groups of either GTP or ATP. Two identical
sequences with the F-X-X-K-Y-D/E-K-S-L motif, residues
293-301 (within ANXA6a) and 641-649 (within ANXA6b),
were identified.

MATERIALS AND METHODS

Materials. The caged compounds, ATP[Et(PhNO2)],
PO4[Et(PhNO2)], GTP-γ-S[1-(4,5-dimethoxy-2-nitrophenyl)-
ethyl], and the fluorescent GTP analogue, 2′(3′)-O-(2,4,6-
trinitrophenyl)guanosine 5′-triphosphate (TNP-GTP), were
obtained from Molecular Probes Inc. (Eugene, OR). GTP,
GTP-agarose (3.0µmol of GTP/mL of packed resin), and
V8 protease fromStaphylococcus aureuswere purchased
from Sigma-Aldrich (Poznan, Poland). Isopropylâ-D-thio-
galactopyranoside (IPTG) was provided by BIO 101, Inc.
(Vista, CA), and acrylamide by Bio-Rad (Richmond, CA).
All other chemicals of the highest purity were commercially
available.

Preparation of Recombinant Proteins. Human recombinant
annexin ANXA6, and its peptide fragments ANXA6a
(residues 2-342) and ANXA6b (residues 348-673), were
expressed inEscherichia colistrain B121(DE3) after induc-
tion with IPTG and purified to homogeneity, using the
protocol described for the purification of ANXA5 (31), with
small modifications (32, 33). Detachment of ANXA6 and
its fragments from liposomes (prepared from bovine brain
lipid extract) was achieved by incubation of proteins and
liposomes in 20 mM Tris-HCl buffer (pH 8.0), 100 mM
NaCl, 10 mM EGTA, and 3 mM MgCl2, followed by
separation of the liposomes from the proteins by centrifuga-
tion at 100000g for 40 min at 4°C. The supernatants con-
taining proteins were collected, dialyzed against 20 mM Tris-
HCl buffer (pH 8.3) and 0.1 mM EGTA, and loaded onto a
Q-Sepharose column for further purification. ANXA6 or its

fragments were eluted from the column with a linear gradient
of NaCl (from 0 to 500 mM NaCl). ANXA6 and ANXA6a
eluted with the fractions containing 300-400 mM NaCl,
while ANXA6b eluted with the fractions containing 200-
250 mM NaCl. Final purifications of ANXA6 and ANXA6a
were achieved by hydroxyapatite column chromatography.
Fractions containing the respective peptides were dialyzed
against 10 mM phosphate buffer (pH 7.4) and 0.1 mM
EGTA, loaded on a column by gravity, and eluted at pH 7.4
by using a linear gradient of phosphate buffer concentrations.
ANXA6 and ANXA6a were recovered in fractions eluted
with 230-250 mM phosphate buffer. Corresponding cDNAs
encoding ANXA6a and ANXA6b subcloned into the pRSET-
5d plasmid were sequenced by the dideoxy chain termination
procedure, using a double-stranded plasmid DNA (34). The
sequencing primer ACAACGGTTTCCCTCTAG, comple-
mentary to the pRSET-5d sequence, was generated using
Gene Runner software (version 3.0, Hasting Software Inc.)
and then synthesized. The digestion of ANXA6 with V8
protease in the presence of GTP-agarose was performed, as
described previously (5, 6). The proteolytic fragments of
ANXA6 were subjected to SDS-PAGE and electroblotted
onto a PVDF membrane for direct sequencing. The peptide
sequencing was performed by the Protein Chemistry Labora-
tory of Jagiellonian University (Cracow, Poland).

Preparation of Samples for RIDS. ANXA6, ANXA6a, or
ANXA6b was lyophilized and dissolved in2H2O buffer
containing 100 mM Tris-HCl buffer (pD 7.5), 2 mM CaCl2,
or 1 mM EGTA and 2 mM caged compound{either ATP[Et-
(PhNO2)], PO4[Et(PhNO2)], or GTP-γ-S[1-(4,5-dimethoxy-
2-nitrophenyl)ethyl]}, corresponding to a maximum of 1.6
mM photoreleased ligand after UV illumination. A sample
containing 10 mM GTP, to saturate the nucleotide-binding
site of ANXA6, was used as an additional control. The
protein concentration of ANXA6, ANXA6a, and ANXA6b
was 100µM. The pD was determined with a glass electrode
and was corrected by a value of 0.4 (35). The same buffer
without protein was used to measure the infrared absorption
of caged compound and its photoproduct. All samples were
freshly prepared and incubated for 5 min in the dark at room
temperature before Fourier transform infrared (FTIR) spectra
measurement.

FTIR Difference Spectroscopic Measurements. Infrared
data were acquired with a Nicolet 510M FTIR spectrometer
equipped with a DTGS detector, using a temperature-
controlled flow-through cell (model TFC-M25, Harrick
Scientific Corp., Ossining, NY) with 50µm spacers and CaF2

windows. The infrared spectra were recorded at 20°C with
256 interferograms each at 4 cm-1 resolution and Fourier
transformed. During data acquisition, the spectrometer was
continuously purged with dry filtered air (Balston regenerat-
ing desiccant dryer, model 75-45 12 VDC). Once the infrared
spectrum was recorded, the sample was exposed to UV
illumination (150 W Xe-Hg lamp) for 120 s that induced
the photorelease of the nucleotide or Pi from the respective
caged compound, allowing it to bind to ANXA6, ANXA6a,
or ANXA6b. Five minutes after illumination, a second FTIR
spectrum was recorded under the same conditions. The RIDS
spectrum of the sample was obtained by subtracting the first
FTIR spectrum (before illumination) from the second FTIR
spectrum (after illumination). Positive bands indicated the
formation of new structures or molecular interactions due

1 Abbreviations: ANXA, mammalian annexin; ANXA6a, N-terminal
half of annexin A6; ANXA6b, C-terminal half of annexin A6; caged-
ATP, ATP[Et(PhNO2)]; CD, circular dichroism; FRET, fluorescence
resonance energy transfer; FTIR, Fourier transform infrared spectros-
copy; caged-GTP-γ-S, GTP-γ-S[1-(4,5-dimethoxy-2-nitrophenyl)ethyl];
GTP-γ-S, guanosine 5′-3-O-(thio)triphosphate; IPTG, isopropylâ-D-
thiogalactopyranoside; caged-Pi, PO4[Et(PhNO2)]; RIDS, reaction-
induced infrared difference spectroscopy; TNP-GTP, 2′(3′)-O-(2,4,6-
trinitrophenyl)guanosine 5′-triphosphate.

9138 Biochemistry, Vol. 42, No. 30, 2003 Bandorowicz-Pikula et al.



to the binding of the photoreleased ligand, while negative
bands reflected the disappearance of structures or molecular
interactions that were present in the protein before binding
of the ligand. For each experiment, three to nine individual
RIDS spectra were measured under the same conditions.
They were added and averaged to obtain the final RIDS
spectrum with a better signal-to-noise ratio. The final RIDS
spectrum was corrected for water vapor absorption but was
not smoothed. The number of amino acid residues involved
in the nucleotide-binding site of ANXA6 and its halves was
computed from the relative intensity ratio of the infrared band
in the amide I region (36). Although the numbers that were
obtained serve as an estimate of the magnitude of infrared
changes, the method of their calculation constitutes a
straightforward approach to comparing quantitative changes
between different samples. The number of residues involved
is a lower estimate because of band overlapping, resulting
in smaller infrared difference spectra (36, 37).

Steady-State Fluorescence Measurements. The fluores-
cence of ANXA6 was monitored at 25°C using a Fluorolog
3 spectrophotometer (Jobin Yvon Spex, Edison, NJ) at 3 nm
resolution for excitation and emission. The 5× 5 mm
cuvettes with an internal volume of 0.6 mL contained 50
mM Tris-HCl buffer (pH 7.4), 0-3.5 µM ANXA6, 0-15
µM TNP-GTP, 50 mM NaCl, and 2 mM CaCl2 or 1 mM
EGTA. TNP-GTP fluorescence emission (500-600 nm)
spectra were recorded after excitation of samples at 415 nm.
Fluorescence titrations with various nucleotide concentrations
were monitored atλems of 545 and 550 nm (λex was 415
nm). Dilution did not exceed 10%, and the fluorescence
intensity was corrected for the dilution factor. Background
emission of buffer containing the ligand and no protein was
subtracted from the protein signal. To minimize inner filter
effects, the total absorbance of the protein/ligand mixtures
was not allowed to exceed 0.2 absorbance unit. To compen-
sate for the decrease in fluorescence due to the increased
absorption of TNP-GTP, the measured fluorescence was
corrected by a factorf(∆A1,∆A2) equal to 10(∆A1+∆A2)l/2. ∆A1

and∆A2 are the increases in absorption at the excitation and
emission wavelengths, respectively, upon addition of the
ligand (38). The specific fluorescence change (∆F) of TNP-
GTP, corresponding to the binding of the nucleotide to
ANXA6, was obtained by subtracting the nonspecific
fluorescence measured in the presence of 5 mM GTP from
the total fluorescence. To obtain dissociation constants (KDs),
the∆F values were plotted versus TNP-GTP concentrations
(D0). The experimental points were fitted using eq 1 (39)

whereU0 is the concentration of ANXA6 (in micromolar)
and∆Fmax is the maximal specific fluorescence increase. The
stoichiometry (n) of binding of TNP-GTP to ANXA6 was
determined from the mass action plot, based on the following
rationale (40):

wherer is the ratio of the bound ligand concentration to the
ANXA6 concentration and [L]free the concentration of the
free ligand. Fluorescence resonance energy transfer (FRET)

between protein tryptophan residues and the nucleotide was
assessed after excitation of ANXA6 in the presence or
absence of TNP-GTP. The samples were excited at 295 nm,
and the emission spectra were recorded at wavelengths from
305 to 580 nm. The emission and excitation slits were set at
2 and 3 nm, respectively.

Molecular Simulations. Bovine ANXA6 coordinates (41)
were retrieved from the Protein Data Bank (PDB entry
1AVC). The numbering of amino acid residues was based
on the full sequence containing the initial M. To find possible
binding sites, PASS (Putative Active Sites with Spheres)
software was used to calculate the volumes of the possible
sites for an indication of ligand access (42). On the basis of
these results, a box with an edge length of 2.2 nm was
defined around the most accessible site of ANXA6. Within
this box, the nucleotide was allowed to move freely, whereas
ANXA6 was fixed on a grid during further calculations.

The software AUTODOCK computed the free energy of
the interaction between nucleotide and ANXA6, based on a
genetic algorithm (43). A set of solutions, corresponding to
the minimal free energy values, were selected, together with
the corresponding coordinates of the nucleotide within the
active site of ANXA6. Visualization software, RASMOL and
SYBYL (Tripos Inc.), was used to identify the active site,
the coordination of the ligand, and the involved residues.

Miscellaneous Methods. Protein concentrations were de-
termined by the method of Bradford (44) with bovine serum
albumin as a standard. Ca2+ concentrations were calculated
using the Chelator program (45). SDS-PAGE (under reduc-
ing conditions) was performed on 5% stacking and 7.5 or
12% resolving gels; gels were stained with Coomassie
brilliant blue (46).

RESULTS

EVidence of Interaction between ANXA6 and Phosphate
Groups of the Nucleotide. Previous infrared and fluorecence
results have shown that ATP and GTP can bind to mam-
malian ANXA6 (2-5). During the study presented here,
infrared spectroscopy in combination with caged-GTP-γ-S
was employed to further delineate the mechanisms of
nucleotide binding to ANXA6. After illumination and
photolysis, GTP-γ-S (nonhydrolyzable analogue of GTP) was
released from its bulky cage, resulting in the interaction with
ANXA6. Consequently, by measurement of infrared differ-
ence spectra before and after illumination, it was possible
to monitor small structural changes caused by the interactions
between the GTP-γ-S group and amino acid residues of
ANXA6. Negative bands correspond to vibrational modes
of chemical groups which disappeared after photolysis, while
the positive bands indicated the appearance of new vibra-
tional groups. The photorelease of GTP-γ-S from its cage
produced RIDS spectra (Figure 1, trace a) indicating a new
band located at∼1687 cm-1 and a concomitant decrease in
the magnitude of the band at 1529 cm-1. This corresponded
to the formation of a carbonyl group in the photoproduct
and the disappearance of a nitro group (27). The RIDS
spectrum of 100µM ANXA6 and caged-GTP-γ-S (Figure
1, trace b) exhibited four additional bands located at 1656,
1621, 1579, and 1545 cm-1, as compared to the photolysis
spectrum of caged-GTP-γ-S. The difference spectrum be-
tween two RIDS spectra (trace b minus trace a in Figure 1)

∆F ) ∆Fmax{U0 + D0 + KD -

[(U0 + D0 + KD)2 - 4U0D0]
1/2}/(2U0) (1)

r/[L] free ) n/KD - r/KD (2)
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corresponded solely to GTP-γ-S binding to ANXA6 (Figure
1, trace c; see also ref5). In controls, 10 mM GTP was added
to prevent binding of GTP-γ-S to ANXA6. A significant
decrease in the magnitudes of infrared signals was observed
in the case of ANXA6 containing GTP (Figure 2, trace a),
as compared with the sample without GTP (Figure 2, trace
b). Therefore, the 1656, 1621, 1579, and 1545 cm-1 bands
(Figure 2, trace b) were assigned to structural changes in
ANXA6 induced by the binding of GTP-γ-S.

To identify the nature of the structural changes, other
ligands such as ATP and phosphate were employed. The
RIDS spectrum of a sample containing caged-Pi and ANXA6
(Figure 3, trace a) showed the presence of a positive band
located at 1621 cm-1 and the three negative bands located
at 1656, 1579, and 1545 cm-1. These bands are caused by
the photorelease of Pi in the presence of ANXA6. The 1621
and 1656 cm-1 bands are characteristic for carbonyl groups
of the peptide backbone (47-52), reflecting slight structural
changes, caused by the phosphate binding to the protein. The
1579 cm-1 band corresponds to the carboxylate group of side

chain residues of either the D or E residue (53-55),
suggesting that the interactions between phosphate and
ANXA6 involved either D or E residues. Alternatively, it
may be related to the NH group being either exposed to the
deuterated solvent or affected by the nucleotide binding. The
negative band at 1545 cm-1 may suggest a slight exposure
of NH groups to the deuterated solvent, although a contribu-
tion from the carboxylate group cannot be ruled out. The
burried NH groups of the peptide backbone, not accessible
to solvent, became exposed after phosphate binding. The
exposed NH groups exchanged their protons with a deute-
rium from the solvent, indicating that the binding of
phosphate promotes small movements of protein domains.

The RIDS spectrum of caged-Pi in the presence of ANXA6
reflected interactions of the phosphate chain with the protein
(Figure 3, trace a) that were similar to those observed in the
case of photolysis of caged-GTP-γ-S (Figure 3, trace b; see
also ref5). These results suggested that the RIDS spectrum
of a sample containing ANXA6 and caged-GTP-γ-S cor-
responded essentially to the interactions of the phosphate
moiety of GTP-γ-S with the annexin. The calculated number
of amino acid residues involved in phosphate binding to
ANXA6 was 6 or 7, instead of 8 or 9 in the case of GTP-
γ-S binding (Table 1). A fraction of caged-Pi was probably
already bound to the protein prior to photolysis, despite the
presence of its bulky residue. Comparison of the RIDS
spectrum of ANXA6 with that of either caged-GTP-γ-S
(Figure 3, trace b) or caged-ATP (Figure 3, trace c; see also

FIGURE 1: Structural changes induced by binding of GTP-γ-S to
ANXA6. Difference infrared spectra obtained after photorelease
of GTP-γ-S from its precursor, caged-GTP-γ-S, in the absence of
ANXA6 (trace a) and in the presence of 100µM ANXA6 (trace
b). The2H2O buffer was composed of 2 mM caged-GTP-γ-S, 100
mM Tris-HCl (pD 7.5), and 2 mM CaCl2. Trace c represents a
difference spectrum (trace b minus trace a), reflecting uniquely
GTP-γ-S-induced structural changes of ANXA6. Each trace
represents the average of eight or nine individual RIDS spectra.

FIGURE 2: Inhibition of binding of GTP-γ-S to ANXA6 by a
saturated amount of GTP. Difference infrared spectra after photo-
release of GTP-γ-S from its precursor, caged-GTP-γ-S, in the
presence of 100µM ANXA6 with (trace a) or without (trace b) 10
mM GTP. The2H2O buffer was composed of 100 mM Tris-HCl
(pD 7.5), 2 mM caged-GTP-γ-S, and 2 mM CaCl2. Each trace
represents the average of eight or nine individual RIDS spectra.
The bands associated with the photolysis-released nucleotide were
subtracted from their respective RIDS spectra as indicated in Figure
1. Only the bands induced by the binding of GTP-γ-S to ANXA6
are shown.

FIGURE 3: Comparison of nucleotide (ATP and GTP-γ-S) and Pi
binding sites in ANXA6 as probed by reaction-induced infrared
spectroscopy. RIDS of 100µM ANXA6 in 2H2O buffer containing
100 mM Tris-HCl (pD 7.5) and 2 mM CaCl2 with either 2 mM
caged-Pi (trace a), 2 mM caged-GTP-γ-S (trace b), or 2 mM caged-
ATP (trace c). Each trace represents the average of eight or nine
individual RIDS spectra. The bands associated with the photolysis-
released nucleotide or Pi were subtracted from their respective RIDS
spectra. Only changes in the bands induced by the binding of
nucleotide or Pi to ANXA6 are presented.

Table 1: Estimated Number of Amino Acid Residues in the
Nucleotide-Binding Site of ANXA6 and Its Fragments ANXA6a
and ANXA6b, Calculated via RIDS

protein ligand additions no. of residues

ANXA6 caged-GTP 2 mM CaCl2 8-9
ANXA6 caged-GTP 1 mM EGTA 5-6
ANXA6 caged-GTP 2 mM CaCl2 and

10 mM GTP
3-4

ANXA6a caged-GTP 2 mM CaCl2 4-5
ANXA6b caged-GTP 2 mM CaCl2 3-4
ANXA6 caged-ATP 2 mM CaCl2 7-8
ANXA6 caged-Pi 2 mM CaCl2 6-7
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ref 4) revealed similar spectral features, confirming that the
RIDS spectrum predominantly reflected the interaction of
phosphate groups of the nucleotide with ANXA6. From these
results, it was not possible to determine to how many
phosphate groups of the nucleotide did bind to ANXA6. To
overcome this shortcoming, we performed simulated mo-
lecular modeling (described below) which suggested that the
γ- andâ-phosphate groups of the nucleotide may be involved
in the interaction with ANXA6.

Location of the Nucleotide-Binding Site of ANXA6. To
probe the location of the nucleotide-binding site of ANXA6,
the fragments of human recombinant ANXA6 were prepared.
The structural changes caused by the binding of GTP-γ-S
to ANXA6b (Figure 4, trace a) or ANXA6a (Figure 4, trace
b) were found to be similar, as indicated by the RIDS spectra
of these fragments in the presence of GTP-γ-S. The
magnitude of their RIDS spectra was approximately half the
magnitude of the RIDS spectrum of ANXA6 (Figure 4, trace
c). It was estimated that three or four amino acid residues
were involved in the binding of GTP-γ-S to ANXA6b.
Approximately four or five amino acid residues were
estimated to be involved in the binding of GTP-γ-S to
ANXA6a (Table 1). These numbers were approximately half
the number of amino acid residues involved in the binding
of GTP-γ-S to ANXA6. Chelating of Ca2+ by EGTA reduced
the number of amino acid residues involved in the nucleotide-
binding site of ANXA6 (Table 1). This result suggests that
calcium promoted the interaction of phosphate with ANXA6.

The location of the nucleotide-binding site of ANXA6 was
also determined by measuring TNP-GTP fluorescence. The
advantage of this experimental approach over RIDS and
caged ligands is that it allows determination of binding
constants for the ligands. The fluorescent nucleotide was
found to bind recombinant ANXA6, ANXA6a, and ANXA6b
in a hyperbolic manner as indicated by an enhancement of
the extrinsic fluorescence of TNP-GTP (Figure 5) and a slight
blue shift of its emission maximum in the presence of these
proteins (Table 2). GTP released TNP-GTP very efficiently
from ANXA6, and the concentration of GTP required for

half-maximal release was found to be 4.2 mM. These results
indicate that the TNP-GTP and TNP-ATP binding charac-
teristics of human recombinant ANXA6 were similar to those
of porcine liver ANXA6 (4). The stoichiometry of binding
of TNP-GTP to ANXA6 was determined to be 1 mol of
nucleotide/mol of protein, with aKD value of 2.8µM in the
presence of Ca2+ (Table 2). The binding stoichiometry for
ANXA6a and ANXA6b was found to be 0.5 mol/mol, which
was consistent with the number of amino acid residues
involved in GTP binding to ANXA6 halves, as determined
by RIDS.

ANXA6a, containing the N-terminal part of the protein,
including four repeat domains I/IV, exhibitedKD values for
TNP-GTP similar to those of ANXA6. On the other hand,
ANXA6b, comprising four repeat domains V/VIIII, was
found to bind TNP-GTP with an almost 10-fold lower
efficiency than recombinant ANXA6 (Table 2). These results
indicated that the lack of the N-terminal half of ANXA6,
and most of the linker region between the two symmetrical
lobes of ANXA6 where W343 is located, significantly
prevented the binding of TNP-GTP to the protein. Consistent
with this, by purification of V8 protease proteolytic fragments
of ANXA6 by affinity chromatography on GTP-agarose, the
major fragment for whichMr ) 35 kDa, originating from
N-terminal half of ANXA6, starting with A2KPAQGAKYR...,
was identified.

Docking Nucleotides on ANXA6 ReVeals Two Nucleotide-
Binding Domains with Similar Sequences. PASS software
first allowed us to locate accessible cavities in bovine

FIGURE 4: Comparison of difference infrared spectra induced by
the photorelease of GTP-γ-S from caged-GTP-γ-S in samples
containing either ANXA6 or its fragments. RIDS spectra of 100
µM ANXA6b (trace a), 100µM ANXA6a (trace b), or 100µM
ANXA6 (trace c) with 2 mM caged-GTP-γ-S are shown. The2H2O
buffer was composed of 100 mM Tris-HCl (pD 7.5) and 2 mM
CaCl2. Each trace represents the average of three to nine individual
RIDS spectra. The bands associated with the photolysis-released
nucleotide (4, 5) were deducted from their respective RIDS spectra.
Only the bands induced by the binding of GTP-γ-S to ANXA6 or
its fragments are shown.

FIGURE 5: Binding of TNP-GTP to ANXA6. Fluorescence titrations
of 2 µM ANXA6 ( 4), ANXA6a (0), or ANXA6b (b) with the
indicated concentrations of TNP-GTP on the abscissa were
performed. The buffer was composed of 50 mM Tris-HCl (pH 7.4),
50 mM NaCl, and 2 mM CaCl2. Samples were excited at 415 nm,
and fluorescence emission was monitored at 545 nm. All titrations
were repeated twice. The results varied by 5-7%.

Table 2: Characteristics of Binding of TNP-GTP to ANXA6,
ANXA6a, and ANXA6b in the Presence of 2 mM Ca2+

peptide
λem-max

(nm)a

increase in
fluorescence

intensityb
KD

(µm)c
nd

(mol/mol)

ANXA6 548 ( 1 1.6-fold 2.8( 0.2 1.1( 0.1
ANXA6a 548( 2 1.5-fold 2.7( 0.2 0.5( 0.05
ANXA6b 550 ( 2 1.2-fold 16.3( 2.6 0.6( 0.05

a The λem-max of TNP-GTP in the absence of protein amounted to
553( 1 nm. b Related to the extrinsic fluorescence of free TNP-GTP.
c Fluorescence measurements were performed at aλem-max and aλex of
415 nm.d The stoichiometry of binding of TNP-GTP to ANXA6 or
its fragments was calculated using the mass action plot described in
detail in Materials and Methods.
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ANXA6, where any type of ligand can bind. During the
period of the preparation of this article, a crystal structure
for human ANXA6 was deposited in the Protein Data Bank
[PDB entry 1M9I, a phosphorylation-mimicking mutant
T356D of ANXA6 (56)]. Despite a moderate crystallographic
resolution of ca. 0.265 nm, the crystal structure of human
ANXA6 superimposes on the bovine ANXA6 crystal struc-
ture with a root-mean-square deviation of less than 0.05 nm
for the main chain N, CR, and C′ atoms, indicating they are
closely related structures. In addition, the orientations of any
amino acid side chain within the possible interacting region
(which has a good crystallographic order in both forms) have
strictly the same orientational conformation. Since almost
no differences were found either in amino acid sequences
or in local conformations, the models obtained with the use
of the bovine ANXA6 crystal structure may be considered
equivalent to human ANXA6 (56-58). Docking simulation
indicated that the most accessible site for a nucleotide was
located in the center of bovine ANXA6. Around this center,
a box (delimited with yellow spheres and black lines) with
an edge length of 2.2 nm surrounded the putative site, as
indicated in Figure 6. The location of the putative nucleotide
site within the box was also consistent with the experimental
results, since both fragments contributed to the binding of
the nucleotide. Therefore, the intersection of ANXA6a
(green-colored backbone) and ANXA6b (blue-colored back-
bone) (Figure 6) should correspond to the nucleotide-binding
site of the whole ANXA6.

The nucleotide was allowed to move at random within
the box, and its conformation was allowed to be flexible;
the structure of the ANXA6 protein remained rigid during
the molecular modeling calculations by fixation on a grid.
The best result of the simulation of the binding of GTP to
bovine ANXA6 is presented in Figure 7, where K296, Y297,
Q341, M342, S346, K598, L602, and K644 (numbering of
amino acid residues was based on the full sequence contain-
ing an initial M according to ANXA6 coordinates; see ref
41) were separated by less than 3 Å from the nucleotide.
For the sake of the comparison, only lysine and tyrosine
residues are shown in Figure 7. The purine and the ribose
moieties of the GTP molecule were found to be relatively
flexible. In contrast, theâ- and γ-phosphate groups were
found to be located within the same region, as inferred from
several sets of simulations. This was also confirmed by
simulation on binding of ATP to ANXA6 (Figure 8). Indeed,
the two phosphate groups of ATP pointed toward the same
binding site as the phosphate groups of GTP, while their
respective purine and ribose groups were more flexible. The
W343 residue was separated by∼4 Å from the nucleotide,
and it was possibly involved in guiding the purine moiety
of the nucleotide to the binding site.

A tentative phosphate-binding motif was inferred on the
basis of the simulation of bovine ANXA6: K296-Y297...
Q341-M342-W343-XX-S346...K598-XXX-L602...K644-
Y645 (numbering of amino acid residues was based on the
full sequence containing the initial M). Searching the

FIGURE 6: Bovine ANXA6 structure. Atomic coordinates were obtained from the Protein Data Bank (entry 1AVC). The N-terminal part
of ANXA6 corresponding to residues 2-342 (ANXA6a) is shown in green, while the C-terminal part associated with residues 348-673
(ANXA6b) is shown in blue. The box with a limited dimension at the center of ANXA6 indicates the putative location of the nucleotide-
binding site. Its approximate position is based on the accessibility of the cavity, as determined by PASS software (42), and on the intersection
between the two halves: ANXA6a and ANXA6b. During the molecular simulation, the nucleotide was allowed to move freely inside the
box.
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sequence of the eight-repeat domains of human annexin and
comparison with the sequences of mammalian ANXA6, we
found two identical sequences in human and bovine ANXA6
with the F-X-X-K-Y-D/E-K-S-L motif. The sequences are
residues 293-301 and 641-649 (numbering according to
human and bovine sequences, including the initial M) (Figure
9).

DISCUSSION

Phosphate Binding Induced Small Structural Changes in
Human ANXA6. The results of this work utilizing RIDS
suggest that the interactions between phosphate and ANXA6
were small. As probed by RIDS, the structural alterations
are observed in only six or seven amino acid residues of
ANXA6. Similar RIDS spectra (similar band shapes with
different magnitudes) are observed during the interactions
of porcine liver ANXA6 with caged-ATP (4), as well as in
the case of the binding of GTP-γ-S to human recombinant
ANXA6 examined with caged-GTP-γ-S (5). One possible
interpretation of these results is that the interactions between
nucleotides and ANXA6 are mainly due to the phosphate
groups of the nucleotide. These interactions with the protein
induce only a slight distortion of theR-helical structures (as
characterized by the change around 1652-1656 cm-1) and/
or the formation of stronger hydrogen bonds involving
carbonyl groups of the peptide backbone (corresponding to
a shift from 1652-1656 to 1621 cm-1). The involvement of
phosphate groups of the nucleotide moiety has been proposed
for the binding of GTP to Ras protein (59, 60), and binding

of ATP to Ca2+-ATPase (61), arginine kinase (62), and to
creatine kinase (63).

Nucleotide-Binding Site of Human ANXA6. To locate a
putative nucleotide-binding site(s) of ANXA6, the nucleotide
binding properties of ANXA6a and ANXA6b were deter-
mined. The RIDS spectrum of ANXA6a with caged-GTP-
γ-S in the presence of Ca2+ was similar to the RIDS spectrum
of ANXA6, but its amplitude was equal to half the amplitude
of ANXA6, measured under the same conditions and same
molar concentrations (Figure 4). This suggested that half of
the amino acid residues, e.g., four or five, were affected upon
GTP-γ-S binding to ANXA6a, as compared with eight or
nine amino acid residues for the whole annexin (Table 1).
RIDS of the other fragment (ANXA6b) with caged-GTP-
γ-S in the presence of Ca2+ also yields a RIDS spectrum
similar to but smaller than that for ANXA6 (Figure 4),
indicating that three or four amino acid residues are involved
during binding of GTP-γ-S to the C-terminal fragment of
ANXA6 (Table 1). The similarities in the RIDS spectra of
both fragments of ANXA6 suggest that there are at least
two nucleotide-binding sites located in a similar environment.
The environment of a nucleotide-binding site of ANXA6
contained amino acid residues which are located in both
N-terminal and C-terminal regions of ANXA6. This is
corroborated by the fluorescence measurements using TNP-
GTP as a probe of the nucleotide binding properties of
ANXA6, ANXA6a, and ANXA6b. Our fluorescence results
are consistent with previous findings (4) that the stoichiom-
etry of nucleotide binding with ANXA6 is 1:1. TNP-GTP
binds to both ANXA6 fragments with a nucleotide:ANXA6a
or nucleotide:ANXA6b stoichiometry (moles per mole) of
0.5:1, although there is a striking difference in TNP-GTP
binding parameters between both halves of ANXA6. The
0.5:1 stoichiometry (moles per mole) for the nucleotide-
ANXA6a or -ANXA6b complexes may indicate a dimer

FIGURE 7: Close-up view of the GTP-binding site. Probable location
of GTP in bovine ANXA6, based on the molecular simulation. The
purine and ribose groups are relatively flexible, while phosphate
groups are tightly bound to lysine (K644 and K296) and tyrosine
(Y297) residues, which are less than 3 Å from the nucleotide. The
tryptophan residue, W343, is in the vicinity of the purine moiety
of GTP.

FIGURE 8: Close-up view of the ATP-binding site. Probable location
of ATP in bovine ANXA6, based on the molecular simulation. The
phosphate groups are tightly bound to lysine (K644 and K296) and
tyrosine (Y297) residues, which are less than 3 Å from the
nucleotide. However, the purine and the sugar moieties are more
flexible.
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binding one nucleotide molecule. Dimer formation has been
reported for bovine kidney ANXA4, four-repeat domain
annexin which can form dimers in solution cross-linked at
C198 via a disulfide bond (64). To the best of our knowledge,
such dimers have not been described so far for eight-repeat
domain ANXA6.

Consensus Sequence for Phosphate Recognition by Human
ANXA6. To perform molecular modeling simulations, the
nucleotide was allowed to bind in the center of bovine
ANXA6 in a box of limited dimensions with an edge length
of 2.2 nm. The location and the dimension of the box are
consistent with experimental results, as well as with the
position of the most accessible cavities. The simulations,
either with GTP or with ATP, indicate that the locations of
â- and γ-phosphate-binding sites of ANXA6 are identical
despite the fact that their purine and ribose moieties are
relatively flexible and are randomly oriented. This would
suggest that theâ- andγ-phosphate chains are tightly bound
to ANXA6, while the other parts of the nucleotide interact
weakly with the protein. This is in agreement with the results
of RIDS indicating that structural changes are caused mostly
by the phosphate groups. By comparing the relative mag-
nitudes of the RIDS spectra obtained for caged-ATP and
caged-Pi and by using molecular modeling, we can extrapo-
late that approximately one or two phosphate groups can bind
to ANXA6 after photorelease from caged-Pi. A close analysis
of the surrounding residues (K296, Y297, and K644 are less
than 3 Å from the nucleotide; see Figures 7 and 8) has
allowed us to propose a tentative motif for the nucleotide-
binding site of ANXA6. In the case of human and bovine
ANXA6, two identical F-X-X-K-Y-D/E-K-S-L sequences,
residues 293-301 (within annexin repeat domain IV) and
residues 641-649 (within annexin repeat domain VIII), are
present (Figure 9). This is consistent with the idea that both
the N- and C-terminal parts of ANXA6 participate in the
phosphate binding site. Fragments ANXA6a (with repeat
domain IV) and ANXA6b (containing repeat domain VIII)
bind GTP-γ-S, despite the fact that they represent only half
of the binding site. Both these sequences contain carboxylate
residues of either E298 or D646 in the vicinity of reactive
K-Y residues. Consitent with this, RIDS of fragments
ANXA6a and ANXA6b, as well as the whole ANXA6,
suggests the involvement of the carboxylate group during
nucleotide or phosphate binding, as evidenced by their
spectral changes arround 1579 cm-1 (Figure 4).

A search for a consensus sequence, present in other
annexins, shows that the F-X-X-K-Y-D/E-K-S-L motif is not
completely conserved in all annexins. However, a more
general sequence containing the less restricted motif F/Y-
X-X-X-F/Y-X-K-S-L is present in other human annexins:
ANXA2-ANXA4, ANXA9 -ANXA11, and ANXA13. The
F/Y-X-X-X-F/Y-X-K-S-L motif may originate from a com-
mon ancestor and may have some functional properties which
could be modulated by the subtle amino acid substitutions.
Q341, M342, W343, and S346 are located in the vicinity of
the nucleotide-binding site of ANXA6, although there is no
consensus sequence associated with these residues in other
annexin families to support a characteristic binding site.

Comparison with the Membrane Recognition Domain of
Annexins. Recently, a new consensus sequence RXXXK for
phosphatidylserine recognition by ANXA5 (65) has been
reported. The RXXXK motif is responsible for the interac-
tions involving negatively charged serine and phosphate
groups of phosphatidylserine (65). This motif is found in
the middle of the consensus F/Y-X-X-X-F/Y-X-K-S-L
sequence of ANXA2 (F-K-R-K-Y-G-K-S-L) and ANXA4
(F-K-R-L-Y-G-K-S-L) (Figure 9), consistent with the idea
that this motif is important for phosphate binding. The
differences in the F/Y-X-X-X-F/Y-X-K-S-L sequence among
annexin subfamilies may affect the fine-tuning functional
properties, altering the nucleotide-annexin and/or calcium-
induced phosphatidylserine-annexin interactions.
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