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Abstract Annexin A6 (AnxA6), calcium- and membrane-binding protein, is involved in membrane dynamics. It
exists in the cell in two isoforms, AnxA6-1 and AnxA6-2, varying only by the VAAEIL sequence. In most cells, AnxA6-1
predominates. A limited number of observations suggests that both isoforms differ from each other functionally. The EGF-
dependent Ca2þ influx in A431 cells is inhibited only by AnxA6-1. Moreover, AnxA6-2 was found to exhibit higher affinity
for Ca2þ. In this report we addressed the potential significance of the VAAEIL deletion in AnxA6-2. For this purpose, we
expressed AnxA6 isoform cDNAs in bacteria or mouse Balb/3T3 fibroblasts. The recombinant AnxA6-2 was characterized
by a less extended molecular shape than that of AnxA6-1 and required a narrower [Ca2þ] range to bind liposomes. Upon
lowering pH in the presence of EGTA recombinant AnxA6-2 became less hydrophobic than AnxA6-1 as revealed by
the Triton X-114 partition. Furthermore, AnxA6-2 revealed stronger F-actin binding than that of AnxA6-1. Immuno-
fluorescence microscopy showed that the EGFP-tagged AnxA6 isoforms expressed in Balb/3T3 fibroblasts relocate in a
Ca2þ- and Hþ-sensitive manner to the vesicular structures in a perinuclear region or in cytosol. Cell fractionation showed
that in resting conditions AnxA6-1 is associated with early endosomes and AnxA6-2 with late endosomes, and an increase
in [Ca2þ] and/or [Hþ] induced their opposite distribution. These findings suggest a potentially independent regulation,
localization, and function of AnxA6 isoforms in Balb/3T3 fibroblasts. More generally, our findings suggest distinct
functions of AnxA6 isoforms in membrane dynamics. J. Cell. Biochem. 104: 418–434, 2008. � 2007 Wiley-Liss, Inc.
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Annexin A6 (AnxA6) is the largest member of
the vertebrate family of ubiquitous calcium- and
membrane-binding proteins with not yet clearly
defined physiological functions. Experimental
data obtained with reconstituted systems, cel-
lular models, or transgenic animals, provided
evidence of AnxA6 being involved in the cellular
events such as regulation of membrane archi-
tecture [Draeger et al., 2005], calcium homeo-
stasis and signaling [Song et al., 2002; Gerke
et al., 2005], reorganization of cytoskeleton
and vesicular traffic [Gerke and Moss, 2002;
Rescher and Gerke, 2004; Rescher et al., 2004;
Hayes et al., 2006], and signal transduction via
Ras proteins [Davis et al., 1996; Pons et al.,
2001]. Specifically, AnxA6, due to its involve-
ment in the budding from plasma membrane of
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clathrin coated pits [Lin et al., 1992] and dis-
sociation of clathrin from cytoskeleton [Kamal
et al., 1998], has been implicated in clathrin-
dependent convergence of early endosomes
[Naslavsky et al., 2003] and in the trafficking
of LDL particles from endosomes to the prely-
sosomal compartment [Grewal et al., 2000].
However, these observations are contradictory
to those showing that endocytosis occurs nor-
mally in A431 cells lacking AnxA6 [Smythe
et al., 1994].

It is well established that cellular activities of
AnxA6 are attributed to several functional
domains which may be distinct from each other:
Ca2þ- and lipid-binding domains [Benz et al.,
1996; Montaville et al., 2002], a cholesterol-
sensitive domain responsible for a Ca2þ-inde-
pendent translocation of AnxA6 to endosomes
upon cholesterol loading [de Diego et al., 2002],
a pH-sensitive domain participating in a volt-
age-dependent ion channel activity of AnxA6
[Golczak et al., 2001a,b], an F-actin-binding
domain playing a role in AnxA6-mediated re-
organization of cytoskeleton and cellular shape
[Filipenko and Waisman, 2001], a S100A11-
binding region playing a role in the formation of
signaling complexes at the level of the sarco-
lemma [Chang et al., 2007], and a linker region
with T356 being a potential site for phosphor-
ylation of AnxA6 by Src family kinases and
protein kinase C [Dubois et al., 1995; Schmitz-
Peiffer et al., 1998; Freye-Minks et al., 2003].
The latter region is also involved in the
interaction with p120GAP [Chow and Gawler,
1999; Grewal et al., 2005] and syndecan-2
[Huang et al., 2005]. In addition, a putative
GTP-binding domain, a prerequisite for nucleo-
tide-induced ion channel activity of AnxA6 at
pH 7.0, has been identified [Kirilenko et al., 2006].

The understanding of AnxA6 functions is
complicated by the fact that due to alternative
mRNA splicing AnxA6 is expressed in mamma-
lian tissues as two isoforms (longer AnxA6-1
and shorter AnxA6-2) varying by the 524-
VAAEIL-529 sequence [Davies et al., 1989].
AnxA6-1 prevails in normal tissues [Kaetzel
et al., 1994] and cells, such as mouse Balb/3T3
fibroblasts, while AnxA6-2 is more abundant
in neoplastic cells [Edwards and Moss, 1995].
Any relationship between the level of expres-
sion of AnxA6 isoforms and neoplastic trans-
formation is at present unknown. Concerning
the functional differences between isoforms, the
available data suggest that the EGF-dependent

Ca2þ influx in A431 cells transfected with
AnxA6 isoforms is specifically inhibited by
AnxA6-1 and that the smaller splice variant
has no discernible effect on cellular phenotype
and growth rate [Fleet et al., 1999]. On the other
hand, AnxA6-2 is characterized by a higher
affinity for Ca2þ, lower hydrophobicity and
lower negative surface charge, as compared to
AnxA6-1 [Kaetzel et al., 1994].

By searching protein databases, we found
proteins containing the VAAEIL sequence,
including ADAM33 (Zn2þ-dependent metallo-
protease), ABC-type metal ion transporters,
ORF proteins, zinc finger NS5A protein, threo-
nine dehydratase, glutamate dehydrogenase
isozymes, and the small GTPase Rab28. The
latter has been described to undergo alternative
mRNA splicing near VAAEIL generating two
isoforms, Rab28S and Rab28L, which differ in
their tissue distribution; Rab28S being present
in most of the investigated tissues, and Rab28L
predominating in testis [Brauers et al., 1996].
By analogy, we reasoned that due to the
presence or absence of VAAEIL AnxA6 isoforms
may be differentially targeted to specific cellu-
lar compartments where they may elicit an
isoform-specific regulatory function. In this
work our intention was to verify the hypothesis
that the different expression of AnxA6 isoforms
in normal and pathological cells may reflect
distinct regulation and localization of these
isoforms in the cell.

Due to the difficulties in purifying AnxA6
isoforms from the cells or tissues, we produced
the expression vector for AnxA6-2 using cDNA
for AnxA6-1 as a template and created a
deletion mutant lacking VAAEIL. Then, we
expressed both isoforms in bacteria (to inves-
tigate physico-chemical propertes of the pro-
teins) or in Balb/3T3 fibroblasts (to follow their
intracellular localization). Our findings showed
structural and functional differences between
AnxA6 isoforms in cells. The properties of their
Ca2þ- and pH-dependent translocation between
early and late endosomes were different. We
suggest thatAnxA6isoformsparticipate inmem-
brane dynamics during vesicular transport.

MATERIALS AND METHODS

Expression of Human Annexin A6 Isoforms in
Escherichia coli and Their Purification

Human AnxA6-2 cDNA was obtained by site-
directed mutagenesis method using the cDNA
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for AnxA6-1. The reaction mixture contained
125 ng (0.25 ml) of cDNA of AnxA6-1 as the
matrix for PCR reaction, 125 ng (1ml) of a primer
for AnxA6-1 (50-CCAggCAcgggAAgATgCCCA-
gg AAATAgCAgACACACCC-30), 125 ng (1 ml) of
a primer for AnxA6-2 (50-gggTgTgTCTgCTA-
TTT CCTgggCATCTTCCCgTgCCTgg-30), and
0.5 mM (0.5 ml) each of four deoxynucleotide
triphosphates in 25 ml of a PCR buffer [20 mM
Tris–HCl, pH 8.8, 10 mM KCl, 10 mM
(NH4)2SO4, 2 mM MgSO4, 1% Triton X-100,
1 mg/ml bovine serum albumin]. The mixture
was denatured by heating at 958C for 5 min and
after cooling to 758C 1 ml of Pfu Turbo polymer-
ase was added. PCR amplification was carried
out for 18 cycles using a step program. The
cycles were as follows: denaturation for 2 min
at 958C, reannealing for 1 min at 558C, and
extension for 10 min at 688C. The cycles were
followed by a 5 min final extension period at
688C. At the beginning, the onset of mutation
from cDNA of AnxA6-1 occurred. Then, the
synthesis of complementary plasmid DNA with
breaks took place. At the end, 1 ml of DpnI was
added and reaction was performed at 378C for
90 min. Aliquots (10 ml) of the reaction mixture
were then analyzed by 12% SDS–PAGE after
staining with ethidium bromide. For purifica-
tion of recombinant proteins, both isoforms
were expressed in Escherichia coli after induc-
tion with isopropyl-b-D-thiogalactopyranoside
(IPTG) and purified to homogeneity as des-
cribed previously [Burger et al., 1993; Kirilenko
et al., 2002] with small modifications.

Characterizations of Human
Recombinant AnxA6 Isoforms

Gel electrophoresis. Ten microgram of
human recombinant AnxA6 isoforms were ana-
lyzed in 5–12% polyacrylamide gels in 25 mM
Tris–HCl, pH 8.8, 192 mM glycine without
SDS. The gels were stained with Coomassie
brilliant blue. The coefficients of retardation
were obtained from logarithmic function of the
migration (Log Rf) against concentrations
of polyacrylamide [Rodbard and Chrambach,
1971].

CD spectra. Secondary structures of AnxA6
isoforms in 5 mM Tris–HCl, pH 7.4, 20 mM
NaCl, 1 mM EGTA at room temperature were
calculated from CD spectra (AVIV Associates
Incorporation) using CDSSTR software [Golczak
et al., 2001a,b].

F-actin binding. Rabbit skeletal muscle
F-actin binding of human recombinant AnxA6
isoforms (1:1 molar ratio) were tested by a
pelleting assay [Dominik et al., 2005]. The assay
mixture was centrifuged at 200,000g for 60 min,
followed by the determination of densitometry
of the gels using Ingenius software (BioRad).

Binding to liposomes. Large unilammel-
lar liposomes (LUVs) were prepared from
asolectin in the presence of 250 mM sucrose
[Reeves and Dowben, 1969]. To examine the
binding of human recombinant AnxA6 isoforms
to liposomes, 10 mg of human recombinant
AnxA6 isoforms were incubated for 1 h at room
temperature with 5 mg of LUVs in: (i) 10 mM
Tris–HCl buffer, pH 7.5, 50 mM NaCl, 1 mM
EGTA, 250 mM sucrose, and from 2� 10�10

to 4� 10�3 M Ca2þ (calculated using Chelator
software) or (ii) either 10 mM citric (pH 3.6–6.5)
or 10 mM Tris–HCl (pH 7.0–8.0) buffer, 50 mM
NaCl, 1 mM EGTA, 250 mM sucrose. Liposomes
were then centrifuged at 12,000g/10 min, super-
natants were collected and protein concentra-
tion was determined [Bradford, 1976]. Pellets
were washed in 10 mM Tris–HCl, pH 7.5
supplemented with 2 mM CaCl2 (for Ca2þ-
dependent binding) or in buffers of appropriate
pH values (for Hþ-dependent binding), centri-
fuged as above, and subjected to 12% SDS–
PAGE followed by Coomassie brilliant blue
staining. The binding of AnxA6 isoforms to
LUVs was estimated by densitometric analysis
of the gels.

Phase separation in Triton X-114. The
temperature-induced phase separation test was
performed as described by Bordier [1981] with
modifications according to Hooper [1992].
Human recombinant AnxA6 isoforms (0.2 mg/
ml) were incubated in 200 ml buffer containing
10 mM Tris–HCl, pH 7.4, 6.0, 5.0, or 4.0, 150 mM
NaCl, 5 mM EGTA, or 1 mM CaCl2 and 0.5%
(w/v) Triton X-114 for 15 min at 48C. Then it
was layered on 300 ml 10 mM Tris–HCl,
pH 7.4, 6.0, 5.0, or 4.0, 150 mM NaCl, 5 mM
EGTA, or 1 mM CaCl2, 6% (w/v) sucrose, and
0.06% (w/v) Triton X-114, and incubated for
10 min at 308C. It was centrifuged for 10 min at
1,000g at room temperature. The upper aqueous
phases were collected and treated with fresh
0.5% (w/v) Triton X-114 solution for 5 min at
48C, loaded onto a sucrose cushion, incubated
for 5 min at 308C and centrifuged as described
above. The upper aqueous phases were collect-
ed, while the intermediate sucrose phases were
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removed to collect bottom final detergent phases.
Aqueous phases were additionally treated with
fresh 2% (w/v) Triton X-114 solution for 5 min at
48C, incubated for 5 min at 308C and centrifuged
as described above. Supernatants (200 ml) were
collected as final aqueous phases. Aliquots of the
separated phases were subjected to SDS–PAGE
and the amount of proteins was determined by
densitometric analysis of the gel.

Cell Cultures and Cell Stimulation
With Extracellular Ca2þ or Hþ

Mouse Balb/3T3 embryo fibroblasts (ATCC
CCL-163) were cultured in DMEM supple-
mented with 100 U/ml penicillin, 100 mg/ml
streptomycin, 2 mM L-glutamine (all from
Sigma) and 10% FBS (Gibco). Cells were
stimulated for 10 min at room temperature by
incubating in the PD buffer (125 mM NaCl,
5 mM KCl, 10 mM NaHCO3, 1 mM KH2PO4,
10 mM glucose, 1 mM MgCl2, 20 mM Hepes,
pH 6.9) [Strzelecka et al., 1997] supplemented
with 1 mM CaCl2 or 5 mM EGTA, and adjusted
to pH 7.4 or 6.0. Time-dependent changes in
intracellular [Ca2þ] or pH in Balb/3T3 cells were
measured by means of a Shimadzu RF5000
fluorimeter, using Fura-2/AM and BCECF/AM
(both from Molecular Probes), respectively
[Zablocki et al., 2003]. Briefly, Balb/3T3 cells
(5� 106) were loaded with 1 mM of Fura-2/AM or
BCECF/AM by incubation in 5 ml of the culture
medium at 378C for 15 min. Then, the cells were
washed and suspended in 3 ml of the PD buffer
(pH 7.4 or 6.0) supplemented with 1 mM CaCl2
(called throughout stimulating medium). Intra-
cellular [Ca2þ] was calibrated in each run using
3 mM external CaCl2 plus 3 mM ionomycin
(Sigma) followed by 3 mM digitonin (Sigma) and
100 mM EGTA, whereas calibration of pH was
performed by titration with NaOH or HCl in the
presence of 3 mM digitonin.

Characterizations of Mouse Balb/3T3
Embryo Fibroblasts

Determination of messenger RNA for
Annexin A6 in Balb/3T3 cells by reverse
transcription PCR. Three hundred twenty
microgram of total RNA was isolated from 107

Balb/3T3 cells using Trizol (Invitrogen). 50 pmol
(1 ml) of right primer (Tm 738C) was added and
10 mg of total RNA (1 ml) were annealed at 708C
for 5 min, then cooled on ice. The reverse
transcription (RT) reaction was initiated by

adding 1 mM (1 ml) of dNTP, 40 U (1 ml) RNAse
inhibitor (Roche), 80 U (2 ml) of M-MuLV reverse
transcriptase (Roche) in a total volume of 25 ml
of cDNA synthesis buffer (50 mM Tris–HCl,
40 mM KCl, 6 mM MgCl2, 10 mM DTT, pH 8.3,
Roche). cDNA was analyzed by polymerase
chain reaction (PCR) using primer pairs speci-
fic for either AnxA6 (matrix AnxA6-1 mouse
complete cDNA NM_013472, accession num-
ber—1593-1730) and GAPDH as control (matrix
GAPDH mouse complete cDNA M 32599, acce-
ssion number—382-916). Primer pairs gene-
rated a 137 bp cDNA fragment of AnxA6-1 (the
VAAEIL insert), a 119 bp cDNA fragment of
AnxA6-2 (the VAAEIL deletion), and a 538 bp
cDNA fragment of GAPDH. The reaction mix-
ture was incubated at 378C for 60 min. The
enzyme was inactivated at 958C for 3 min. The
reaction was repeated with a newly added
enzyme. The RT reaction mixtures were sub-
jected to PCR amplification by adding 500 pmol
(0.25 ml) of the right and left primers each and
1 U of Taq DNA polymerase (Invitrogen) in
a total volume of 50 ml of PCR buffer (20 mM
Tris–HCl, pH 8.4, 50 mM KCl, 1.5 mM MgCl2,
Invitrogen). The mixture was denatured by
heating at 958C for 5 min and after cooling to
758C the enzyme was added. PCR amplification
was carried out for 35 cycles using a step
program. Aliquots (10 ml for AnxA6 and 4 ml for
GAPDH) of the reaction were then analyzed by
12% SDS–PAGE with RNA ethidium bromide
staining and semi-quantified (Ingenius soft-
ware, BioRad).

Expression of human Annexin A6
isoforms in mouse Balb/3T3 fibroblasts.
To express AnxA6 isoforms in Balb/3T3 fibro-
blasts cDNAs encoding human AnxA6 isoforms
[tagged with enhanced green fluorescent pro-
tein (EGFP) at 30-end of the cDNA] were
subcloned into the eukaryotic expression vector
pEGFP-N3 (BD Biosciences Clontech). Then,
Balb/3T3 cell suspension (105 cells/ml) was
stably transfected with the empty pEGFP-N3
vector or the fusion constructs (EGFP-AnxA6-1
or EGFP-AnxA6-2) using the effectene trans-
fection reagent (Qiagen GmbH), in the cDNA:
effectene ratio of 1:20. After 48 h incubation
1 mg/ml G418 (Sigma) was added to the culture
medium for 7 days. To isolate clones over-
expressing AnxA6 or its splice variant, G418-
resistant cells were cultured with 0.5 mg/ml
G418. After 30 days selection, AnxA6 isoforms
expressing cells were tested by FACScan

Different Properties of Annexin A6 Isoforms 421



and Western blot methods. As a control non-
transfected cells cultured without G418 were
used.

FACScan analysis. The number of cells
expressing empty pEGFP-N3 vector or the
fusion constructs (pEGFP-AnxA6-1 or pEGFP-
AnxA6-2) was counted by means of FAC-
Scan flow cytometer (Becton-Dickinson) using
Cell Quest software (Becton-Dickinson) from
104 cells for each experimental set. To identify
viable cells [Krishan, 1975], transfected or non-
transfected cells (106) were washed twice with
the PD buffer, then suspended in 2 ml 50 mg/ml
propidium iodide (PI) in PD, incubated for 5 min
at room temperature and used directly for flow
analysis of PI fluorescence. For cell cycle
analysis [Dressler, 1988], cells (3� 106) were
centrifuged at 2,500g/5 min and the pellet was
suspended in 1 ml PBS. Cell suspension was
added into absolute 70% (v/v) EtOH final
concentration and fixed overnight at �208C.
Then cells were centrifuged, suspended in 50mg/
ml PI in PBS containing 0.1 mg/ml RNAse and
0.05% Triton X-100, incubated for 40 min at
378C, centrifuged, suspended in 2 ml PBS and
analyzed for flow PI fluorescence. In both PI
staining methods FL2 (470 V linear) emission
channel was used to monitor PI fluorescence,
where the size [forward scatter of cells (FSC),
100–400 of FSC-Height] and the granularity
[side scatter of cells (SSC), 200–600 of SSC-
Height] of the cells were analyzed. The absolute
numbers of all cells were determined from light
scatter FSC/SSC, double discrimination of the
fluorescence peak integral and height, and
EGFP fluorescence intensity (to measure the
transfection efficiency) [Kim et al., 2007].

Immunocytochemistry. Balb/3T3 cell sus-
pension was applied onto acid-washed glass
cover-slips placed in Petri dishes and cultured
20 h at 378C in 5% CO2 humidified atmosphere.
Cells (105) in resting or stimulated buffers were
fixed with 3% paraformaldehyde/PD for 20 min
at room temperature (rt) [Strzelecka et al.,
1997]. The fixed transfected cells were washed
twice with PD and once with H2O and mount-
ed in Moviol 4-88 (Calbiochem) supplemented
with 2.5% DABCO (Sigma). The fixed non-
transfected cells were washed with the PD
buffer, incubated in 50 mM NH4Cl/PD
(10 min, rt) and after washing permeabilized
with 0.08% Triton X-100/PD (5 min, 48C). After
additional washing once with PD and then once
with TBS (130 mM NaCl, 25 mM Tris–HCl,

pH 7.5), the cells were incubated with blocking
solution (5% FBS/TBS) for 45 min at rt. The cells
were incubated for 1 h at rt with different
primary antibodies: mouse monoclonal anti-
AnxA6 (1:200) (Transduction Laboratories),
rabbit polyclonal anti-AnxA6 (1:100), rabbit
polyclonal anti-Rab5B (1:100), rabbit polyclonal
anti-Rab7 (1:100), or mouse monoclonal anti-
SNAP-25 (1:100) (all Santa Cruz Biotechnol-
ogy). Then, they were washed (6� 5 min) with
0.5% FBS/TBS/0.05% Tween20 and incubated
for 1 h at rt with appropriate secondary anti-
body: goat anti-mouse IgG-FITC (1:500), goat
anti-mouse IgG-rhodamine (1:500), or goat anti-
rabbit IgG-TRITC (1:500) (all Sigma). All anti-
bodies were prepared in 0.5% FBS/TBS/0.05%
Tween20. After washing (four times in 0.5%
FBS/TBS/0.05% Tween20, two times in TBS
and one time in H2O) the samples were mounted
in Moviol 4-88/DABCO. Z-section images were
acquired with TCS SP2 confocal microscope
(Leica).

Cell membrane fractionation. For Ca2þ,
EGTA extraction of membranes the transfected
or non-transfected Balb/3T3 cells (108) were
washed twice with PD, solubilized as described
by Babiychuk and Draeger [2006] with modifi-
cations in a Triton lysis buffer (TLB) containing
0.05% Triton X-100, 50 mM Tris–HCl, pH 7.4,
80 mM NaCl, 10 mg/ml protease inhibitor cock-
tail (PIC, Sigma) [Strzelecka-Kiliszek et al.,
2002] with 2 mM CaCl2 (TLBA) or 5 mM EGTA
(TLBB). Cells were homogenized by 20 passes
through a 22-gauge syringe needle and dis-
rupted by repeated sonication cycles (Branson
ultrasonic Sonifier S-250D). After lysis (30 min/
48C) cells were centrifuged (100,000g/15 min/
48C) in Sorval AH-4 rotor [Clemen et al., 1999].
Supernatants (S1) were collected whereas pel-
lets (P1) were suspended in TLB with 20 mM
EGTA (TLBC). After incubation (30 min/48C)
samples were centrifuged as above. Superna-
tants (S2) were collected whereas pellets (P2)
were suspended in TLBC. SDS–PAGE loading
buffer (SPLB) contained 2% SDS, 10% glycerol,
250 mM Tris–HCl, pH 6.8, 1.25 mg/ml bromo-
phenol blue, and 1% b-mercaptoethanol. Then
probes were boiled for 5 min and stored at
�208C. For examination of subcellular distri-
bution of AnxA6 transfected or non-transfected
Balb/3T3 cells (1.5� 108) were subjected for
sucrose density gradient fractionation [Grewal
et al., 2000]. Cells were washed twice with the
PD buffer. After stimulation cells were put on
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ice, washed with cold 0.5% FBS/PBS and
collected in homogenization buffer (HB, 250 mM
sucrose, 3 mM imidazole, pH 7.4, and 10 mg/ml
PIC). Then, cells were pelleted, suspended in
1 ml of HB and homogenized by 50 passages
through a 22-gauge syringe needle. The homo-
genate was centrifuged 1,200g/15 min/48C in an
Eppendorf centrifuge. The post-nuclear super-
natant (PNS) was brought to a final 40.2%
sucrose (w/v) concentration by adding 62%
sucrose/3 mM imidazole, pH 7.4 and loaded at
the bottom of a 5 ml centrifugation tube (Kendro
Laboratory Products). Then, 35% sucrose, 25%
sucrose, and finally HB were poured stepwise on
top of the PNS. The gradient was centrifuged at
220,000g/120 min/48C in Sorval AH-650 rotor.
After centrifugation, three interphases: 1 (8%/
25% or 1.09 g/cm3), 2 (25%/35% or 1.115 g/cm3),
and 3 (35%/40.2% or 1.12–1.2 g/cm3) were
collected starting from the top, mixed with
SPLB, boiled for 5 min and stored at �208C.
The protein concentration was determined
[Bradford, 1976]. The presence of AnxA6 and
markers, Rab5B (of early endosomes, EE), Rab7
(of late endosomes, LE), and SNAP-25
(of plasma membrane, PM), were checked by
Western blotting. The distribution of AnxA6
isoforms in the interphases was quantified
using Ingenius software (BioRad).

Western blotting. Proteins were separated
on 10% SDS–PAGE and transferred onto nitro-
cellulose sheets. Immunoblots were washed
with TBS and then incubated 1 h at rt in
blocking solution (5% non-fat milk/TBS). After
washing with TBS containing 0.05% Tween20
(TBST), they were probed overnight at 48C with
primary antibodies—mouse monoclonal anti-
AnxA6 (1:2,500), mouse monoclonal anti-AnxA2
(1:2,500) (both from Transduction Laborato-
ries), rabbit polyclonal anti-Rab5B (1:200),
rabbit polyclonal anti-Rab7 (1:200), and mouse
monoclonal anti-SNAP-25 (1:200) (all from
Santa Cruz Biotechnology). After washing with
TBST the blots were treated for 1.5 h at rt with
appropriate secondary antibodies—sheep anti-
mouse or donkey anti-rabbit IgG-horseradish
peroxidase conjugates (1:5,000) (Amersham
Biosciences). All antibodies were prepared in
5% non-fat milk/TBST. To analyze other anti-
gens on the same nitrocellulose sheets bound
antibodies were removed by incubation in
stripping buffer (100 mM b-mercaptoethanol,
2% SDS, 62.5 mM Tris–HCl, pH 6.7, 30 min/
508C), washed and then incubated 1 h at rt in

blocking solution. As reported above, the whole
procedure of washing, incubation with primary
antibody rabbit anti-GFP (N-ter) (1:1,000)
(Sigma), washing and treatment with secon-
dary antibody—donkey anti-rabbit IgG-horse-
radish peroxidase conjugate were performed
under the same conditions. After washing
(several changes of TBST and then once with
TBS) immunoreactive bands were visualized
using ECL reagents (Amersham Biosciences).

RESULTS

Biochemical Characterization of Recombinant
Human Annexin A6 Isoforms

To investigate the properties of AnxA6 iso-
forms in vitro and ex vivo, we generated a dele-
tion mutant of AnxA6-1 lacking the VAAEIL
sequence, therefore mimicking AnxA6-2, and
used cDNAs encoding both isoforms to perform
their heterologous expression in bacteria and
in Balb/3T3 cells.

To gain information about the overall shape of
the AnxA6 isoforms, the electrophoretic mobi-
lity of recombinant proteins purified from E. coli
was examined in gels of polyacrylamide con-
centration varying from 5% to 12% under
non-denaturing conditions. We observed that
AnxA6-2 migrated substantially slower than
AnxA6-1 in 5–7% polyacrylamide, probably due
to the absence of the negatively charged residue
E528, but slightly faster in 12% polyacrylamide,
suggesting a less extended shape in comparison
to AnxA6-1 (Fig. 1A), as confirmed by analyzing
the results of a Ferguson plot (Fig. 1B). Based on

Fig. 1. Electrophoretical mobility of AnxA6-1 (lanes 1) and
AnxA6-2 (lanes 2) under non-denaturing conditions. A: Each pair
of lanes represents a single gel run at the indicated polyacryla-
mide concentration. To each gel lane 10 mg of protein were
applied. The gels were stained with Coomassie brilliant blue.
B: Ferguson plot of the migration of each isoform at different
polyacrylamide concentrations. The data shown are typical
of the results from three experiments; AnxA6-1, solid line;
AnxA6-2, dashed line.
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the interpretation given by Freye-Minks et al.
[2003] who used same experiment to analyze
properties of wild-type AnxA6 and its T356D
mutant mimicking phosphorylation, the non-
parallel slopes of linear fitting curves suggest
different molecular shapes for the isoforms as
evidenced by a higher retardation coefficient of
AnxA6-1. These findings point to the existence
of only subtle structural differences between the
AnxA6 isoforms that are otherwise similar to
each other with respect to their isoelectric pH
and overall secondary structures derived from
the CD spectra of both proteins (Table I).

Both recombinant AnxA6 isoforms purified
from bacteria exhibited different actin-binding
properties as determined by the actin-pelleting
assay (Fig. 2), suggesting their potentially
distinct participation in regulation of cyto-
skeleton dynamics in vivo. In the absence of
F-actin, both isoforms were found, as expected,
in the supernatants. In the presence of F-actin,
AnxA6-1 was equally distributed between
supernatant and pellet, whereas in the case of
AnxA6-2 77% was bound to actin filaments.

Both recombinant AnxA6 isoforms were
indistinguishable in vitro with respect to the
calcium concentration required to exert half
maximal binding to asolectin liposomes; K1/2

amounted to 0.95� 10�6 M and to 0.83� 10�6 M
for AnxA6-1 and AnxA6-2, respectively (Fig. 3A).
However, the sensitivity of AnxA6-2 for Ca2þ

was characterized by a narrower concentration
range than for AnxA6-1 (2.37� 10�7–3.27�
10�6 M for AnxA6-2 compared to 4.04� 10�8–
4.79� 10�5 M for AnxA6-1). Furthermore, half-
maximal binding of both isoforms to asolectin
liposomes occurred at pH 4.6–5.0 (Fig. 3B);
however, AnxA6-2 responded over a broader
pH range than AnxA6-1. This suggests varying
ability of the isoforms to respond to changes of
intracellular calcium and proton concentrations
upon cell stimulation.

AnxA6 isoforms expressed and purified in
E. coli were differently distributed in a [Ca2þ]-
and pH-dependent manner into the detergent
(hydrophobic) phase mimicking lipid bilayer

(Fig. 4). In the presence of EGTA, incubation
of AnxA6-1 at pH 5.0 rendered the protein
more hydrophobic than AnxA6-2 (Table II).
At pH 4.0 the situation was opposite. In the
presence of Ca2þ both isoforms were disappear-
ing from aqueous phase in a similar manner,
suggesting their common ability to undergo
changes in hydrophobicity and conformation
upon acidification [Golczak et al., 2001b].

Cellular Distribution of Annexin A6 Isoforms Is
Regulated by Ca2þ and Hþ

It is known that the longer variant AnxA6
predominates over AnxA6-2 in normal cells and
tissues at a ratio of at least 3:1 [Kaetzel et al.,
1994]. In order to determine the relative mRNA
expression ratio in Balb/3T3 cells using RT-
PCR, PCR primers were designed to span the
splicing region of reverse transcribed RNAs (see
the Materials and Methods Section). RT-PCR
amplification of total cell RNA showed two
bands corresponding to the predicted lengths
of 119 and 137 bp for AnxA6-1 and AnxA6-2,

TABLE I. Characteristics of Human AnxA6 Isoforms

Isoform pIa a-Helices (%) b-Structures (%) Unordered (%)

AnxA6-1 5.51 70.3�4.3 16.4� 0.8 13.3�0.6
AnxA6-2 5.56 70.2�3.8 16.9� 0.9 12.9�0.6

aThe isoelectric point. The secondary structure of the isoforms was computed using CDSSTR software on
the basis of the CD spectra of AnxA6 recorded in the absence of calcium.

Fig. 2. Binding of AnxA6-1 and AnxA6-2 to F-actin. AnxA6
isoforms were incubated with F-actin at the 1:1 molar ratio and
centrifuged as described in the Materials and Methods Section.
For control AnxA6 isoforms or F-actin were incubated separately.
The protein pattern in both supernatants and pellets was
analyzed by SDS–PAGE followed by Coomassie brilliant blue
staining. The positions of AnxA6 isoforms and F-actin are
indicated. The result of one typical experiment out of three is
shown; S, supernatant; P, pellet.
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respectively (Fig. 5). Their identity was con-
firmed by sequencing the gel purified bands.
The ratio of AnxA6-1/AnxA6-2 in Balb/3T3 cells
amounted to 4.6� 0.5.

To follow potential relocation of AnxA6 iso-
forms in the stimulated cells, we first analyzed
the effects induced by elevated concentrations
of Ca2þ and Hþ in external media on intra-
cellular [Ca2þ] or pH in Fura-2 or BCECF
loaded Balb/3T3 cells. By raising extracellular
Hþ concentration from pH 7.4 to pH 6.0, in the
presence of 1 mM CaCl2, we observed some
increase of intracellular [Ca2þ] from 145.5�
14.5 nM at pH 7.4 to 183.6� 17.4 nM at pH 6.0
after 200 s, whereas intracellular pH decreased
from 6.91� 0.09 to 6.39� 0.12.

In parallel, by using the propidium iodide
staining we examined whether or not the dif-
ferent extracellular environment with respect
to pCa and pH affects cell survival and as a
result, the localization of AnxA6. We first
ensured that our experimental conditions had
no significant effects on the cell viability
(Fig. 6A), cell size (Fig. 6B), and cell granularity
(Fig. 6C), and that there was no discernible
effect on cell cycle, and only a minimal number
of cells became apoptotic (Fig. 6D). Almost 50%
of experimental as well as control cells were at
G0 or G1 phase (Fig. 6E). Less then 20% of cells
performed DNA synthesis and chromosome
duplication (Fig. 6F). Up to 30% of cells were
in G2 phase or performed chromosome separa-
tion, mitosis, and cell division (Fig. 6G). These
results suggested that our experimental con-
ditions did not stimulate cell apoptosis or cell
proliferation. Then we examined whether or not
the expression of AnxA6 isoforms affected cell
survival (Fig. 7). Overexpression of AnxA6-2
isoforms affected cell viability up to 50%
compared to the AnxA6-1 transfectants (80%).
Non-transfected or transfected cells with empty
plasmid exhibited the same level of cell survival
(80%) (Fig. 7A). Overexpression of AnxA6-1
caused the decrease in the number of cells with
regular size in comparison to control cells or
cells overexpressing AnxA6-2 (Fig. 7B). The low
number of cells with regular size (15%) in empty
plasmid transfectants may be a natural reaction
of cells in which EGFP protein persists in the
nucleus [Wei et al., 2003]. Any type of trans-
fection had a significant effect on the cell
granularity (Fig. 7C).

Fig. 3. Binding curves of AnxA6-1 (*) and AnxA6-2 (*) to
asolectin liposomes as a function of [Ca2þ] (A) or [Hþ] (B). AnxA6
isoforms bound to large unilammellar liposomes (LUVs) at
indicated [Ca2þ] or pH values were separated from unbound
proteins by centrifugation. Proteins in the pellet were analyzed
by SDS–PAGE followed by Coomassie brilliant blue staining.

Then, the amount of protein bound to LUVs proteins (expressed
as % of total protein added) was determined by densitometric
analysis and half-maximal binding of AnxA6-1 and AnxA6-2 to
LUVs was calculated. Samples of AnxA6 isoforms incubated
without liposomes served as a control (4). The mean of three
independent experiments is shown.

Fig. 4. Phase separation of AnxA6-1 and AnxA6-2 in Triton X-
114 as a function of [Ca2þ] and [Hþ]. The temperature-induced
phase separation test was performed with 5 mM EGTA or 1 mM
CaCl2 at indicated pH values as described in Materials
and Methods Section. Aliquots of the separated phases were
analyzed by SDS–PAGE followed by Coomassie brilliant blue
staining. The positions of AnxA6 isoforms are indicated. Protein
composition of aqueous phases from a typical experiment is
shown.
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Due to unavailability of antibodies specifi-
cally recognizing AnxA6 isoforms, we examined
the distribution of endogenous AnxA6 in Balb/
3T3 cells by immunocytochemistry. In control
cells, after 10 min of incubation at pH 6.9, the
main pool of endogenous AnxA6 was observed in
cytosol, with only scattered staining at plasma
membrane (data not shown). Previous studies
have demonstrated a Ca2þ-dependent binding
of AnxA6 to phospholipids in vitro [Bandorowicz
et al., 1992]. To evaluate the effects of changes in
intracellular [Ca2þ] and [Hþ] on the distribution
of endogenous AnxA6 in the cell, [Ca2þ]in and
[Hþ]in were manipulated by complementing the
extracellular milieu with either 5 mM EGTA or
1 mM CaCl2 and by varying extracellular pH.
In the presence of 5 mM EGTA at pH 7.4,
endogenous AnxA6 was uniformly distributed
in the cell (Fig. 8A). The extracellular addition
of 1 mM CaCl2 at pH 6.0 resulted in the
appearance of a punctate distribution of endog-
enous AnxA6 in cytosol (probably attached to
endosomes) and on plasma membrane (Fig. 8D).

As a next step, to dissect specific roles, if any,
we expressed human AnxA6 isoforms in mouse
Balb/3T3 cells. At pH 7.4 and in the presence of
extracellular EGTA, AnxA6 isoforms displayed
different cellular localizations in the stably
transfected cells. AnxA6-1 existed in a vesicle-
bound form in the perinuclear region of the cell
(Fig. 8B) whereas AnxA6-2 was present in the
vesicle-bound form in the cytosol (Fig. 8C). This
was clearly different from the distribution of the
fluorescent tag itself observed in control cells
transfected with empty pEGFP-N3 vector (data
not shown). The addition of 1 mM CaCl2 at
pH 6.0 resulted in AnxA6-1 relocation mainly to
the plasma membrane (Fig. 8E) whereas Anx
A6-2, similar to endogenous AnxA6, was dis-
tributed in cytosol (probably attached to endo-
somes) and on plasma membrane (Fig. 8F).
These findings are consistent with a different
sensitivity of recombinant isoforms to Ca2þ or
Hþ. Changes in the Ca2þ and Hþ concentrations
had no effect on control cells transfected with
empty pEGFP-N3 plasmid (data not shown).

Annexin A6 Isoforms Differ by Their Distribution
Along the Endocytotic Pathway

To delineate the intracellular distribution of
AnxA6 isoforms, we determined the expression
of these isoforms at the protein level in trans-
fected Balb/3T3 fibroblasts. Figure 9 shows a
representative Western blot demonstrating the
presence of exogenous AnxA6 isoforms in Balb/
3T3 cells as compared with endogenous AnxA6
levels in the same cells, as well as non-trans-
fected or empty pEGFP-N3 vector-transfected
controls. The expression of AnxA6 isoforms in
the cells did not result in a decreased level of
endogenous AnxA6. To further analyze the
intracellular distribution of AnxA6 isoforms,
we fractionated cells into cytosolic and mem-
brane fractions. Using different solubilization
conditions, we observed that AnxA6 isoforms
displayed different extractability by 0.05%

TABLE II. Partition of AnxA6 Isoforms Into an Aqueous Phase in the Presence of Triton X-114

pH

þ EGTA þ Ca2þ

4.0 5.0 6.0 7.4 4.0 5.0 6.0 7.4

AnxA6-1 8.9–11.4 1.9–2.2 10.3–13.5 11.0–15.1 6.2–7.2 16.2–16.4 14.5–17.1 14.9–17.9
AnxA6-2 4.9–6.0 15.7–18.1 17.1–17.2 17.9–18.1 2.0–4.7 14.0–20.6 12.7–18.0 14.8–22.3

The amount of protein in the aqueous phase is expressed as % of total protein used and was determined by densitometric analysis of the
gels from two experiments.

Fig. 5. Expression of endogenous AnxA6 isoforms in Balb/3T3
cells as analyzed by RT-PCR. Detection of RNA of AnxA6
isoforms (lanes 1, 2) and GAPDH (lanes 3, 4) using RT-PCR. 107

cells produced approximately 320 mg of total RNA and 10 mg of it
were primed with an anti-sense primer, reverse transcribed with
M-MuLV reverse transcriptase and further amplified by 35 PCR
cycles. RT-PCR products (10 ml for AnxA6 and 4 ml for GAPDH)
from Balb/3T3 cells (lanes 1, 3) and oligonucleotide size
standards (lanes 2, 4) were separated in 12% SDS–PAGE and
stained with ethidium bromide. The positions of the two
amplification products of 119 and 137 bp and oligonucleotide
size standards are indicated. The identity of the amplification
products (see the Materials and Methods Section) as AnxA6
isoforms was confirmed by sequencing the gel purified bands.
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Triton X-100. Cell solubilization in the presence
of 5 mM EGTA induced a release of both
isoforms into cytosol, but a small pool still
persisted in the membrane fraction. Under the
same conditions, most of the endogenous AnxA6
remained in the membrane fraction and treat-

ment with 20 mM EGTA was necessary to fully
solubilize it. Densitometric analysis of the blot
shown in Figure 9 revealed the occurrence
of 23% of AnxA6-1 and 13% of AnxA6-2 in
membrane fraction in the presence of 5 mM
EGTA in the lysis buffer; under the same

Fig. 6. The effect of changes in intracellular [Ca2þ] and [Hþ] of
Balb/3T3 cells induced by external pCa and pH on cellular
viability, size, granularity, and cell cycle. Each panel (A–G) was
labeled accordingly: untreated cells (control, lane 1) or
incubated 10 min/208C in different extracellular Ca2þ and Hþ

concentrations in the PD buffer: pH 7.4/5 mM EGTA (lane 2), pH
7.4/1 mM CaCl2 (lane 3), pH 6.0/5 mM EGTA (lane 4), or pH 6.0/
1 mM CaCl2 (lane 5). To identify live cells (A–C), 106 cells were

washed, stained by PI and analyzed directly by means of flow
cytometer to determine cell viability (A), cell size (B), and cell
granularity (C). For cell cycle analysis (D–G) 3� 106 cells were
fixed, stained by PI, centrifuged, suspended in PBS and used for
flow analysis of the apoptotic cells (D), the resting cells (E), DNA
synthesis (F), and the cell division (G). The mean of two
independent experiments is shown.

Different Properties of Annexin A6 Isoforms 427



conditions 66% of endogenous AnxA6 remained
membrane-attached (Table III). Addition of 2
mM CaCl2 resulted in the isolation of AnxA6-1
and AnxA6-2 predominantly in the membrane-
bound pool along with 100% of endogenous
AnxA6.

Intracellular distribution of AnxA6 isoforms
may be related to their functions in endocytosis.
Indeed, experimental evidence indicated a
potential role of AnxA6 at late stages of endo-
cytosis [Grewal et al., 2000]. Therefore, we
employed the method of cellular fractionation

by centrifugation in sucrose density gradients
designed to separate early and late endoso-
mal fractions from heavy membranes (e.g.,
the plasma membrane, Golgi apparatus, and
endoplasmic reticulum) and analyzed for the
presence of AnxA6 and marker proteins char-
acteristic for each particular cellular compart-
ment. To examine the possible involvement of
AnxA6 isoforms in endocytosis, we modulated
this process by incubating the cells at different
Ca2þ and Hþ extracellular concentrations.

Table IV shows the distribution of endoge-
nous AnxA6 and AnxA6 isoforms in interphases
collected from sucrose gradient (8–40%, w/v).
In the presence of 5 mM EGTA at pH 7.4,
endogenous AnxA6 was detected in the form
attached to both types of endosomal mem-
branes, LE and EE (interphases 1 and 2). Under
the same conditions, AnxA6-1 was found mostly
associated with EE (interphase 2) whereas
AnxA6-2, similarly to endogenous AnxA6, accu-
mulated at endosomal membranes (interphases
1 and 2). Extracellularly added 1 mM CaCl2 at
pH 6.0 induced partial relocation of endogenous
AnxA6 from endosomes to HM (interphase 3). In
this experimental variant, AnxA6-1 relocated
from EE to LE and HM (interphase 1 and 3,
respectively). A significant pool of AnxA6-2 was
identified attached to EE (interphase 2).

To confirm these observations, we compared
the distribution of AnxA6 and isoforms with
AnxA2 and markers of EE (Rab5B) [Gorvel
et al., 1991], LE (Rab7) [Chavrier et al., 1990],
and the plasma membrane (SNAP-25) [Mc-
Mahon and Sudhof, 1995] in non-transfected
cells as control cells. In 5 mM EGTA at pH 7.4,
AnxA2 and Rab5B were detected mainly in
EE whereas Rab7 was identified only in LE.
Incubation of cells in the presence of 1 mM
CaCl2 at pH 6.0 induced relocation of endoge-
nous AnxA2 to HM identified by the presence of
SNAP-25, whereas marker proteins of endocy-
tosis persisted mainly in early (Rab5B) or late
(Rab7) endosomal fractions (data not shown).
Some accumulation of Rab5B and Rab7 was
also observed in HM suggesting attachment of
transport vesicles with the plasma membrane
upon increase of [Ca2þ]in.

Immunocytochemical experiments performed
under the same stimulatory conditions show-
ed co-localization of endogenous AnxA6 with
plasma membrane marker, SNAP-25 (Fig. 10G,
arrows) and with vesicular membranes stained
by EE marker Rab5B (Fig. 10A, arrows) and

Fig. 7. The effect of AnxA6 isoforms expression on cellular
viability, size, and granularity of transfected Balb/3T3 cells. Each
panel (A–C) was labeled accordingly: non-transfected cells
(control, lane 1) or transfected with the empty pEGFP-N3 vector
(lane 2) or the fusion constructs EGFP-AnxA6-1 (lane 3) and
EGFP-AnxA6-2 (lane 4). All samples (106 cells) were washed,
stained by PI and analyzed directly by flow cytometer to
determine cell viability (A), cell size (B), and cell granularity
(C). The mean of three separate experiments, each performed in
duplicate, is shown.
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LE marker Rab7 (Fig. 10D, arrows). We also
observed that stimulation promoted association
of AnxA6 isoforms with plasma membrane as
confirmed by co-localization of both isoforms
with the plasma membrane marker SNAP-25
(Fig. 10H,I, arrows). Furthermore, vesicular
membranes were identified as endosomes since
AnxA6-1 co-localized with EE marker Rab5B
(Fig. 10B, arrows) and with LE marker Rab7
(Fig. 10E, arrows), while AnxA6-2 co-localized
only with EE marker Rab5B (Fig. 10C, arrows).

DISCUSSION

Properties of Recombinant AnxA6 Isoforms

Up to now, most accumulated information
about AnxA6 is in fact related to isoform AnxA6-
1, since it is well known that in mammalian cells
AnxA6-1 predominates. The only known excep-
tion is tumor cells where the expression levels of
AnxA6-1 and AnxA6-2 are of the same range
[Edwards and Moss, 1995]; however, a larger
number of cancer cell lines and tissues should be

Fig. 8. A Ca2þ and Hþ-dependent relocation of endo- and
exogenous AnxA6 isoforms in Balb/3T3 cells. Non-transfected
Balb/3T3 cells (A,D) and transfected with fusion constructs
EGFP-AnxA6-1 (B,E) or EGFP-AnxA6-2 (C,F) are presented. Cells
were incubated 10 min/208C in different extracellular Ca2þ and
Hþ concentrations in the PD buffer: pH 7.4/5 mM EGTA (A–C) or

pH 6.0/1 mM CaCl2 (C,D,F). After fixation and permeabilization,
the subcellular relocation of endogenous AnxA6 (A,D) was
detected by mouse anti-AnxA6 antibody followed by anti-
mouse-IgG FITC staining and confocal laser scan microscopy
but relocation of EGFP-AnxA6 isoforms (B,C,E,F) was detected
directly by confocal laser scan microscopy.

Fig. 9. Distribution of endo- and exogenous AnxA6 isoforms in
Balb/3T3 cells. Immunoblots of whole cell homogenates were
prepared from 108 non-transfected (control) and cells transfected
with the empty pEGFP-N3 vector or the fusion constructs EGFP-
AnxA6-1 and EGFP-AnxA6-2. Cells were extracted30 min/48C in
TLB supplemented with 2 mM CaCl2 or 5 mM EGTA and
disrupted by repeated sonication cycles. After centrifugation,
supernatants as cytosolic fraction (C) were collected, pellets as

membrane fraction (M) were dissolved in TLB containing 20 mM
EGTA and the solubilization process was repeated. Proteins were
separated on 10% SDS–PAGE and transferred to nitrocellulose
membranes. Probes were incubated with mouse anti-AnxA6
antibody (upper panel) or were stained with an antibody to GFP
(lower panel). The positions of endogenous AnxA6, EGFP, and
EGFP-AnxA6 isoform constructs are indicated. One typical
experiment out of five is shown.
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analyzed to draw a confident conclusion. The
first evidence that AnxA6 isoforms may have
different functions came from the observation
that A431 cells expressing AnxA6-1 are defec-
tive in their ability to sustain elevated levels of
cytosolic Ca2þ and exhibit changes in cellular
phenotype and growth rate [Fleet et al., 1999]. It
can be hypothesized that changes in expression
of AnxA6 isoforms may affect signal trans-
duction in tumor cells which lead to multidrug
resistance [Liscovitch and Lavie, 2000]. In other
systems, it was reported that changes in
expression of AnxA6 may result in hypertrophy
of cardiac muscle and stroke [Hawkins et al.,
1999].

In this report we characterized differences
between AnxA6 isoforms in molecular shape
and in their sensitivity to [Ca2þ] and to [Hþ].
The lack of six amino acid residues in AnxA6-2
affected the mechanism of binding of this
isoform to membranes and its affinity to cations
as well as its intracellular targeting. The latter
is corroborated by the behavior of the VAAEIL
containing Rab28. In this case, alternative
mRNA splicing generates two isoforms, Rab28S
and Rab28L, characterized by different C-termini

close to the VAAEIL sequence [Brauers et al.,
1996]. As a probable consequence, Rab28S is
detected in most investigated tissues whereas
Rab28L predominates in testis. Per analogy, we
propose that the lack of the VAAEIL sequence in
AnxA6-2 and distinct properties of this isoform
in comparison to AnxA6-1 could influence the
localization of AnxA6-1 and AnxA6-2 to specific
cellular compartments where they elicit differ-
ent regulatory functions. In this report we
demonstrated that AnxA6 isoforms differ in
their extractability with non-ionic detergent,
permitting the visualization of two distinct
populations of AnxA6. This is consistent with
the earlier reported ability of annexins to attach
to the plasma membrane [Clemen et al., 1999;
McNeil et al., 2006; Chang et al., 2007] or to
interact with the actin cytoskeleton [Lauvrak
et al., 2005; Hayes et al., 2006]. In addition,
one should consider that PM and endosomal
compartments consist of multiple membrane
domains with different solubility (raft and non-
raft regions) and different mode of interaction
with the actin cytoskeleton [Hayes et al., 2004;
Babiychuk and Draeger, 2006; Falsey et al.,
2006; Goebeler et al., 2006].

TABLE III. Quantitative Analysis of AnxA6 Distribution in Cytosolic and Membrane Fraction
of Transfected Mouse Balb/3T3 Fibroblasts

Protein

þ EGTA þ Ca2þ

Cytosolic fraction Membrane fraction Cytosolic fraction Membrane fraction

Endogenous AnxA6 33.9 66.1 0.2 99.8
Exogenous AnxA6-1 77.0 23.0 25.0 75.0
Exogenous AnxA6-2 87.4 12.6 36.0 64.0

The amount of protein in cytosolic and membrane fractions, expressed as % of total protein present in both fractions, was determined by
densitometric analysis of the Western blot shown in Figure 9.

TABLE IV. Subcellular Distribution of Endo- and Exogenous AnxA6 Isoforms in
Balb/3T3 Cells

7.4/EGTA 6.0/Ca

LE EE HM LE EE HM

Endogenous
AnxA6

23.0�2.3 22.0� 2.1 2.4� 0.3 17.2� 1.6 6.6� 0.6 15.5�1.6

Exogenous
AnxA6-1

5.4� 0.5 61.8� 5.8 14.3�1.3 21.0� 2.0 10.7� 0.9 34.4�3.2

Exogenous
AnxA6-2

34.0�3.0 29.2� 3.0 4.6� 0.6 1.4�0.2 64.8� 6.5 0.9� 0.1

EE and LE were separated from HM by sucrose gradient cell fractionation. Non-transfected cells and cells transfected with the fusion
constructs pEGFP-AnxA6-1 or pEGFP-AnxA6-2 (1.5�108 of cells per each experimental variant) were incubated under different
conditions: control (in the presence of 5 mM EGTA at pH 7.4) or stimulated (in the presence of 1 mM CaCl2 at pH 6.0). After stimulation
cells were homogenized and centrifuged 1,200g/15 min/48C. PNS was loaded at the bottom of the sucrose gradient and centrifuged at
220,000g/120 min/48C. In three interphases (LE, EE, and HM), the presence of endogenous AnxA6, and exogenous AnxA6-1 and AnxA6-
2 was tested by Western blotting. The relative intensities of the labeled bands were measured densitometrically. Data are the mean of
protein content (in % of total protein found in a gradient including interphases and other fractions) for three experiments.
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AnxA6-Isoform Transfected
Balb/3T3 Fibroblasts

Our findings using Balb/3T3 fibroblasts upon
transfection with cDNAs encoding either
AnxA6 isoform demonstrated distinct cellular
localization of newly expressed AnxA6-1 and
AnxA6-2. Moreover, AnxA6 isoforms differently
responded to moderate changes in [Ca2þ]in and
[Hþ]in, consistent with their different abilities
in vitro to respond to changes in [Ca2þ] and/or in
[Hþ]. This may suggest that intracellular local-
ization and functions of AnxA6 isoforms are
differently regulated during vesicular traffic.
Concerning other isoforms within the annexin
family of proteins, isoforms of AnxA7 and
AnxA13 have 22 or 41 extra codons encoded by
cassette exons 6 or 2, respectively [Lecat et al.,
2000; Herr et al., 2003]. AnxA13 is distributed
in epithelial cells in two forms associated with
apical and basolateral membranes. However,
only the basolateral form of AnxA13 requires
calcium for association with plasma membrane
microdomains, rafts. AnxA13b isoform is
attached exclusively to the apical membrane

where it is involved in raft-mediated delivery of
proteins [Lecat et al., 2000].

The intracellular distribution of AnxA6 iso-
forms between cytosol and membrane fraction
changed with the increase of [Ca2þ]. Our
findings are similar to data showing membrane
association of AnxA7 isoforms mediated by Ca2þ

[Clemen et al., 1999; Herr et al., 2003], but in
contrast to AnxA7 isoforms, AnxA6-1 can only
be released from membrane by extraction in
the presence of high EGTA concentrations,
suggesting calcium-independent binding. Sim-
ilar Ca2þ-independent membrane binding was
also reported for AnxA2 for which nearly 50% of
the total annexin pool was tightly associated
with membranes [Harder et al., 1997; Jost et al.,
1997]. AnxA13b exhibits detergent-resistant
membrane association, being a component of
membrane fraction representing microdomains
enriched with cholesterol and glycosphingoli-
pids [Lafont et al., 1998].

Changes in [Ca2þ]in and [Hþ]in seem to be
key factors affecting subcellular distribution
of AnxA6 isoforms. However, participation of
accessory proteins cannot be neglected. Some

Fig. 10. The effect of Ca2þ or Hþ on co-localization of endo-
and exogenous AnxA6 isoforms with endocytic pathway markers
in Balb/3T3 cells. Non-transfected Balb/3T3 cells (A,D,G) and
transfected with EGFP-AnxA6-1 (B,E,H) or EGFP-AnxA6-2 (C,F,I)
fusion constructs are presented. Cells were incubated 10 min/
208C in extracellular Ca2þ (1 mM CaCl2) and Hþ (pH 6.0)
concentrations in PD buffer. After fixation and permeabilization,

the subcellular localizations of AnxA6-1 and AnxA6-2 isoforms
were detected directly by confocal laser scan microscopy. The
co-localizations of endogenous AnxA6 with Rab5B (A–C), Rab7
(D–F), and SNAP-25 (G–I) were detected by anti-mouse-FITC
with anti-mouse rhodamine or anti-rabbit-TRITC staining,
respectively. Protein co-localizations are indicated in yellow
and with arrows in merge panels.
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experimental evidence suggests that AnxA6
relocation from cytoplasm to membranes is
related to interaction with actin filaments and/
or small GTPase [Macia et al., 2004; Venkates-
warlu et al., 2004] and is corroborated by earlier
reports showing that AnxA6 binds actin fila-
ments in a Ca2þ- and lipid-dependent manner
[Hosoya et al., 1992; Watanabe et al., 1994]. As
another example, in smooth muscle cells it was
proposed that binding of actin monomers at the
pointed end of actin filament and Ca2þ-depend-
ent association with lipid rafts mediate the
relocation of AnxA6 from cytosol to plasma
membrane microdomains [Babiychuk et al.,
1999; Babiychuk and Draeger, 2000]. In addi-
tion, our experimental data suggest a new
pH-dependent mechanism that regulates cyto-
skeleton- and membrane-binding of AnxA6. For
most of the AnxA6-2 pool the presence of Ca2þ

was not necessary for F-actin binding. Further-
more, in agreement with conclusions made by
Kaetzel et al. [1994], AnxA6-2 was less hydro-
phobic in the presence of EGTA and the key for
successful aqueous/detergent phase separation
in the presence of Triton X-114 was the lowering
of pH to 4.0, as described earlier for tissue
purified and recombinant AnxA6-1 isoform
[Golczak et al., 2001a; Kirilenko et al., 2002].

We suggest that AnxA6 isoforms may be key
players in the pathway regulating endocytic
membrane fusion and degradation [Simonsen
et al., 1998]. Analysis by fractionation in
sucrose gradients of subcellular distribution of
AnxA6 isoforms in endocytotic compartments
revealed for the first time that in resting cells,
AnxA6-1 is associated with EE, and AnxA6-2
with LE. A moderate increase in [Ca2þ]in and/or
[Hþ]in induced relocation of AnxA6-1 to LE and
HM but AnxA6-2 to EE. Our findings are in
agreement with those obtained by other inves-
tigators who found AnxA6 mainly in cytosol,
endosomal compartment and on plasma mem-
brane in CHOwt and CHOanx6 cells [Grewal
et al., 2000; de Diego et al., 2002]. Moreover,
by showing membrane binding of AnxA6 iso-
forms in the presence of EGTA, we confirmed
earlier observations identifying two pools of
AnxA6 molecules, Ca2þ-dependent and Ca2þ-
independent, associated either with EE or LE,
respectively [de Diego et al., 2002]. The novelty
of the present observation is the dissection of
intracellular localization of both isoforms and
that it shows their independent relocation upon
cell stimulation.

In conclusion, we propose that the discrete
structural and functional differences between
AnxA6 isoforms promoting distinct localization
of these isoforms to specific cellular compart-
ments is probably a molecular mechanism of
participation of AnxA6 isoforms in Ca2þ- and
Hþ-dependent membrane dynamics during
vesicular transport.
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