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ABSTRACT: The interactions of two plant annexins, annexin 24(Ca32) fromCapsicum annuumand annexin
Gh1 fromGossypium hirsutum, with phospholipid membranes have been characterized using liposome-
based assays and adsorption to monolayers. These two plant annexins show a preference for phosphatid-
ylserine-containing membranes and display a membrane binding behavior with a half-maximum calcium
concentration in the sub-millimolar range. Surprisingly, the two plant annexins also display calcium-
independent membrane binding at levels of 10-20% at neutral pH. This binding is regulated by three
conserved surface-exposed residues on the convex side of the proteins that play a pivotal role in membrane
binding. Due to quantitative differences in the membrane binding behavior of N-terminally His-tagged
and wild-type annexin 24(Ca32), we conclude that the N-terminal domain of plant annexins plays an
important role, reminiscent of the findings in their mammalian counterparts. Experiments elucidating
plant annexin-mediated membrane aggregation and fusion, as well as the effect of these proteins on
membrane surface hydrophobicity, agree with findings from the membrane binding experiments. Results
from electron microscopy reveal elongated rodlike assemblies of plant annexins in the membrane-bound
state. It is possible that these structures consist of protein molecules directly interacting with the membrane
surface and molecules that are membrane-associated but not in direct contact with the phospholipids. The
rodlike structures would also agree with the complex data from intrinsic protein fluorescence. The tubular
lipid extensions suggest a role in the membrane cytoskeleton scaffolding or exocytotic processes. Overall,
this study demonstrates the importance of subtle changes in an otherwise conserved annexin fold where
these two plant annexins possess distinct modalities compared to mammalian and other nonplant annexins.

Although plant annexins share many structural, biochemi-
cal, and histological properties with their animal homologues
(1-4), they also display distinct differences (for a review,
see ref5). The typical annexin fold, present in all annexins
investigated thus far, comprises an N-terminal tail of variable
length and a 4-fold repeat of a 70-amino acid sequence which
constitutes the four domains of the C-terminal core. Each of
the four compact domains (I-IV) consists of a four-helix
bundle (A, B, D, and E) where the helices are arranged in
an approximately (anti-) parallel fashion. A fifth helix (C)
is oriented almost perpendicular to the bundle. The canonical
calcium binding site in annexins is provided by the endonexin
sequence which is missing in the plant homologues in
domains II and III.

Although there have been studies concerned with plant
annexin-membrane binding, an in-depth analysis of the
interactions at the molecular level has not been performed.

We know to date that plant annexins bind to phospholipid
membranes in a calcium-dependent manner (4, 6-11), and
some of the proteins are involved in membrane aggregation
(9, 10). The natural membrane systems investigated include
secretory vesicles (9), plasma membranes, and microsomal
vesicles (6). Two annexin-like proteins fromTriticum
aestiVum (wheat), p23 and p39, have been characterized as
intrinsic membrane proteins due to their biochemical behav-
ior (6). Studies using artificial membrane systems agree about
the requirement of PS1 for plant annexin-membrane binding.
Binding studies with maize annexin p35 and liposomes
composed of PC/PS (1:1) examined the calcium requirements
for membrane binding at pH values between 6 and 8 (8).
Binding at physiological calcium concentrations was only
reported for pH 6. Although the half-maximum calcium
concentrations for maize annexins p23, p33, and p35 are said
to be 20-50 µM, this parameter has been found to be in the
sub-millimolar range for bell pepper annexin 24(Ca32) (7).
On the basis of a mutagenesis study with tomato annexin
Le35 (11) and a comparison of annexin crystal structures
(12), it seems clear that only the AB loops of domains I and
IV in plant annexins can provide canonical calcium binding
sites.
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The calcium-dependent binding of annexins to phospho-
lipid membranes and the annexin-mediated effects on these
membranes have been a subject of intense research for∼20
years. Many groups have devised liposomes as the model
membrane of choice, and an enormous variety of different
assays have been developed (13). In the study presented here,
we aim to characterize plant annexin-membrane binding
with a variety of liposome-based assays utilizing bell pepper
annexin 24(Ca32) and cotton annexin Gh1 as models. We
also conducted surface-film balance measurements and
electron microscopy of membrane-bound plant annexins. The
role of particular surface residues has been tested through
annexin mutants generated by site-directed mutagenesis based
on the crystal structures reported by us (7, 14).

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of Recombinant
Proteins. The mutant proteins used in this study carry an
N-terminal Hisn fusion peptide and were cloned as described
previously (7, 15). Annexin 24 mutants were produced by
subjecting the His-tagged Anx24(Ca32) construct to site-
directed mutagenesis (16). Expression and purification of
His-tagged plant annexins have been described previously
(7, 15). Untagged protein was purified by calcium-dependent
binding to liposomes made from bovine spinal cord extract
(Lipid Products, Surrey, U.K.) and subsequent anion ex-
change chromatography on a Q-Sepharose column. Annexin
A5 was used as a control and purified as described previously
(17). All proteins used within this study were more than 95%
pure as assessed by SDS-PAGE.

Membrane Binding Assay (Copelleting Assay). Phospho-
lipid vesicles were prepared following the protocol of Reeves
and Dowben (18). To assess the plant annexin-membrane
binding behavior, a copelleting assay was conducted (13).
A total amount of 0.2µmol of phospholipids was used for
each individual sample (500µL), composed of 0.5 nmol of
protein in liposome buffer and varying amounts of calcium.
As a control, a sample of 0.1 nmol of protein in 100µL of
10% SDS was prepared at this stage. All samples were
centrifuged (23 000 rpm at 4°C for 45 min), and the pellets
were resuspended with 50µL of 10% SDS and then subjected
to SDS-PAGE. Gels were stained with Coomassie and
analyzed densitometrically using ImageJ (19). Each calcium
concentration was assessed three times independently. Curve
fitting was performed with SigmaPlot using a standard
binding equation.

Surface Film Balance Experiments. Kinetic studies of
binding of plant annexin to membrane monolayers were
carried out using a computer-controlled Langmuir film
balance (NIMA) at 20°C. The subphase buffer contained
160 mM NaCl and 10 mM HEPES (pH 7.4). During the
experiment, a Teflon stirrer was run at a rotation frequency
of 6 rpm. The lateral surface pressure,π, was measured with
a surface potential meter using plates (1 cm× 2.3 cm) cut
from filter paper (Whatman, No. 1). The lipid solution was
prepared as a 3:1 mixture of 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) and 1,2-dimyristoyl-sn-glycero-3-
phosphoserine (DMPS) from the phospholipid solutions in
chloroform (1 mg/mL). The lipid monolayer was spread by
applying 30 µL of the mixture onto the surface of the

subphase with a Hamilton microsyringe. The phospholipid
monolayer was considered to be equilibrated when the lateral
surface pressure maintained a stable baseline (usually after
20 min). The thin film was then compressed to an initial
lateral surface pressure of∼16-20 mN/m (20) and equili-
brated again to reach a stable baseline (usually in 5 min),
after which the protein solution was injected into the
subphase with a Hamilton microsyringe extending beneath
the barrier. The lateral surface pressure,π, was recorded
versus time until no further increase in pressure was
observed.

Phospholipid Vesicle Preparation. For experiments as-
sessing membrane surface hydrophobicity, liposome leakage,
vesicle size, and vesicle fusion, the following protocols were
used. Brain phosphatidylserine (PS), egg phosphatidylcholine
(PC), egg phosphatidylethanolamine (PE), nitrobenzoxadia-
zole phosphatidylethanolamine (NBD-PE), and lissamine
rhodamine B sulfonyl phosphatidylethanolamine (Rh-PE)
were from Avanti Polar Lipids (Alabaster, AL). Multilamellar
phospholipid vesicles (MLVs) were prepared using the
method of Bangham (21). The MLVs were converted into
large unilamellar vesicles (LUVs) by five freeze-thaw cycles
and subsequent extrusion (five times) through 0.1µm
Nucleopore filter membranes using an extruder (Lipex
Biomembranes, Vancouver, BC) at 30°C. Phosphate deter-
mination was performed according to the method of Chen
and co-workers (22).

Membrane Surface Hydrophobicity. An increase in mem-
brane surface hydrophobicity is the result of dehydration of
the phospholipid headgroups by either the binding of protein
to the membrane surface or the creation of water-free
interfaces between two vesicles, which occurs during ag-
gregation. Changing membrane surface hydrophobicity can
be observed by labeling vesicles withN-[5-(dimethylamino)-
naphthalene-2-sulfonyl)-1,2-dioleoylyl-sn-glycero-3-PE (dan-
syl-PE), whose emission wavelength is proportional to the
dielectric constant of the probe environment. In this context,
pure PS, PS/PE (3:1), and PS/PC (1:1) LUVs containing 1
mol % dansyl-PE were prepared and added to a 900µL
buffer solution (final phospholipid concentration of 45µM).
The effect of annexin on these vesicles was observed at
different pH values by injecting 200 nM (0.18 nmol) protein
into the calcium-free sample. The samples were excited at
340 nm, and the fluorescence emission was recorded from
400 to 600 nm (23). The calcium-dependent behavior of
surface hydrophobicity was observed after monitoring the
effect of protein alone.

Liposome Leakage Assay. Annexin-phospholipid interac-
tions may cause the destabilization of phospholipid vesicles
which results in leakage of the vesicle’s interior. In this study,
vesicle leakage was monitored by the fluorescence quenching
of 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS) in the
presence ofp-xylen-bis-pyridiniumbromid (DPX). The water-
soluble fluorophore ANTS and its quencher DPX were added
to the buffer solution while the vesicles were prepared.
Excess ANTS/DPX buffer solution was removed by gel
filtration using a Sephadex G-50 column. In the undisturbed
vesicles, the fluorophore and quencher are spatially close
so that DPX quenches the fluorescence of ANTS. With an
increasing level of vesicle leakage, ANTS and DPX are
diluted into the outer buffer solution, resulting in an increase
in the fluorescence of ANTS (24).
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Photon Correlation Spectroscopy (PCS, dynamic light
scattering). PCS was used to determine the average vesicle
size in solution which is directly correlated with the degree
of aggregation. To obtain an appropriate scattering signal,
large amounts of phospholipids were used for these experi-
ments. The calcium-dependent behavior of 250µM phos-
pholipid in 400µL of buffer solution was investigated at 25
°C. In the absence and presence of 1 nmol of annexin, the
aggregation of the vesicles was observed using a Zetasizer
4 (Malvern Instruments Ltd.) with a He-Ne laser (λ ) 632.8
nm) as the light-emitting source. While the phospho-
lipid:protein ratio was the same as in the phospholipid mixing
assay (see Fusion Experiments), the concentration of phos-
pholipids was 5.5-fold higher to obtain a sufficient scattering
signal.

Fusion Experiments. Fluorescence energy transfer between
NBD-PE and Rh-PE is the basis for an intermixing assay
for monitoring the fusion (or hemifusion) of phospholipid
layers of two liposome populations (25). The labeled
population contained 1 mol % NBD-PE and 1 mol % Rh-
PE, mixed at a ratio of 1:2 with unlabeled liposomes.
Phospholipid mixing of pure PS LUVs, PS/PE (3:1) LUVs,
or PS/PC (1:1) LUVs in 900µL of buffer solution (final
phospholipid concentration of 45µM) was studied in the
absence and presence of 200 nM (0.18 nmol) annexin. This
was performed by monitoring the fluorescence emission
intensity ratio of NBD-PE (λem ) 520 nm) and Rh-PE
(λem ) 588 nm) using an excitation wavelength of 465 nm.
As mixing of the phospholipids occurs, the fluorescence dyes
are diluted into larger areas of membrane surface which leads
to an increase in the fluorescence emission ratio (23).

Intrinsic Protein Fluorescence. Fluorescence emission of
Trp35, Trp88, and Trp107 in His6-Anx24(Ca32), Trp107 in
His6-Anx24(Ca32)-W35A/W88F, and Trp32, Trp85, and
Trp104 in His4-Anx(Gh1) was monitored in the presence and
absence of liposomes and calcium at various pH values.
Samples consisted of 0.5µM (0.45 nmol) His6-Anx24(Ca32),
1.5 µM (1.35 nmol) His6-Anx24(Ca32)-W35A/W88F, and
0.5µM (0.45 nmol) His4-Anx(Gh1) each in 900µL of buffer
solution. The samples were excited at 295 nm, and emission
was recorded from 315 to 400 nm using a FluoroMax-2
spectrofluorimeter (Jobin-Yvon).

Electron Microscopy (EM). Two-dimensional (2D) crys-
tallization experiments were conducted following the protocol
described by Brisson and colleagues (26). Incubation times
for crystallization varied between 30 min and overnight. The
crystalline material present at the air-water interface was
transferred onto EM grids coated with a perforated carbon
film by the horizontal lifting method (27), negatively stained
with 1% uranyl acetate, and coated with a thin layer of carbon
to increase their stability. EM observations were performed
with a Philips CM120 instrument operating at 120 kV,
equipped with a 1K× 1K Gatan-794 slow-scan CCD camera
which has a step size of 0.24µm. Electron micrographs of
negatively stained samples were recorded under low-dose
conditions. Images were processed using an ensemble of
modified MRC (28) packages.

RESULTS

Membrane Binding BehaVior. As shown in Figure 1A (also
Table 1), the Hisn-tagged wild-type plant annexins exhibit a

FIGURE 1: Copelleting assay of annexin 24(Ca32) and annexin Gh1.
Data points represent the average of at least three independent
experiments. Data were fitted with a standard binding equation (Hill
coefficientn ) 1). The degree of membrane binding atc(Ca2+) )
0 can be seen in the linear plots (insets). (A) Calcium-dependent
membrane binding curves for wild-type annexins: His6-Anx24-
(Ca32) (b), untagged Anx24(Ca32) (O), and His4-Anx(Gh1) (1).
(B) Calcium-dependent membrane binding curves for tryptophan
mutant bell pepper annexins: His6-Anx24(Ca32)-W35A/W88F (b),
His6-Anx24(Ca32)-W35G (O), and His6-Anx24(Ca32)-W107G (1).
(C) Calcium-dependent membrane binding curves for basic surface
residue mutants: His6-Anx24(Ca32)-R262A/R263A (b) and His6-
Anx24(Ca32)-K190G (O).
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calcium-dependent membrane binding behavior with a
c1/2(Ca2+) of 0.03-0.1 mM using PC/PS (3:1) vesicles. The
range is on the high side compared to that for mammalian
annexins [from 0.6µM to 0.3 mM (29)]. In contrast to
mammalian annexins,∼20% of the His-tagged and untagged
wild-type plant annexins that were tested bind to the lipid
vesicles even in the absence of calcium. This calcium-
independent membrane binding differs significantly from the
behavior of the mammalian homologues. Qualitatively, this
behavior is also obvious from the preparation of plant
annexins using the liposome affinity protocol (Figure 2),
where a fraction of the protein can be released only in the
presence of a detergent (0.5% SDS).

Compared to His6-Anx24(Ca32), the untagged wild-type
Anx24(Ca32) (Figure 1A, dotted line) requires slightly more
calcium for half-maximal membrane binding [c1/2(Ca2+) )
0.7 mM]. This indicates that the artificial elongation of the
N-terminal domain of these plant annexins does affect their
membrane binding properties to a certain extent.

To identify key residues for membrane binding, several
mutant proteins with altered surface residues were tested.
The mutant series was constructed with bell pepper annexin
24 on the basis of analyses of the crystal structures (7, 14),
and all mutants carry the N-terminal His6 tag. The mutant
His6-Anx24(Ca32)-W35G was subjected to the copelleting
assay in an effort to elucidate the effects of the conserved
tryptophan residue within the first domain. As seen in Figure
1B, this mutant shows a significantly reduced calcium-

dependent membrane binding activity. Furthermore, it has
also lost the ability to attach to membranes in a calcium-
independent manner. A double mutant, His6-Anx24(Ca32)-
W35A/W88F, originally constructed to perform fluorescence
experiments using the remaining Trp107 as an intrinsic probe,
was also tested in the copelleting assay and found to behave
in a manner similar to that of His6-Anx24(Ca32)-W35G
(Figure 1B).

Disabling the second surface-exposed tryptophan residue,
Trp107, yields a mutant with membrane binding activity
similar to that of W35G and W35A/W88F. All three
tryptophan mutants lack calcium-independent binding, and
the saturation levels are between 50 and 70% with W107G
at the high end of this range (Figure 1B). Other residues
identified from the X-ray structures as being potentially
important for membrane binding behavior include Lys190
in the third domain, and Arg262 and Arg263 in the fourth
domain (Figure 1C). The effect of the latter residues was
investigated with a double mutant His6-Anx24(Ca32)-R262A/
R263A which displays membrane binding behavior akin to
that of the wild-type His-tagged protein. The saturation level
at 5 mM calcium is 92% as compared to 94% for His6-
Anx24(Ca32). Interestingly, the level of calcium-independent
membrane binding is approximately twice as high as that of
the wild-type protein. In contrast, changing Lys190 to glycine
severely disrupts the membrane binding activity of the
protein. This mutant possesses the highest half-maximal
calcium concentration among all the mutants tested within
this study, ∼4 mM. Furthermore, the level of calcium-
independent membrane binding is decreased to∼10%.

We also attempted to characterize plant annexin membrane
binding behavior by surface film measurements, using
annexin A5 as a control. Measurements with annexin A5 as
reported in this study qualitatively agree with the results from
a more detailed investigation of annexin A5 in this context,
using DMPA monolayers and different experimental param-
eters (30), as well as with an earlier study by Mukhopadhyay
(20). Results for the binding of 100 nM annexin A5 (1 mM
CaCl2) to a PS/PC (3:1) monolayer exhibit the anticipated
binding behavior with an immediate onset whenπ0 ) 19
mN/m andπ0 ) 20 mN/m (Figure 3D,E). The saturation
level is reached after approximately 30 min, and the increase
in surface pressure is as follows:∆π ) 3 mN/m (π0 ) 19
mN/m) and∆π ) 2.5 mN/m (π0 ) 20 mN/m). In contrast,
the increase in lateral surface pressure for His6-Anx24(Ca32)
under similar conditions (150 nM protein and 3 mM CaCl2)
is not significant (data not shown). However, increasing the
protein concentration to 1.5µM resulted in a binding curve,
albeit at a much slower rate (Figure 3B,C). Irrespective of
the initial pressure (π0 ) 16 mN/m orπ0 ) 20 mN/m), the
level of saturation is reached after only approximately 85
min. However, the increase in lateral surface pressure is much
more pronounced (∆π ∼ 5 mN/m) than that observed with
the annexin A5 control. Compared to the hexa-His fusion
protein, wild-type annexin 24(Ca32) has a less effective
membrane adsorption. While the level of saturation is reached
after∼45 min, the increase in lateral surface pressure (∆π)
elicited by the untagged protein is only 1.3 mN/m.

Membrane binding of selected plant annexin proteins was
further characterized by the assessment of protein effects on
membrane surface hydrophobicity, vesicle leakage, and
vesicle aggregation and/or fusion. In the presence of protein,

Table 1: Copelleting Assay

protein
c1/2-

(Ca2+)

binding
atc(Ca2+)
) 0 (%)

maximal
binding

(%)

Anx24(Ca32) 0.65 mM 13 99a

His6-Anx24(Ca32) 0.03 mM 27 94b

His6-Anx24(Ca32)-W35A/W88F 0.4 mM 4 67a

His6-Anx24(Ca32)-W35G 0.7 mM 4 53a

His6-Anx24(Ca32)-W107G 0.4 mM 3 72a

His6-Anx24(Ca32)-R262A/R263A 0.1µM 42 92b

His6-Anx24(Ca32)-K190G 3.9 mM 10 74a

His4-Anx(Gh1) 0.11 mM 18 100b

a Determined atc(Ca2+) ) 20 mM. b Determined atc(Ca2+) ) 5
mM.

FIGURE 2: Membrane binding behavior of Anx24(Ca32). Shown
are Coomassie-stained SDS-PAGE bands from different adsorption
or desorption steps of untagged Anx24(Ca32) with liposomes made
from bovine brain extract. The protein mixture obtained from the
lysis of bacterial spheroblasts was incubated with liposomes in the
presence of 20 mM CaCl2. Fraction S is from the supernatant and
P from the pellet: lane 1, supernatant of the washing step with 20
mM CaCl2; lane 2, supernatant of the first desorption with 20 mM
EDTA; lane 3, supernatant of the second desorption with 20 mM
EDTA; lane 4, liposome pellet of the second desorption; lane 5,
supernatant of the third desorption using CHELEX; lane 6,
supernatant of the washing step with 0.5% SDS; lane 7, supernatant
of the washing step with 10% SDS; and lane 8, final liposome pellet.
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a calcium-dependent increase in hydrophobicity was ob-
served at neutral pH for His6-Anx24(Ca32), His6-Anx24-
(Ca32)-W35A/W88F, and His4-Anx(Gh1) for PS and
PS/PE (3:1) vesicles but not for PS/PC (1:1) vesicles. In
comparison with protein-free control experiments, less
calcium was needed to achieve the same degree of hydro-
phobicity (data not shown).

Vesicle leakage occurs when stress exists in the membrane
bilayer and can be provoked by the presence of metal ions,
insertion of peptides and proteins into the membrane, or pore
formation. At pH 6, calcium-dependent destabilization by
His-tagged annexin 24(Ca32) is observed with PS liposomes.
While the annexin alone caused∼3% leakage, the level was
around 10% at 0.1 mM Ca2+ and could not be increased by
0.5 mM Ca2+. A similar behavior at slightly lower leakage
levels was seen with PS/PC (1:1) liposomes at pH 6 and
7.4. His4-Anx(Gh1) exhibited an equivalent calcium-depend-
ent behavior, albeit at higher levels of leakage. At pH 7.4,
the cotton annexin caused a level of calcium-independent
vesicle leakage of∼20% with PS liposomes. This activity
compares very well to the leakage levels observed with
annexins A5 and B12 (H. Weigelt, personal communication).

The binding of certain proteins to phospholipid vesicles
can promote vesicle aggregation or even fusion. While
aggregation describes the spatial vicinity of vesicles mediated
by linking protein molecules, vesicle fusion results from
direct vesicle-vesicle interactions and leads to a subsequent
intermixing of the constituent phospholipids. In this study,
vesicle aggregation was monitored by evaluating the vesicle
size using light scattering. Meanwhile, vesicle fusion was
evaluated by determining the degree of mixing of the
constituent phospholipids. Generally, results from the ag-
gregation (vesicle size) and fusion (phospholipid mixing)
assays are in excellent agreement throughout. At neutral pH
values, His6-Anx24(Ca32) promotes vesicle aggregation and,
to a lesser extent, vesicle fusion in a calcium-dependent
manner. Consistently, both effects are more pronounced with
PS than with PS/PC (1:1) liposomes. The mutant protein

His6-Anx24(Ca32)-W35A/W88F requires higher calcium
concentrations to yield the same extent of vesicle aggregation
or fusion as its wild-type counterpart. In contrast, His4-Anx-
(Gh1) requires much higher calcium concentrations than the
bell pepper protein.

Intrinsic Protein Fluorescence. Annexin 24(Ca32) pos-
sesses three tryptophan residues, Trp35, Trp88, and Trp107.
While Trp35 (IAB loop) and Trp107 (IIAB loop) are exposed
on the convex side of the molecule, Trp88 is buried in the
interior between domains I and II. When the His-tagged
protein is exposed to increasing amounts of phospholipid
vesicles at pH 6 and 7, the maximum wavelength of
tryptophan emission does not vary significantly without
calcium (Figure 4A). Upon subsequent addition of calcium,
the wavelength of tryptophan emission is almost invariant,
irrespective of the composition of the three phospholipid
vesicles that were tested (Figure 4B). However, the results
for the double mutant W35A/W88F, which has a single
remaining tryptophan residue in position 107, are different
(Figure 4C). Upon addition of vesicles with high PS content,
there is a significant blue shift of 8 nm of the Trp107
fluorescence emission. The subsequent addition of calcium
completely reverses this shift. Notably, this behavior is
observed only with vesicles having PS contents of 75-100%.
The results for vesicles with a PS content of 50% are
indistinguishable from the results of the control experiment
without liposomes.

Electron Microscopy. Electron microscopy with the His-
tagged wild-type annexins Anx24(Ca32) and Anx(Gh1) on
lipid monolayers (4:1 DOPC/DOPS) was conducted to
investigate possible 2D crystal formation. 2D crystal forma-
tion has been observed for some mammalian annexins,
including AnxA5 (31-33) and AnxA6 (34-37). Other
annexins such as AnxA1, AnxA2, and AnxA3 (39) do not
form 2D crystals. The bell pepper annexin yielded 2D
crystals of very poor order with 2 mM CaCl2 present (Figure
5A) and does not present the characteristic diffraction pattern
of either the p3 or p6 crystal form. Instead, the crystals look
like linear rows presumably made up by annexin dimers.
With the cotton annexin, the results improved as particles
can be resolved, although there were no homogeneous fields
of regular crystals. Intriguingly, elongated rodlike structures
that have a tendency to aggregate are observed. The annexin-
covered tubes usually have diameters of∼30 nm.

The occurrence of rodlike structures with membrane-bound
annexins is not uncommon and is usually explained by the
formation of protein-covered lipid tubes on the surface of
the lipid monolayer. Since these latter tubes are also hollow,
stain is found inside them. However, the annexin-covered
lipid tubes usually have smaller diameters of∼140 Å. Thus,
it is not clear whether the rodlike structures with larger
diameters observed in this study have the same topology.
Images such as panels B and C of Figure 5 can also be
explained by hollow annexin oligomers adsorbed to the lipid
surface. An interesting feature of this structure is the fact
that not all protein molecules from the oligomer would be
in direct interaction with the membrane surface.

DISCUSSION

From results of this investigation, it is evident that the
membrane binding behavior of the tested plant annexins is

FIGURE 3: Surface film balance measurements with DMPC/DMPS
(3:1) monolayers. The subphase contained 160 mM NaCl and 10
mM HEPES (pH 7.4): (A) 1.5µM Anx24(Ca32), 3 mM CaCl2,
π0 ) 20 mN/m; (B) 1.5µM His6-Anx24(Ca32), 3 mM CaCl2, π0
) 16 mN/m; (C) 1.5µM His6-Anx24(Ca32), 3 mM CaCl2, π0 )
20 mN/m; (D) 100 nM AnxA5, 1 mM CaCl2, π0 ) 19 mN/m; (E)
100 nM AnxA5, 1 mM CaCl2, π0 ) 20 mN/m; and (F) control
experiment without protein,π0 ) 16 mN/m.
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indeed very different from that of their mammalian relatives.
Comparison of Langmuir surface film balance measurements
for bell pepper annexin 24 and human annexin A5 reveals
that at the same calcium concentrations, much more plant

protein is required to elicit a similar increase in the lateral
surface pressure. At the same time, the adsorption kinetics
indicate a much slower association of the plant protein.

It is clearly noted that a major part of this study has been
conducted with N-terminally His-tagged annexin proteins.
A comparison of the membrane binding behavior of the His
fusion proteins with its wild-type counterpart reveals that
the N-terminal modification does quantitatively affect the
membrane binding behavior. This is evident from the half-
maximal calcium concentrations, which are 1 order of
magnitude lower for the fusion protein (Table 1), as well as
the 4-fold higher increase in the lateral surface pressure
(Figure 3). At the same time, wild-type and fusion proteins
qualitatively show the same binding behavior with similar
distinct features as compared to that of nonplant annexins.
The results obtained with His-tagged annexin 24 mutants,
with respect to the identification of critical surface residues,
are therefore extrapolated to be valid for the untagged protein.
Nevertheless, the N-terminal domain of the two plant
annexins that were studied plays an important role with
respect to membrane interaction, similar to the phenomenon
observed with mammalian annexins (12, 39, 40).

In contrast to their mammalian counterparts, the two plant
proteins investigated have the distinct property of binding
to acidic phospholipid membranes with their C-terminal cores
in the absence of calcium at neutral pH. This calcium-
independent binding is severely impaired when Lys190 is
replaced with glycine and completely abolished when either
Trp35 or Trp107 is disabled. Therefore, it is most likely that
the concerted action of (at least) these three surface-exposed
residues is responsible for the calcium-independent mem-
brane binding. Importantly, while Trp35 and Lys190 are
strictly conserved, Trp107 is conserved in most, but not all,
plant annexins. One could therefore speculate that plant

FIGURE 4: Tryptophan fluorescence emission. Data points show
the peak wavelength of fluorescence emission spectra of plant
annexins at different calcium and PS concentrations. (A) His6-
Anx24(Ca32) (0.5µM) in varying concentrations of PS lipo-
somes: pH 6 (O) and pH 7.4 (0). (B) His6-Anx24(Ca32) (0.5µM)
at pH 6 in varying calcium concentrations: without liposomes (b),
in the presence of PS/PC (1:1) liposomes (0), with PS/PE (3:1)
liposomes (4), and with PS liposomes (]). (C) His6-Anx24(Ca32)-
W35A/W88F (1.5µM) at pH 6 in varying calcium concentrations:
without liposomes (b), in the presence of PS/PC (1:1) liposomes
(0), with PS/PE (3:1) liposomes (4), and with PS liposomes (]).

FIGURE 5: Electron microscopy of membrane-bound His-tagged
annexin 24(Ca32) and annexin Gh1 on DOPC/DOPS monolayers
in the presence of 2 mM CaCl2 (pH 7.4). (A) EM of a 2D crystal
of His6-Anx24(Ca32), and its Fourier transform (inset). (B and C)
EM images of membrane-bound His4-Anx(Gh1) show the formation
of rodlike structures that appear to be hollow cylinders associated
with the membrane monolayer.
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annexins lacking this residue possess a reduced calcium-
independent membrane binding activity, although this hy-
pothesis awaits experimental proof. In this context, a second
aspect seems to merit attention. The maximum degree of
binding, as estimated from the level of saturation, is much
lower for mutants W35G, W35A/W88F, W107G, and
K190G than for wild-type annexin 24. This suggests that
calcium-independent binding is of essential importance for
the calcium-dependent binding of these proteins. Since
annexin-membrane binding has been described to be highly
sequential and displays cooperativity with respect to calcium
(41, 42), it is difficult to resolve the exact order of events in
the membrane-bound state. However, this study undoubtedly
reveals two different binding modes for the tested plant
annexins, a calcium-independent and a calcium-dependent
mode, which are probably interconnected. The situation is
further complicated by the existence of plant annexin
oligomers in solution (15) which will affect the equilibrium
between the soluble and membrane-bound states.

The calcium requirements for membrane binding observed
in this study are rather high, thus separating the tested plant
annexins from other members in the plant annexin family
whose membrane interactions seem to be affected by
nanomolar concentrations of calcium (43). Notably, these
latter experiments were carried out in intact plant cells. The
K190G mutant is significantly different in the calcium-
dependent binding behavior as its half-maximum calcium
concentration is 1 order of magnitude higher than those of
the other proteins that were tested. Since Lys190 is not
directly involved in any calcium binding event, we believe
that this effect is due to either the interplay of conformations
on the convex surface or the involvement of this residue in
protein-protein interactions that might also affect calcium
binding.

On the basis of the crystal structure, a role for residues
Arg262 and Arg263 in membrane binding has been antici-
pated, although results from this study indicate otherwise.
The double mutant R262A/R263A has a membrane binding
behavior qualitatively similar to that of the wild-type
molecule. However, the level of calcium-independent mem-
brane binding is twice as high as that of the wild-type protein,
and the half-maximal calcium concentration is decreased by
3 orders of magnitude. With respect to calcium-dependent
binding, the presence of two positively charged residues
presents a repelling force that restricts the binding of a
calcium ion in the IVAB loop. This scenario adds to the
fact that the IVAB loop is also capable of coordinating a
calcium ion. It remains unclear at this point why the calcium-
independent binding of this mutant is enhanced, since a rather
favorable interaction of the arginine side chains with either
the phospholipid headgroups or the glycerol backbone of the
lipid membrane is lost in the mutant. One can speculate that
the two arginine residues could be involved in protein-
protein interactions and their mutation might give rise to a
different species, which interacts with membrane surfaces
more readily than the wild-type molecule. The hypothesis
merits particular attention, since plant annexins exist as
multiple oligomeric species in solution (ref15 and unpub-
lished results of M. Daley et al.). Also, in contrast to the
other wild-type and mutant proteins used in this study, the
R262A/R263A mutant readily forms high-molecular weight
aggregates (M. Daley and A. Hofmann, unpublished results).

Therefore, the binding of this protein to membrane vesicles
might be enhanced by unspecific interactions due to the size
of the aggregates. It is obvious from the crystal structure of
annexin 24 (7) that Arg262 and Arg263 are residues in a
positive patch on the convex surface of the fourth domain
which, apparently, regulates annexin-annexin repulsion.

Assays for assessing phospholipid mixing, vesicle size,
and liposome leakage were employed to confirm the interac-
tions between the proteins and lipid vesicles. The data
obtained are in excellent agreement with the membrane
binding activity determined by the copelleting assay. Results
from assays assessing phospholipid mixing and vesicle sizes
demonstrate that His-tagged annexin 24(Ca32) promotes the
fusion of phospholipid vesicles in a calcium-dependent
fashion at neutral pH but only at sufficiently high PS
contents. Results for the mutant His6-Anx24(Ca32)-W35A/
W88F concur well with findings from the copelleting
experiments and emphasize the crucial role of Trp35 for the
membrane binding process. In comparison, His-tagged cotton
annexin Anx(Gh1) promotes vesicle aggregation and fusion
at much lower levels than the bell pepper protein.

The data acquired from the tryptophan fluorescence
emission upon membrane binding are complex. The crystal
structures and the fluorescence results agree that the two
tryptophan residues, Trp35 and Trp107, are surface-exposed.
If the two residues do not reach further than the glycerol
backbone area of the phospholipid membrane upon peripheral
membrane binding, no significant blue shift of the fluoro-
phores is expected due to the polar nature of this area (44).
With the bell pepper annexin, the tryptophan emission
wavelength is invariant upon calcium-dependent binding of
the plant protein in near-neutral environments (pH 6). This
can be explained by a model in which not all membrane-
associated annexin molecules are actually in direct contact
with the membrane (see the discussion of EM results below).
The molecules facing the solvent with their convex sides
would exhibit fluorescence properties similar to those of the
molecules in solution. The superposition of both species
would render the fluorescence emission almost invariant.
Alternatively, the superposition of one red-shifted and one
blue-shifted tryptophan species per molecule would also
result in an invariant emission peak, if the two wavelength
shifts are small. Interestingly, mutant W35A/W88F, which
allows selective monitoring of the residue Trp107, does show
a blue shift under the same conditions if the PS content in
the membrane vesicles is sufficiently high (>50%). Since
Trp107 is positioned in the highest area of curvature on the
convex side, it might be able to reach further into the
phospholipid membrane than Trp35, which is comparable
to the unique Trp187 in annexin A5. The observed red shift
of Trp107 from the double mutant W35A/W88F indicates a
significant conformational change of the IIAB loop upon
calcium-dependent membrane binding. This might happen
either by a local conformational change in the IIAB loop
retracting the tryptophan side chain from the membrane-
embedded position or by the tilting of the entire protein
molecule with respect to its initial orientation. Alternatively,
a stronger recruitment of protein molecules to the membrane,
which associate with the bound molecules but do not directly
interact with the membrane surface, could lead to a similar
result. However, it cannot be ruled out that a mutant
dysfunctional at Trp35 invokes different molecular events
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than the wild type molecule. At this stage, structural details
of this phenomenon can only be hypothesised and need to
be further investigated.

So far, our attempts to produce membrane-bound 2D
crystals of plant annexins have not been successful. Instead,
we have frequently observed long hollow cylinders of
membrane-bound plant annexins. Compared to their mam-
malian counterparts that do form 2D crystals on membranes,
this indicates yet another structural difference in the mem-
brane binding behavior of the plant annexins investigated
and their nonplant counterparts. The topology of the observed
cylinders requires membrane-associated protein molecules
that are not in direct contact with the phospholipids. For such
a species to occur, protein-protein interactions are very
important, adding further weight to the notion that surface
residues other than those on the convex side might be
important for the association of plant annexin molecules with
the membrane.

In summary, annexins 24 and Gh1, from bell pepper and
cotton, respectively, exhibit membrane binding with and
without calcium. The calcium-independent binding involves
at least three surface-exposed conserved residues on the
convex side. Two scenarios can be envisioned. (1) Upon the
addition of calcium, the membrane-bound species takes up
the ions and utilizes the hypothesised two canonical calcium
binding sites for interaction with the membrane surface. (2)
Alternatively, calcium-dependent binding occurs in a second
species that might or might not be dependent on the calcium-
independent species as a platform. It is a generally accepted
view for the membrane-bound state of nonplant members
of the annexin family that each individual protein molecule
interacts directly with the membrane surface. Several indica-
tions within this study suggest that this might not be true
for plant annexins. Intriguingly, an oligomerization hypoth-
esis has been mentioned for annexin A13b which can be
N-terminally myristoylated and plays a role in the apical
exocytosis of epithelial kidney cells (45). Considering the
degree of annexin-annexin interactions in solution and the
membrane-bound state, the plant proteins might form ex-
tended oligomeric structures that are membrane-associated
at one end and may provide another membrane binding site
at the other end. Such a structure would be suitable for
exocytotic events in which the protein oligomer grabs a
membrane vesicle and targets it toward the plasma mem-
brane, in line with the aggregating properties reported for
plant annexins in this study. The supramolecular assembly
of plant annexins on membrane surfaces might provide a
membrane-associated matrix with a scaffolding function
which could serve as a platform for binding other proteins.
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