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ABSTRACT: Annexins are a family of proteins generally described as Ca2+-dependent for phospholipid
binding. Yet, annexins have a wide variety of binding behaviors and conformational states, some of which
are lipid-dependent and Ca2+-independent. We present a model that captures the cation and phospholipid
binding behavior of the highly conserved core of the annexins. Experimental data for annexins A4 and
A5, which have short N-termini, were globally modeled to gain an understanding of how the lipid-binding
affinity of the conserved protein core is modulated. Analysis of the binding behavior was achieved through
use of the lanthanide Tb3+ as a Ca2+ analogue. Binding isotherms were determined experimentally from
the quenching of the intrinsic fluorescence of annexins A4 and A5 by Tb3+ in the presence or absence of
membranes. In the presence of lipid, the affinity of annexin for cation increases, and the binding isotherms
change from hyperbolic to weakly sigmoidal. This behavior was modeled by isotherms derived from
microscopic binding partition functions. The change from hyperbolic to sigmoidal binding occurs because
of an allosteric transition from the annexin solution state to its membrane-associated state. Protein binding
to lipid bilayers renders cation binding by annexins cooperative. The two annexin states denote two affinities
of the protein for cation, one in the absence and another in the presence of membrane. In the framework
of this model, we discuss membrane binding as well as the influence of the N-terminus in modifying the
annexin cation-binding affinity by changing the probability of the protein to undergo the postulated two-
state transition.

Exactly 40 years ago, Monod, Wyman, and Changeux
(MWC)1 published their landmark paper on the allosteric
transitions of proteins (1). That work was motivated to a
large extent by the goal of describing cooperativity in oxygen
binding to hemoglobin. In this report, we use the MWC
model in a completely different context, as the simplest
model found to describe cooperativity in cation and lipid
binding by the annexins. These peripheral membrane proteins
are found in abundance in every mammalian cell type (except
in erythrocytes) and also in fish, fruit flies, plants, and
protozoa, comprising up to 2% of the intracellular proteins
(2). Annexins consist of a conserved core of four so-called
annexin repeats (3), where the five amphiphilicR-helices
that comprise each repeat assemble into a membrane binding

disk, and an N-terminal region, which varies between
different annexins. It is the variability in the N-termini that
is thought to impart the specificity in the Ca2+- and
phospholipid-binding ability of the annexins as well as a
variety of phosphorylation sites and binding sites for ad-
ditional ligands (3). Interestingly, annexins do not have any
detectable enzymatic activity, intriguing in such a widespread
family of proteins. Recent findings implicate a role for
annexins in prostate cancer (4-7), pathogenic infections (8),
and blood coagulation diseases (“the annexinopathies”) such
as antiphospholipid syndrome (9, 10).

Although the phospholipid and Ca2+ sensitivities vary
widely between the annexins, annexin association with
membranes has been rationalized primarily on the basis of
the hypothesis that annexin function is dependent on Ca2+

binding (2, 11). Yet, model studies have shown that annexin
binding to membranes is very sensitive to different acidic
phospholipids in the bilayer (2, 12). Intracellular localization
of annexins varies; removal of their distinct N-termini
changes the intracellular distribution of the affected annexin
(13). In addition, annexins, when bound to the membrane,
are able to undergo dramatic conformational changes (14,
15), suggesting a primary role for the membrane in annexin
function (3).

When annexins bind Ca2+ and associate with phospholipid
bilayers, Ca2+ ions form contacts with the protein and the
phospholipids (16). This suggests that Ca2+ drives annexin
binding to the membrane through the formation of a “Ca2+

sandwich”. Recent work suggested that Ca2+ ions bind to
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specific helices in annexin A5 and that a highly cooperative
network of Ca2+-binding sites is established upon annexin
association with the membrane, which can be characterized
by a Hill coefficient of approximately 8 (17). Annexins also
bind Ca2+ ions in the absence of phospholipid but with lower
affinity (2). While this is consistent with a ternary model or
a prebinding model in which annexin may not bind phos-
pholipid unless Ca2+ is bound first (18), additional observa-
tions conflict with this model. Annexins with a long
N-terminus, such as annexin A2, bind to phospholipid
membranes in the absence of Ca2+ (19). This calls into
question both the ternary and prebinding (Ca2+-dependent
phospholipid-binding) models; as well, it suggests a role for
the N-terminus in modulating the intrinsic phospholipid-
binding affinity of the protein core. While each annexin has
a distinct binding behavior (2), the Ca2+- and phospholipid-
binding “core” is very similar between members of the
annexin family. A binding model consistent with the wide
variety of binding behaviors and also consistent with the
similarities in annexin structure seemed lacking. We have
approached the association of annexin with the membrane
and cations through a rigorous description of the binding
process, which makes use of microscopic binding models
(20, 21). Binding partition functions were constructed for
several microscopic models, and the corresponding binding
isotherms were derived from the partition function (20). The
isotherms were then fit to the experimental data to determine
the validity of each specific model. We found that an
allosteric model (in the MWC sense) fits annexin A4 and
A5 binding data for cation and membrane. In this model
annexin binding to the lipid membrane switches its cation
binding from a low- to a high-affinity state. The cations bind
independently to each annexin state (as in the classic MWC
model of allosterism), and the lipid-driven switching between
the two states is the source of an apparent cooperativity in
cation binding in the presence of lipid. Our allosteric model
is in sharp contrast to a highly connected cation-binding
affinity driving membrane binding, and we discuss an
alternative role in how lipids modulate cation binding and
how the N-terminus may modulate the allosteric switching.

EXPERIMENTAL PROCEDURES

Materials.1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC or 16:0,18:1PC) and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoserine (POPS or 16:0,18:1PS) were from
Avanti Polar Lipids, Inc. (Birmingham, AL). All were greater
than 99% pure as determined by thin-layer chromatography
(TLC) (23, 24). Potassium chloride was puriss grade, and
3-morpholinopropanesulfonic acid (MOPS) was Biochemika
grade from Fluka Chemical Corp. (Ronkonkoma, NY).
Chelex-100 ion-exchange resin was from Bio-Rad Labora-
tories (Rockville Center, NY). Chloroform, methanol, and
benzene is HPLC grade (99.5%) from Alfa Aeser (a Johnson
Matthey Co., Ward Hill, MA). All other chemicals were of
reagent grade.

Preparation of Solutions. Solutions were prepared as in
Hinderliter et al. (23, 24). The concentration of TbCl3 stock
solutions was checked by titrating new solutions against a
standard protein [C2 domains (24-26)]. The Bradford assay
was used to determine protein concentrations.

Expression and Purification of Recombinant Proteins.
Purification of wild-type annexins A4 and A5 was based on

Ca2+-dependent binding to bovine brain lipids by the method
developed in ref27 with slight modifications (28). In brief,
expression of protein is induced by isopropylâ-D-thioga-
lactopyranoside in transformedEscherichia coli, and the
slurry is harvested by centrifugation, frozen, thawed, mixed
with lysozyme, and sonicated. The sonicated mixture was
centrifuged and the supernatant collected, incubated with
DNase, RNase, and MgCl2, and centrifuged. The collected
supernatant was mixed with rat (or bovine) brain lipid
membranes and CaCl2. Lipid extraction from rat brain was
performed as described (29), or brain membrane lipid extracts
(Sigma-Aldrich) were used. The pH was adjusted to 7.5, and
the mixture was centrifuged; the pellet was resuspended in
CaCl2-containing buffer with 150 mM NaCl and centrifuged.
The pellet was resuspended in salt-free buffer and centri-
fuged. Finally, protein (annexin) was extracted with EGTA-
containing buffer at pH 7.5 and collected by centrifugation.
If necessary, further purification was performed with DEAE-
Toyopearl (anion-exchange column). Purified protein was
dialyzed against HEPES (pH 7.0) and 100 mM NaCl or
appropriate buffer solution overnight, and centrifuged. The
protein was frozen in aliquots at-80 °C and used once per
titration. The protein was periodically examined for degrada-
tion by gel electrophoresis.

Preparation of Large Unilamellar Vesicles (LUV).Lipids
were prepared as described before (23-25).

Fluorescence Spectroscopy Experiments.The binding
affinity of the annexins for Tb3+ and various lipid mixtures
was determined by monitoring changes in energy transfer
from the single tryptophan and tyrosines to bound Tb3+.
Titrations were also repeated where the single tryptophan
was excited and are identical, except somewhat noisier.
Advantage was taken of the observation that Tb3+ binds to
one or more regions of the protein and that this binding is
improved in the presence of lipid. Tb3+ is a Ca2+ analogue,
having a similar ionic radius and a higher charge density
with the benefit of undergoing fluorescence energy transfer
from aromatic amino acids once bound (30-32). Addition
of the lanthanide cation to a protein solution resulted in a
decrease in the fluorescence emission maximum of both
annexins A4 and A5. The observed fluorescence maximum
is in agreement with the observed maximum for annexin A5
under similar conditions, although rat, not human, annexin
A5 was used (33). This decrease in emission as a function
of the cation concentration was normalized to fraction bound,
and free ligand was calculated. Fluorescence measurements
were made on a Jobin Yvon-Spex Fluorolog-322 with a
wavelength set at the excitation maximum of 283 nm, and
lamp-corrected emission spectra were recorded. The excita-
tion band-pass was selected after time-trace controls so that
photobleaching would be negligible. Double excitation and
double emission monochromators had band-passes of 2.0 and
13.5 nm. All samples were stirred continuously in a Teflon-
capped 300µL minifluorometer cell (McCarthy Scientific,
Fullerton, CA), and all spectra were collected after a 15 min
incubation between additions. Multiple stocks of differing
concentrations were used and compared against titrations in
which protein had been exhaustively dialyzed. Results did
not vary with stock solutions.

Titrations of Annexins with Tb3+ and Lipid.Titration data
were gathered by following the quenching of the intrinsic
fluorescence of annexins A4 and A5 by the lanthanide Tb3+.
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Excitation of the lanthanide was achieved indirectly through
chelation by the protein and fluorescence energy transfer
from directly excited aromatic amino acids within the protein
to the lanthanide (32). The fluorescence energy transfer from
the protein to the lanthanide was detected as quenching of
the intrinsic protein fluorescence. The loss of fluorescence
was normalized and expressed as fraction bound. The titration
curves were corrected for light scattering, which is significant
at the higher lipid concentrations in the lipid titration data,
or for a slight drift that occurs at high cation concentrations
in a few of the Tb3+ titration data for annexin A5, by
subtracting a linear ramp determined from the high concen-
tration regime. The added total ligand was corrected to free
ligand for each corresponding fractional bound value, after
accounting for maximum numbers of ligands bound at
saturation to the protein. Experimental data were corrected
for free ligand versus fraction bound per site on the protein.
Total ligand was corrected for free ligand by calculating the
fraction bound to protein and subtracting bound from total
ligand added. As a fluorescence change is not detectable upon
addition of membrane vesicle alone, lipid titration data were
gathered by titrating lipid into a solution of protein and a
subsaturating concentration of terbium ion. Addition of lipid
increased the affinity of protein for Tb3+, detectable as a
loss of protein fluorescence upon cation binding. Annexin
A4 and A5 data were corrected assuming that the surface of
the membrane covered by a protein corresponds to 10 lipids.
This is approximately the number of lipids that fits under
an annexin molecule (34).

Binding Isotherms.Binding isotherms were derived from
the binding partition function (20). Briefly, the binding
partition function contains a term proportional to the prob-
ability of observing each state of the protein. In our model
there are two fundamental states of annexin: (1) free in
aqueous solution, with (a variable number of) bound Tb3+

ions in aqueous solution, and (2) bound to a lipid vesicle,
with (a variable number of) bound Tb3+ ions. Equation 1
(see Results) then gives the binding partition function for
this system. To obtain the binding isotherms from the
partition function, the following derivative is calculated,θ
) (1/N)(x/Q) dQ/dx, wherex ) [Tb] or [L] and N ) n for
Tb3+ (n is maximum number of Tb3+ sites on the protein)
andN ) 1 for lipid titrations (one protein is either bound to
the one lipid vesicle or not);θ is the fractional saturation of
Tb3+ sites on the annexin or the fraction of proteins bound
to the lipid. The resulting binding isotherms are given by eq
2 for Tb3+ binding and eq 3 for lipid binding. Equations 2
and 3 were used to analyze the experimental binding
isotherms. A global fit of these equations to all of the
corresponding data (Tb3+ and lipid titrations simultaneously)
for each annexin (A4 and A5) was obtained using the
Simplex algorithm (35).

RESULTS

We have sought to understand the binding of annexins to
lipid membranes and how it is influenced by binding of Ca2+,
which was mimicked by Tb3+ in our experiments, to these
proteins. In the presence of lipid, the Tb3+ binding isotherm
suggests greater cation-binding cooperativity and affinity
(Figure 1) in comparison with a titration in the absence of
lipid (Figure 2). Titration data that exhibit apparent coop-
erativity are often fit by the Hill equation (36), and an initial

fit to this set of data appeared consistent with that approach.
However, the Hill equation suffers from the disadvantage
that it is not based on a microscopic binding model. In
addition, as an empirical relationship, it does not provide
further insight into how annexin Tb3+ binding influences its
lipid-binding properties. Therefore, binding partition func-
tions were derived for several microscopic models and tested
through fitting of the binding isotherms generated from them
to experimental titration data. The approach to binding
isotherms through the use of microscopic binding partition
functions provides a much more in-depth understanding of
the association process as the probabilities of each protein
state can be directly and simply obtained from the partition
function (20).

We have found that an allosteric model, in the Monod-
Wyman-Changeux (MWC) sense for hemoglobin (1, 21),
is consistent with the experimental binding data. In the MWC

FIGURE 1: Binding of Tb3+ to annexin A4 in the presence of 300
µM POPC/POPS (90:10). The signal arising from quenching of
the intrinsic protein fluorescence was used. The loss of fluorescence
was normalized and expressed as fraction bound. The added total
ligand was corrected to free ligand, taking into account the total
number of ligands occupying the protein at saturation and the
concentration of protein (0.27µM). Data were corrected for six
cation-binding sites. All titrations were carried out in decalcified 2
mM MOPS and 100 mM KCl, pH 7.5. The line is eq 2 with the
parameters that gave the best global fit of eqs 2-4 to all annexin
A4 data simultaneously. The global fit parameters are given in the
text.

FIGURE 2: Binding of Tb3+ to annexin A4 in the absence of lipid.
Details are the same as in Figure 1. The line is eq 2 with the
parameters that gave the best global fit of eqs 2-4 to all annexin
A4 data simultaneously. The cation-binding affinity obtained isK0
) 1.07× 104 M-1.
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model of oxygen binding by hemoglobin, the protein exists
in two states, T and R. Oxygen molecules bind toeach state
independently of each other and with identical microscopic
association constants to each of the four sites in the protein.
The cooperativity occurs because of a transition from the T
to R state, which is made more probable as the number of
oxygen molecules bound to the T state increases. Monod et
al. (1) called this anallosteric transition(this meaning of
allostericshould be distinguished from an allosteric activator
or inhibitor, which means that the effector binds to a site
other than the active site on an enzyme). Similarly, we
consider that annexins exist in two states, one in aqueous
solution and one bound to the lipid membrane. Each state
can bind cations (Ca2+ or Tb3+) at n sites on the protein;
those sites are assumed to be identical in their cation-binding
strength. (Although there is some independent experimental
evidence suggesting that the annexin Ca2+-binding sites are
not identical in their cation affinity, we made this simplifying
assumption here because we found no significant improve-
ment in the fits by allowing for sites with different binding
affinities.) Apparent weak cooperativity in cation binding
(Figure 1) does result because when the protein is bound to
lipid, its cation-binding affinity increases. Therefore, because
of thermodynamic coupling between lipid and Tb3+ binding
by the annexin, as the protein, initially in solution, begins
to bind Tb3+, its lipid affinity increases, which in turn leads
to increased affinity for Tb3+.

The model proposed here is the simplest possible for this
system. In the absence of lipid, Tb3+ binding by annexins is
hyperbolic (not cooperative) (Figure 2). This means that Tb3+

titration data can always be described by a partition function
of the formq0 ) (1 + K0[Tb3+])n, whereK0 is the binding
constant for Tb3+. The maximum number of binding sites,
n, has no influence on the shape of the binding isotherm,
(1/n)(d ln(q0))/d ln([Tb3+]), and cannot be determined from
a single set of these titration data. To describe binding in
the presence of lipid, the simplest possibility is to use a
similar function but with a binding constant for Tb3+, K1,
that is not necessarily identical toK0, q1 ) (1 + K1[Tb3+])n.
For the entire system, including binding of Tb3+ to the protein
and binding of the protein to the lipid membrane, the simplest
possibility for the partition function (Q) is just a combination
of q0, q1, and a factor describing binding to the lipid
(KL[L]); that is

In this equation, [L] is the lipid vesicle concentration
(expressed in this work in terms of lipid concentration in
the outer leaflet of the lipid vesicles), [Tb] is Tb3+ concentra-
tion, KL is the lipid-binding constant in the absence of Tb3+,
andn is the maximum number of Tb3+ ions that can be bound
per annexin. The binding of Tb3+ to each annexin state (lipid-
associated or in aqueous solution) is assumed to be inde-
pendent of the number of Tb3+ already bound. That is, within
each annexin state, the Tb3+ ions are considered independent
and identical ligands. In eq 1, the first term is proportional
to the probability of annexin in aqueous solution, with 1 to
n Tb3+ ions bound, and the second term is proportional to
the probability of annexin being associated with the lipid
membrane, with 1 ton Tb3+ ions bound. The binding
isotherms for Tb3+ and lipid, obtained from the partition

function of eq 1 as described in Experimental Procedures,
are then for Tb3+ binding

and for lipid binding

In addition, the lipid affinity in the absence of cation,KL,
depends on the mole fraction (XPS) of phosphatidylserine (PS)
present in the lipid vesicles. We have found that this
dependence can be well described by

whereA0 is the binding constant to pure phosphatidylcholine
vesicles (PC) in the absence of cation (XPS ) 0) andKPS is
a constant describing the dependence on PS content.

We have found that this simple model is able to describe
binding of Tb3+ and lipid to both annexins A4 and A5. More
complicated models, which might include the selective
change in Tb3+-binding affinity to a subset of sites on
annexin upon binding of the protein to a lipid membrane,
are of course possible and will certainly be able to fit the
data. However, they are not justified by the present data.
The model proposed here is allosteric in the MWC sense, in
that there are two states of the annexin (in solution and
membrane-bound) and that cation binding to the protein
brings about a transition between the two states. The model
doesnot imply that there is a conformational change in the
annexin, though it is consistent with such a change. It
suggests that annexins have the plasticity of adopting more
than one state, which may be important for their function,
as discussed below. These are the general features of the
model. While it fits both annexins A4 and A5, the specifics
of lipid and Tb3+ binding to each annexin are different.

Cation and Lipid Binding by Annexin A4.The X-ray
structures of bovine annexin A4 show at most 2 Ca2+ ions
bound (37, 38). However, those same X-ray structures reveal
12 potential cation-binding sites. Therefore, we have sought
to determine this number (n) independently. First, we
examined Tb3+ binding under almost irreversible conditions
by performing the Tb3+ titrations in the presence of a large
concentration of lipid (0.5-1 mM) vesicles with a high
content of PS (40 mol %). Under these conditions, a break
in the intrinsic protein fluorescence upon Tb3+ binding is
observed, which is an indication of the stoichiometric ratio
of Tb3+/A4 (Figure 3A). However, these measurements have
a significant uncertainty associated with them, mainly
because of light scattering increase from the high lipid
concentrations, so that we foundn ) 5-9 Tb3+ sites on
annexin A4 in different experiments. Further improvement
on the determination ofn was obtained from the evaluation
of the ø2 for global fits to all A4 binding data to both Tb3+

and lipid (Figure 3B). This indicated that a number of cation-
binding sites,n ) 6, gives the best results, and this value
was used in the analysis. It should be noted that other values
for n from 4 to 9 lead to results that do not differ qualitatively
from those obtained withn ) 6. Therefore, this number does
not have a significant impact of the overall analysis and

Q ) (1 + K0[Tb])n + KL[L](1 + K1[Tb])n (1)

θTb ) (K0[Tb](1 + K0[Tb])n-1 +

KL[L] K1[Tb](1 + K1[Tb])n-1)/Q (2)

θL ) (KL[L](1 + K1[Tb])n)/Q (3)

KL ) A0 exp(KPSXPS) (4)
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conclusions. The titration of annexin A4 with TbCl3 in the
absence of lipid yields a hyperbolic binding isotherm (Figure
2) with a site binding constant for cation,K0 ) 1.07× 104

M-1. In the presence of lipid, the affinity of annexin A4 for
Tb3+ increases significantly, as shown in Figure 4, where
titrations of annexin A4 with Tb3+ are represented. A model
with identical and independent discrete binding sites (eq 2,

with n ) 6) fits the data globally very well (Figure 4).
Titrations of annexin A4 with POPC/POPS lipid vesicles with
varying PS content (XPS ) 0-0.20) were also performed,
and the data were fitted with eq 3 (Figure 5). The global fit
of eqs 2-4 to the A4 data, which includes both sets of
titrations (Figures 2, 4, and 5), yielded the following best
parameter values:K0 ) 1.07× 104 M-1, K1 ) 2.46× 105

M-1, A0 ) 1.2 × 103 M-1, and KPS ) 7.15. For easy
reference, the corresponding dissociation constants are 1/K0

) 94 µM, 1/K1 ) 4 µM, and 1/A0 (dissociation constant for
pure PC)) 830 µM. Thus, we find thatK1 . K0; that is,
the affinity for Tb3+ is much larger when annexin A4 is in
the membrane-bound state, though this was not an a priori
imposed condition. The transition from one annexin state to
the other appears as positive cooperativity toward cation
binding. The binding affinity for lipid in theabsenceof
cation,KL, which varies with the mole fraction of PS (XPS)
is then obtained from eq 4 and found to be of the order of
103 M-1 for all PS/PC mixtures examined (XPS ) 0-0.20).
Dissociation constants for annexin A4 for PS in the absence
of cation then vary forXPS ) 0.05, 0.10, 0.15, and 0.20 as
1/KL ) 580, 410, 290, and 200µM, respectively (Figure 8).

Cation and Lipid Binding by Annexin A5.The same two-
state or allosteric model correctly describes binding of Tb3+

and lipid to annexin A5. The X-ray structure of rat annexin
A5 (15), which is the specific annexin A5 we used, shows
seven occupied cation-binding sites. However, this number
has a considerable uncertainty; other published structures of
annexins A5 have between 2 and 9 Ca2+ ions bound: 2 (39),
3 (40), 4 (41, 42), 5 (43, 44), 7 (15), and 9 (22). Therefore,
we have attempted to narrow the range of maximum number
of binding sites using the same approach employed for A4.
The measurements of Tb3+ binding by fluorescence spec-
troscopy under irreversible conditions did not work as well
for A5 due in part to weaker membrane coupling to cation
binding. However, a plot of theø2 for global fits to all A5
binding data (Figure 3C) indicated that a number of cation-
binding sites,n ) 9, gives the best results, and this value

FIGURE 3: (A) Titration of annexin A4 with TbCl3 under quasi-
irreversible cation-binding conditions. The change in protein
fluorescence as a function of TbCl3 concentration was monitored
in the presence of a high concentration of POPC/POPS lipid vesicles
(0.5 mM) with a high PS content (40%) to increase, as much as
possible, the binding affinity of the cation for the protein. The break
in this curve occurs at 6.5 Tb3+/A4 ratio, suggesting that this is
the approximate number of binding sites available on the protein.
(B) Plot of the dependence of the quality of the global fit, as
measured by theø2 value, on the maximum number of binding
sites in annexin A4. A value ofn ) 6 appears to correspond to the
minimum in ø2. (C) ø2 plot for annexin A5. The scale is the same
as for the A4 plot, showing that the dependence on the number of
cation-binding sites is shallower. In any case, the best global fits
appear to be obtained withn ) 9.

FIGURE 4: Binding of Tb3+ to annexin A4 in the presence of POPC/
POPS lipid vesicles with varying PS content. Tb3+ titrations were
carried out in the presence of a constant concentration of 15µM
PS in the outer leaflet of the LUV. To achieve a constant PS
concentration in the cation titrations, total lipid varied with lipid
composition; titrations in the presence of POPC/POPS (80:20),
POPC/POPS (85:15), POPC/POPS (90:10), and POPC/POPS (95:
5) had total lipid concentrations of 150, 200, 300, and 600µM,
respectively. Data were corrected for six cation-binding sites. The
line is eq 2 with the parameters that gave the best global fit of eqs
2-4 to all annexin A4 data simultaneously. Only one line is shown
for all titrations because they are essentially superimposable,
indicating that the critical factor is the total PS concentration present.
Symbols are as follows: PC/PS (95:5) (solid squares), PC/PS
(90:10) (open squares), PC/PS (85:15) (solid circles), and PC/PS
(80:20) (open circles).

FIGURE 5: Binding of annexin A4 to lipid in the presence of a
subsaturating Tb3+ concentration (5µM). The X-axis is the free
lipid concentration present in the outer leaflet of the lipid bilayer
of the vesicles. Lipid was titrated into a solution of protein and a
fixed concentration of cation. The data were corrected assuming
that the surface of the membrane covered by protein corresponds
to 10 lipids. Symbols are as follows: POPC/POPS (95:5) (solid
squares), POPC/POPS (90:10) (open squares), POPC/POPS
(81:15) (solid circles), and POPC/POPS (80:20) (open circles). The
lines represent eq 3 with the parameters that gave the best global
fit of eqs 2-4 to all annexin A4 data simultaneously.
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was used in the analysis. It should be noted that other values
for n, especially from 6 to 11, lead to results that do not
differ significantly from those obtained withn ) 9. In any
case, as with A4 the exact number does not have a significant
impact of the overall analysis and conclusions. As with
annexin A4, binding of cation alone by annexin A5 yields a
hyperbolic isotherm. The Tb3+ binding isotherms in the
absence of lipid and in the presence of several mixtures of
POPC/POPS are shown in Figure 6. In the presence of lipid,
the binding isotherm reveals an increased affinity for Tb3+

and an apparent cooperativity in Tb3+ binding, but the effect
of lipid is much weaker than with A4. The experimental
cation-binding data were fit with eq 2. It is evident that all
isotherms in the presence of lipid are well described by the
same equation (Figure 6). The binding isotherms correspond-
ing to the titrations of annexin A5 with POPC/POPS lipid
vesicles in the presence of Tb3+ are shown in Figure 7. The
lines shown are the corresponding fits of eq 3 to the
experimental data. The binding of annexin A5 to lipid is also
very dependent on the PS content of the vesicles. The global
best fit to all annexin A5 Tb3+- and lipid-binding data
simultaneously yielded the following parameter values:K0

) 6.0 × 104 M-1, K1 ) 1.7 × 105 M-1, A0 ) 6.3 × 102

M-1, andKPS) 8.05. For ease of comparison, the analogous
dissociation constants are 1/K0 ) 17 µM, 1/K1 ) 6 µM, and
1/A0 (or dissociation constant for pure PC)) 1600 µM.
Similar to annexin A4, in theabsenceof cation, the annexin-
lipid association constant,KL (calculated from eq 4), is of
the order of 103 M-1 for PS/PC mixtures containing up to

20% PS but increases to 104 M-1 for 40% PS (Figure 8).
Dissociation constants for annexin A5 for PS in the absence
of cation then vary forXPS ) 0.10, 0.20, 0.30, and 0.40 as
1/KL ) 1400, 320, 140, and 63µM, respectively. In
comparison with annexin A4, A5 binds Tb3+ better in
solution: the dissociation constants for the cation are
approximately 100µM for A4 and 17µM for A5.

DISCUSSION

Let us briefly summarize lipid and Tb3+ binding by
annexins A4 and A5. In the presence of lipid, the affinity of
annexin for cation increases and the binding isotherms
change from hyperbolic to weakly sigmoidal. In the model
proposed, this occurs because of an allosteric transition from
the annexin solution state to its membrane-associated state.
Thus, the apparent cooperativity in cation binding does not
result from enhancement of cation affinity by previous cation
binding but from a thermodynamic coupling between lipid

FIGURE 6: Binding of Tb3+ to annexin A5 in the presence and
absence of lipid. The signal arising from quenching of the intrinsic
protein fluorescence was used. The loss of fluorescence was
normalized and expressed as fraction bound. The added total ligand
was corrected to free ligand, taking into account the total number
of ligands occupying the protein at saturation and the concentration
of protein. Data were corrected for nine cation-binding sites. All
titrations were carried out in decalcified 2 mM MOPS and 100
mM KCl, pH 7.5. Cation titrations were carried out in the presence
of a constant concentration of 15µM PS- found on the outer leaflet
of the LUV. To achieve a constant PS concentration in all titrations,
total lipid varied with lipid composition; titrations in the presence
of POPC/POPS (60:40), POPC/POPS (70:30), POPC/POPS
(80:20), and POPC/POPS (90:10) had total lipid concentrations of
75, 100, 150, and 300µM, respectively. The lines represent eq 2
with the parameters that gave the best global fit of eqs 2-4 to all
annexin A5 data simultaneously. Only one line is shown for all
titrations in the presence of lipid because they all are essentially
superimposable. Symbols are as follows: no lipid present (dia-
monds), with PC/PS (60:40) (open circles), with PC/PS (70:30)
(solid circles), with PC/PS (80:20) (open squares), and with PC/
PS (90:10) (solid squares).

FIGURE 7: Binding of annexin A5 to lipid in the presence of a
subsaturating Tb3+ concentration (10µM). The X-axis is the free
lipid concentration present in the outer leaflet of the lipid bilayer
of the vesicles. Lipid was titrated into a solution of protein and a
fixed concentration of cation. The data were corrected assuming
that the surface of the membrane covered by protein corresponds
to 10 lipids. The lines represent eq 3 with the parameters that gave
the best global fit of eqs 2-4 to all annexin A5 data simultaneously.
Symbols are as follows: POPC/POPS (60:40) (open circles), POPC/
POPS (70:30) (solid circles), POPC/POPS (80:20) (open squares),
and POPC/POPS (90:10) (solid squares).

FIGURE 8: Dependence of the lipid-binding constant of annexins
A4 (open circles) and A5 (closed circles) on the mole fraction of
PS (XPS) in the vesicles. The values were calculated from eq 4 using
the parameters obtained from the fits of eqs 2-4 to the experimental
data for each of the annexins. The points are shown to indicate the
specific lipid mixtures studied for each annexin.
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and Tb3+ binding. It may be pointed out that the isotherms
for lipid binding are still hyperbolic, as they should be. This
is because the ligand is in fact the lipid vesicle, and binding
of a vesicle to one annexin molecule does not increase the
tendency of a second lipid vesicle to bind to it or of other
annexins to associate with that lipid vesicle. It is possible
that cooperativity in binding individual PS molecules within
the membrane to the annexin occurs when annexin binds
cation. However, we did not treat PS binding to annexin as
association with individual PS-binding sites (as for Tb3+);
rather, the effect of PS on annexin binding to lipid vesicles
was modeled as a smeared attraction, which could be
electrostatic in origin. The use of a discrete site-binding
model for PS association with annexin (45, 46) was tried
and gave similar results. Because our model is simpler, has
fewer parameters, and produced comparable fits, we decided
to remain with this simpler version. The fact that a global
fit to all data for each annexin tested is able to describe the
experimental binding curves very well and that the same
model, with slightly different parameters, is able to describe
the data for both annexins A4 and A5 lends strong support
to the hypothesis that a two-state model is adequate to
describe annexin interactions with its most common ligands
(lipid and cations). The relation between the two states
defined here (membrane-associated and in solution) and
possible different conformational states of the annexins is
not established by our data. However, it appears to be a very
plausible and attractive hypothesis.

With PS as a minor component, the membrane-binding
affinity (KL) of annexins A4 and A5 is so small that the
probability of membrane association is low.KL, as calculated
from our model in the absence of cation, varies exponentially
with the mole fraction of PS,XPS (Figure 8). Annexins A4
and A5 were chosen for this study because they have short
N-termini. This fact, in combination with the result that the
same allosteric binding model describes lipid- and Tb3+-
binding data for both annexins, suggests that our model
captures the essence of the membrane-binding behavior of
the annexin core. Furthermore, the results indicate that the
membrane-binding core of the annexins is very sensitive to
PS content. Annexins with complex N-termini, such as
annexins A1 and A2, exhibit higher lipid-binding affinity
(2, 19, 47) than annexins A4 and A5. Annexin A2 may also
undergo Ca2+-independent membrane binding. An interpreta-
tion of this observation is that the intrinsic lipid-binding
affinity of the protein core may be influenced by the
N-terminus. Therefore, it appears that, in the annexins, the
lipid affinity of the protein core is modified by both cation
and the N-terminus. If the core lipid-binding affinity were
high, sensitive modification of the lipid-binding affinity by
cation-binding sites within the protein core or the N-terminus
would not be possible. The protein would always be bound.

The N-terminus, although located opposite to the membrane-
binding face, influences the lipid-binding affinity of annexins
(3). In annexin A1, the N-terminus forms anR-helix and
has numerous contacts with the protein core. Upon addition
of Ca2+, the helix is exposed and becomes available for
interactions with additional ligands or with the membrane
(48). The N-terminus of annexin A3 inserts into the center
of the protein where the four annexin repeats hinge together
(49). The tryptophan residue in the N-terminus of annexin
A3 was found to have specific interactions with the core of

the protein that modulated its membrane binding, as indicated
by lipid cosedimentation experiments (49). Urea denaturation
studies reveal an unfolding of the N-terminus separate from
the core of the protein (50), and the authors note that this
provides important insights into the role of the N-termini
tryptophan-core contact in the overall conformational flex-
ibility of annexin A3. Furthermore, examination of several
homologous annexins A5 indicates that even the short
N-terminus stabilizes the overall structure in solution (51).
Previous work using fluorescence spectroscopy (52) had
already suggested that N-termini-truncated mutants in solu-
tion exhibit a more relaxed conformation. This flexibility of
the annexins is probably a consequence of an abnormally
low hydrophobicity of the protein inner core, which is
indicated by the small denaturation heat capacity changes
of the annexins (53, 54).

The interaction of the protein core with either the N-
terminus or the membrane would then essentially “quench”
the structural fluctuations; with the more rigidified structure
thus acquired, the annexins would bind cation with greater
affinity. If the binding of cation requires an ordering of the
protein close to the binding sites, this would correspond to
an entropy penalty upon cation binding, which would
consequently reduce cation affinity. However, this entropy
penalty would already have been paid for if the binding to
the membrane or interaction with the N-terminus would have
“frozen” the protein conformation in its more ordered state,
with a high cation affinity. Within our allosteric model,
quenching of the fluctuations upon membrane association
corresponds to the shifting of the protein to the higher cation-
affinity state. The finding of greater cation and membrane
affinity of annexins with long N-termini (3, 19) suggests that
interaction of the N-terminus with the core can also shift
the annexin to the higher cation-affinity state. In the
framework of our model, we now suggest that their N-termini
modify the annexin cation-binding affinity by changing the
probability of the protein to undergo the postulated two-state
transition. Mutations of residues in the N-terminus and within
the Ca2+-binding sites may then change the probability of
the protein to switch from one state to the other (17). As
these mutations may change the ability of the annexin to
undergo the two-state transition, an overall change of cation
affinity would be observed.

An allosteric model such as used here is often interpreted
as due to a conformational change in the protein. Although
a conformational change is not required, it may occur, and
it may be locally subtle and spread out globally. The recent
work of Isas et al. (55) on the nonmammalian annexin B12
shows a rigidification of the lipid-contacting loops of the
protein upon membrane association in the presence Ca2+.
Such a rigidification would be consistent with our allosteric
model if the two states we propose corresponded to distinct
physical states of the protein. Even more extreme is the
observation that, at low pH, annexin B12 inserts into the
lipid bilayer, at least partially (14, 15, 55). These examples
may thus reflect the special capacity of the annexins to
undergo global structural transitions (while conserving
secondary structure), consistent with an allosteric model.
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