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Membrane Modulates Affinity for Calcium Ion to Create an Apparent
Cooperative Binding Response by Annexin a5
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ABSTRACT Isothermal titration calorimetry was used to characterize the binding of calcium ion (Ca2þ) and phospholipid to the
peripheral membrane-binding protein annexin a5. The phospholipid was a binary mixture of a neutral and an acidic phospholipid,
specifically phosphatidylcholine and phosphatidylserine in the form of large unilamellar vesicles. To stringently define the mode
of binding, a global fit of data collected in the presence and absence of membrane concentrations exceeding protein saturation
was performed. A partition function defined the contribution of all heat-evolving or heat-absorbing binding states. We find that
annexin a5 binds Ca2þ in solution according to a simple independent-site model (solution-state affinity). In the presence of phos-
phatidylserine-containing liposomes, binding of Ca2þ differentiates into two classes of sites, both of which have higher affinity
compared with the solution-state affinity. As in the solution-state scenario, the sites within each class were described with an
independent-site model. Transitioning from a solution state with lower Ca2þ affinity to a membrane-associated, higher Ca2þ af-
finity state, results in cooperative binding. We discuss how weak membrane association of annexin a5 prior to Ca2þ influx is the
basis for the cooperative response of annexin a5 toward Ca2þ, and the role of membrane organization in this response.
INTRODUCTION
At its simplest, the membrane is a barrier. This barrier
fundamentally enables the compartmentalization of distinct
chemical processes, a trait that is one of the primary
differences between eukaryotes and prokaryotes. At its
most complex, we suggest that the components of the mem-
brane, based upon their organization, have the capacity to
transduce cellular signaling by altering protein-protein, pro-
tein-lipid, and lipid-lipid interactions (1,2). The primary
components of the biomembrane, lipids and proteins,
distribute nonideally to optimize favorable contacts and
minimize free energy. Thus, the structural organization of
the membrane impacts the information flow of signaling
into and out of the eukaryotic cell. The ability of membranes
to provide a responsive surface by virtue of the weak yet
cooperative interactions between lipids allows signals to
be amplified at the membrane surface by readily altering
the distribution of membrane-associated proteins (3). In
this way, lipid membranes are not simply a surface upon
which proteins adhere—they are also able to sensitively
modulate the affinity of protein for this surface via changes
in how the lipids interact with one another within the mem-
brane. This is due to the thermodynamic activity (or effec-
tive concentration) of lipids, which is dependent on the
composition of the lipid mixture (4).

Here we propose that these disparate functions of the
cellular membrane (barrier, surface, and signal tuning) unite
to position a peripheral-membrane-binding protein to
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respond to calcium ion (Ca2þ) influx in a cooperative
manner. Furthermore, we propose that the family of proteins
called the annexins utilize this cooperative response to
modulate access of other proteins to the membrane surface
and thereby regulate the membrane’s ability to transduce
cellular signaling information. Through the use of linkage
relationships and a global approach to fitting a thermody-
namic cycle, we ascertained the impact of membrane asso-
ciation on Ca2þ binding, and the impact of Ca2þ binding on
membrane association, for annexin a5. We find that it is the
weak interaction of annexin a5 with the membrane surface
before a Ca2þ influx that enables the apparent cooperative
binding of Ca2þ.

The annexins, of which there are 11 forms in humans,
share a core domain consisting of repeating a-helices (5).
Annexins are known to have a variety of binding partners,
including acidic-phospholipid-containing membranes and
Ca2þ (6). Extensive work has characterized these binding
interactions; however, a consistent model is lacking
(7–22). Although they account for some 2% of all intracel-
lular protein, the exact functions of annexins are unknown.
This notable abundance suggests a defined cellular role that
merits such high expression levels. The annexins are an
ancient family of proteins that are highly conserved
throughout evolutionary history, implying a primary func-
tion in the cell. One study identified an ancestral protein,
possibly an annexin predecessor, as part of a model of an-
nexin evolution, and found that membrane association
rather than Ca2þ binding was the crucial property necessary
for function (23). We suggest that the annexins have not
only conserved their ability to interact with membranes
but have also tuned this ability such that they can modulate
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FIGURE 1 Annexin a5 thermodynamic cycle. Annexin Ca2þ binding dif-

ferentiates into two classes of Ca2þ sites in the presence of membrane: K1a

and K1b (for simplification, this is illustrated as K1; for a more detailed rep-

resentation of all of the states, see Fig. 2).
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membrane organization through weak lipid-lipid, lipid-pro-
tein, and protein-protein interactions (24–27).

In earlier work (28), we revealed the linkage between
cation and membrane binding to annexin a5 by using a
Ca2þ mimic, terbium (Tb3þ), and taking advantage of the
quenching of endogenous fluorescence of annexin a5 upon
Tb3þ binding. We found that an allosteric transition model
fit the experimental data showing that protein bound to
membranes containing acidic phospholipid had increased
affinity for cation compared with protein in solution. We
proposed that a shift to higher cation affinity when the pro-
tein was membrane associated conveyed the apparent coop-
erativity. This proposed model was not in agreement with
existing binding models for the annexins, as a wide variety
of experimental approaches have instead led to the conclu-
sion that annexins are Ca2þ-dependent, membrane-binding
proteins (17,21,29–30).

We hypothesized that annexins regulate membrane
accessibility (lipid distribution) and hence the assembly of
signaling complexes at the membrane surface (24). How-
ever, the associated affinities reported in the literature var-
ied widely, ranging from extremely high to very low
(8,15,29). The reported distribution of binding affinities
with Ca2þ and phospholipid implies a distribution of mem-
brane occupancies that then becomes model dependent. To
test this hypothesis, we must have a predictive ability to
calculate membrane occupancy under a variety of lipid
compositions in response to Ca2þ influx. Membrane-based
signaling is often triggered by Ca2þ influx (2), and the
membrane-enhanced response of the annexins to Ca2þ sug-
gests coupling between membrane organization and Ca2þ

influx. Thus, it was necessary to resolve the complex, linked
binding of Ca2þ and membrane by annexin. In existing
binding models, it is proposed that the presence of Ca2þ in-
duces membrane binding, primarily based on the observa-
tion that annexins have a greater affinity for Ca2þ in the
presence of membrane than in the absence of membrane.
We had noted a similar binding behavior with Tb3þ; however,
within the context of a thermodynamic cycle, a more
complex picture emerged. A weak association with the
membrane was the basis of this cooperative cation-binding
response (28). It was unknown whether this result might be
attributed to the use of a Ca2þ mimic, Tb3þ. We reexamined
the binding of annexin a5 using isothermal titration calo-
rimetry (ITC), a method that allows the binding behavior
of annexin’s endogenous ligands of Ca2þ and membrane
to be precisely defined from a partition function formalism
(31). We selected the simplest annexin with which to
begin: annexin a5. This annexin has a highly conserved
binding core and the shortest variable N-termini, which
eliminates additional complexity in its binding behavior
(6,32–34). We previously found similarities in binding
behavior between annexin a5 and a4, suggesting that
binding similarities were retained within their conserved
core (28).
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The heat of each experimental Ca2þ titration point with
ITC is the direct manifestation of a redistribution of the
bound and unbound states of annexin under increasing satu-
ration of Ca2þ in the presence and absence of phospholipid.
Conversely, the heat of each experimental membrane titra-
tion point is due to the redistribution of the bound and un-
bound states of annexin upon increasing saturation with
membrane surface while in the presence and absence of
Ca2þ. To define the binding models, we varied the protein
concentrations, ligand concentrations, membrane composi-
tion, and membrane concentrations for titration replicates.
In a given titration, the enthalpy, the number of binding
sites, and the association constant are fit parameters. By uti-
lizing the thermodynamic cycle of binding, we constructed a
partition function that represented all possible states in
which the protein could exist (bound or unbound). Partition
functions allow binding models to be derived, and each pro-
posed binding model was tested against the combined data
sets. Binding models were derived in increasing complexity
with the minimum number of binding constants that
described all sides of the thermodynamic cycle (Fig. 1).
The combined calculated free energies and fitted values of
enthalpy were also checked against the thermodynamic
cycle. The sum of all free energies in a cycle was zero.
One model, the allosteric transition model, was found to
meet all of these screening criteria. Essentially, this model
is a variant of the original Monod-Wyman-Changuex
(MWC) model of allosterism (Fig. 2). Although such
models are being applied to some classes of integral mem-
brane receptors to qualitatively describe their biological
response (50–54), we are unaware of such a model being
proposed for peripheral-membrane proteins.

The basis of this proposed allosteric transition model is
that the small population of protein that is membrane asso-
ciated in the absence of Ca2þ enables the cooperative Ca2þ-
binding response. As in the MWC model, there are two
states: in one state, annexin is membrane associated, and
in the other it is free in solution. Although the membrane-
associated state has greater affinity for Ca2þ before the
introduction of Ca2þ, its relative concentration is very low



FIGURE 2 Schematic of all potential species involved in the model for binding of Ca2þ and membrane to annexin. The model is analogous to the MWC

model of O2 binding hemoglobin (48), where the MWC states tensed (T) and relaxed (R) are replaced by solution and membrane-bound states. In the absence

of membrane, all five Ca2þ sites are low affinity (K0) and exothermic (represented as squares). In the presence of membrane, the five Ca2þ-binding sites

differentiate into two classes: two high-affinity (K1a) endothermic Ca2þ sites (represented as circles) and three low-affinity (K1b) exothermic Ca2þ sites (rep-

resented as squares). Transitioning to the membrane-bound state in the absence of Ca2þ is dictated by the affinity KL, which is analogous to the equilibrium

constant describing the transition between the T and R states in the MWCmodel. As in the classic MWCmodel, in each state (solution or membrane-bound),

binding sites are considered to be independent and equivalent within each class.
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compared with solution-state (nonmembrane-associated)
annexin. Instead of multiple subunits, each with a single
binding site, as in the MWC model, here there are multiple
binding sites for ligand in each state of the protein. A critical
component of this model, the weakly membrane-associated
state of annexin a5 in the absence of Ca2þ and enhanced
membrane association in the presence of Ca2þ, has been
directly observed with the use of fluorescence microscopy
and ITC (25,35). Our analysis reveals that this membrane-
associated population of protein binds Ca2þ with greater af-
finity compared with solution affinity, and that membrane
association differentiates the calcium sites into two classes.
This model is also consistent with annexins appearing as
Ca2þ-dependent, membrane-binding proteins due to the
observed cooperative Ca2þ-binding response. Before a
Ca2þ influx occurs, the annexin is primarily in solution
and binding of Ca2þ increases the affinity of the protein
for membrane. Thus, the probability of a membrane- and
Ca2þ-bound state of the protein increases. Upon binding
to membrane, the low-affinity Ca2þ sites become high-affin-
ity sites, which also increases the binding probability of
additional low-affinity Ca2þ sites. We propose that this tran-
sition from low affinity (solution) to high affinity (mem-
brane) is the basis of the observed cooperative binding of
annexin to Ca2þ in the presence of membrane. Previous ob-
servations that other calcium-binding proteins have a weak
membrane association in the absence of Ca2þ (36–37) sug-
gest that this proposed model may extend beyond the
annexins.
MATERIALS AND METHODS

All materials and methods used in this work are described in the Supporting

Material.
MODEL

The molecular semigrand canonical partition function that
represents the distribution of molecular states relative to
the ligand-free state is calculated as

Q ¼ �
1þ K0

�
Ca2þ

��5 þ KL½L�
�
1þ K1a

�
Ca2þ

��2

��
1þ K1b

�
Ca2þ

��3
(1)

The solution-state population of Ca2þ is represented by (1þ
K0[Ca

2þ])5, where K0 is the affinity of equal and indepen-
dent Ca2þ-binding sites on annexin. The population of mem-
brane-bound annexin for Ca2þ is KL[L] (1 þ K1a[Ca

2þ])2

(1þ K1b[Ca
2þ])3, where (1þK1a[Ca

2þ])2 reflects a high-af-
finity class of two equivalent and independent Ca2þ-binding
sites of affinityK1a, and (1þK1b[Ca

2þ])3 similarly reflects a
lower-affinity class of three equivalent and independent
Ca2þ-binding sites of affinity K1b. The term KL[L] is the
probability of being in the membrane-associated conforma-
tional state, as KL[L] ¼ [PL]/[P]free. The fractional satura-
tion of annexin with Ca2þ is then represented by all the
terms associated with Ca2þ-ligated sites normalized by all
of the possible states (the partition function). The finding
of five Ca2þ-binding sites is within the range of cation-
ligated states identified for annexin a5 (28). We determined
for annexin a5 in the presence of membrane that the calcium
affinities differentiate. In the presence of membranes
composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC)/1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoserine (POPS) (60:40), we found that annexin a5
displays five cation sites (three low affinity and two high af-
finity). In the absence of membranes, only five low-affinity
sites were found. Furthermore, the number of Ca2þ-binding
Biophysical Journal 104(11) 2437–2447
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sites varied with membrane composition (see ‘‘Extension of
the binding model to a physiological lipid composition’’
below). Annexin a1, likewise, has numerous (six) cation
sites that are differentiated into high and low affinities, albeit
in the absence of membrane (10).

When annexin is titrated with membrane at a fixed Ca2þ

concentration, the resultant apparent binding constant be-
comes a function of Ca2þ concentration (Kapp is calculated
for each fixed Ca2þ concentration). Kapp represents the
switching of the protein from a Ca2þ-bound state in solution
to a Ca2þ- and membrane-bound state. Kapp is expressed in
terms of the different equilibrium constants that describe
Ca2þ binding (K0, K1a, and K1b), the equilibrium constant
that describes lipid binding in the absence of Ca2þ (KL),
and free Ca2þ concentration as

Kapp ¼ KLð1þ K1a½Ca2þ�Þ2ð1þ K1b½Ca2þ�Þ3
ð1þ K0½Ca2þ�Þ5

(2)

It is the evaluation of Kapp from experimental data that
enable the calculation of KL. The interdependence of Kapp

and KL is illustrated in the Supporting Material.
From the partition function (Eq. 1), the affinity of annexin

in its Ca2þ-bound state for membrane [L] may be deter-
mined from Q ¼ [L]/Q*dQ/d[L] (38). Because each lipo-
some is a single binding site per annexin, an independent
site model fits the resultant binding isotherm of

Q ¼ Kapp½L�
1þ Kapp½L� (3)

The fitted value of Kapp from experimental titrations carried
out at saturating or nearly saturating Ca2þ concentrations
(see Fig. 5) allows calculation of KL, as K0 was previously
determined from Fig. 3, and K1a and K1b were determined
from Fig. 4. Thus, KL could be calculated.
FIGURE 3 Results of the titration of 90 mM annexin a5 with Ca2þ at

15�C. Top: (Above) Raw ITC data. (Below) Heat of dilution data (control).

Middle: Integrated heats of binding as a function of ligand/protein ratio.

Bottom: Binding isotherm of fractional saturation as a function of free

[Ca2þ].
RESULTS

The raw data measured during the ITC experiments are
shown in Figs. 3–5 (top panel), where each peak represents
the heat of binding resulting after an injection. The integrated
peak areas are plotted as a function of the ratio between the
total ligand concentration and the total protein concentration
(Figs. 3–5, middle panel). This presentation of data is stan-
dard for ITC experiments (39). Traditionally, binding iso-
therms are plotted in a cumulative manner as a function of
free ligand [X]. Thus, the cumulative heats resulting from
each injection point were normalized to the total heat of the
bound state and plotted as a function of the increasing free
ligand concentration (fractal saturation). Because the resul-
tant heat of each peak is a direct manifestation of production
of the bound state of annexin, by summing all these heats and
normalizing the total heat of the titration after each injection
to the total summed heat of the titration after saturation, we
Biophysical Journal 104(11) 2437–2447
can determine the fractional saturation and then plot it as a
function of free ligand (Figs. 3–5, bottom panel). Free ligand
is calculated by subtracting the total ligand from the bound
ligand as defined by the equilibrium constant (K) and the
number of binding sites (n).



FIGURE 4 Results of the titration of 24 mM annexin a5 with Ca2þ in the

presence of 2 mM total lipid as LUVs made of a 60:40 mixture of POPC/

POPS at 18�C. Top: (Above) Raw ITC data. (Below) Heat of dilution data

(control). Middle: Integrated heats of binding as a function of ligand/protein

ratio. Bottom: Binding isotherm of fractional saturation as a function of free

[Ca2þ].

FIGURE 5 Results of the titration of 30 mM annexin a5 with lipid as

LUVs made of a 60:40 mixture of POPC/POPS in the presence of

0.75 mM Ca2þ at 15�C. Top: (Above) Raw ITC data. (Below) Heat of dilu-

tion data (control). Middle: Integrated heats of binding as a function of

ligand/protein ratio. Bottom: Binding isotherm of fractional saturation as

a function of free [Lipid].
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Ca2D binding by annexin a5 in the absence of
membrane

The titration of annexin a5 with Ca2þ in the absence of
membrane is shown in Fig. 3. Here, the measured heat of
binding was best fit using a simple binding model (see Sup-
porting Material for details) that assumes n0 independent
Ca2þ-binding sites with equal affinity, K0, and equal heat
of binding, DH0 (39). These three parameters were found
Biophysical Journal 104(11) 2437–2447
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by nonlinear least-squares regression to be n0 ¼ 5.0 5 0.4,
K0 ¼ (3.1 5 0.3) � 103 M�1 (KD,0 ¼ 330 5 40 mM), and
DH0 ¼ �2.4 5 0.2 kcal/mole (Table 1).
Ca2D binding by annexin a5 in the presence of
membrane

The titration of annexin a5 with calcium in the presence of
POPC/POPS (60:40) large unilamellar vesicles (LUVs) is
shown in Fig. 4. The increased complexity in these data is
recognizable. The two apparent trends suggest that at least
two heat-exchanging processes occur with heats of opposite
sign. This trend was previously reported in the C2 domains
of protein kinase C with a binding isotherm similar to that
shown in Fig. 4 (35). The measured heat of binding was
best fit using a binding model that assumed two sets of
linked Ca2þ-binding sites (see Supporting Material for
details). In short, we assumed that of the two sets of
Ca2þ-binding sites responsible for these observations, one
consisted of n1a high-affinity K1a sites with endothermic
heat DH1a, and the other consisted of n1b low-affinity K1b

sites and exothermic heat DH1b. Furthermore, the total num-
ber of Ca2þ sites when membrane associated (n1a þ n1b)
was assumed to be conserved (n1a þ n1b ¼ n0) compared
with the number of solution Ca2þ sites (n0). Deconvolution
of the data was achieved by fitting the individual contribu-
tions of each set in an iterative fashion. These results suggest
that there were n1a ¼ 2.0 5 0.1 sites with affinity K1a ¼
(4.1 5 1.2) � 105 M�1 (KD,1a ¼ 2.4 5 1.0 mM) and heat
of binding DH1a ¼ 3.8 5 0.2 kcal/mole (the endothermic,
high-affinity sites), and n1b ¼ 3.0 5 0.1 sites with affinity
K1b ¼ (5.8 5 0.1) � 103 M�1 (KD,1b ¼ 170 5 10 mM)
and heat of binding DH1b ¼ �13.4 5 0.4 kcal/mole (the
exothermic, low-affinity sites; Table 1).
Membrane binding by annexin a5 in the presence
of saturating Ca2D and calculation of membrane
binding in the absence of Ca2D

The titration of annexin a5 with phospholipid membranes
(LUVs composed of a 60:40 mixture of POPC/POPS) in
the presence of Ca2þ is shown in Fig. 5. Note that at the
high Ca2þ concentrations of this titration, only two states
TABLE 1 Binding and thermodynamic parameters for annexin a5 t

Ca2þ binding

Without membrane With membrane, high affinity

N 5.0 5 0.4 2.0 5 0.1

K (M�1) 3100 5 300 410,000 5 120,000

KD (mM) 330 5 40 2.4 5 1.0

DH (kcal/mol) �2.4 5 0.2 3.8 5 0.2

TDS (kcal/mol) 2.2 5 0.2 11.2 5 0.3

DG (kcal/mol) �4.6 5 0.1 �7.4 5 0.2

The reported error represents 95% confidence intervals.
aThe affinity for annexin to bind membrane in the absence of Ca2þ was calcula
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would dominate (annexin a5 in solution saturated with
Ca2þ or membrane-associated annexin a5 saturated
with Ca2þ). We used a model that described membrane
binding as having affinity Kapp and heat of membrane bind-
ing DHapp. Because we handle the stoichiometry of binding
differently when considering binding to a membrane surface
versus binding to small ligands, we incorporated a param-
eter z, which is the average binding stoichiometry of lipids
per protein, instead of the parameter n that we used previ-
ously (see Supporting Material for details). Annexin binds
membrane composed of a 60:40 ratio of neutral to nega-
tively charged lipids in an LUV suspension with an affinity
of Kapp¼ (7.85 0.4)� 104 M�1 (KD,app¼ 135 1.0 mM), a
heat of binding of DHapp ¼ �17.3 5 0.1 kcal/mole, and an
average binding stoichiometry of z ¼ 46.5 5 0.1 lipids per
protein molecule (Table 1). If a lipid has a first ring of six
nearest-neighboring lipids, and then 12 nearest neighbors,
18, 24, etc., then 40–50 lipids/protein corresponds to only
three to four layers of hexagonally packed lipids, which is
consistent with the known size of annexin a5 (40). We car-
ried out carboxyfluorescein efflux studies to ensure that an-
nexin binding of the LUVs did not disrupt the membrane. In
fact, binding instead appears to decrease the permeability of
the membrane (see Supporting Material).

Using Eq. 2, annexin a5’s membrane affinity in the
absence of Ca2þ was calculated to be KL ¼ (2.1 5 0.3) �
101 M�1 (KD,L ¼ 50 5 20 mM). Notice that for a given
Ca2þ concentration, the ratio (1 þ K1a[Ca

2þ])2 (1 þ
K1b[Ca

2þ])3 / (1 þ K0[Ca
2þ])5 would be constant. Because

Kapp is directly proportional to KL, an accurate determina-
tion of KL is dependent on an accurate determination of
Kapp. The fit parameter Kapp is extremely sensitive to the
curvature observed in the data, as shown in the middle panel
of Fig. 5 (see Supporting Material).
Extension of the binding model to a physiological
lipid composition

Annexin a5 generates a heat signal upon ligation of PS but
not PC. Thus, to generate a reasonable signal, we scaled the
PS content up to 40%. Because the lateral distributions of
POPC and POPS are nearly random and relatively similar
when they are bound by annexin (24), we could calculate
itrations with 60:40 POPC/POPS and varying Ca2D

Membrane bindinga

With membrane, low affinity With saturating Ca2þ present

3.0 5 0.1 z ¼ 46.5 5 0.1

5800 5 100 78,000 5 4000

170 5 10 13 5 1

�13.4 5 0.4 �17.3 5 0.1

�8.5 5 0.4 �10.9 5 0.1

�4.9 5 0.1 �6.4 5 0.1

ted to be KL ¼ (2.1 5 0.3) � 101 M�1 (KD,L ¼ 50 5 20 mM).
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the affinities of annexin a5 for other ratios of POPS/POPC
from the partition function (Eqs. 1 and 2). We then carried
out ITC experiments with levels of PS such as those found
at the inner leaflet of the plasma membrane (~20%), but
by using the same partition function approach (to represent
all the annexin a5 states), we could analyze the consequently
smaller and noisier signal (Fig. 6, left). A reduction in the
acidic lipid content would consequently reduce the binding
affinity, but if the total lipid content were increased to main-
tain the same exposed PS concentrations, the same affinity
of Ca2þ-saturated annexin a5 for POPC/POPS (80:20)
would be predicted, and indeed, that is what we found
(Fig. 6, left, and Table 2). The number of Ca2þ sites (n) var-
ied with the lipid composition. Annexin a5 and Ca2þ were
incubated together and POPC/POPS (80:20) was injected
into this suspension to define the Kapp. This titration had a
FIGURE 6 (A) Results of the titration of 24 mM annexin a5 with Ca2þ in

the presence of 2 mM total lipid as LUVs made of a 60:40 mixture of

POPC/POPS at 18�C (solid black circles). Results of the titration of

30 mM annexin a5 with Ca2þ in the presence of 4 mM total lipid as

LUVs made of a 80:20 mixture of POPC/POPS at 18�C (solid cyan circles).

Top: (Upper Frame) Raw ITC data from the titration of 30 mM annexin a5

with Ca2þ in the presence of 4 mM total lipid made of a mixture of 80:20

POPC/POPS at 18�C. (Lower Frame) Heat of dilution data (control).

Bottom: Integrated heats of binding displayed as a function of ligand/

protein ratio of annexin a5 with Ca2þ in the presence of 2 mM total lipid

made of a mixture of 60:40 POPC/POPS (solid black circles) and in the

presence of 4 mM total lipid made of a mixture of 80:20 POPC/POPS (solid

cyan circles). (B) Results of the titration of 30 mM annexin a5 with lipid as

LUVs made of a 60:40 mixture of POPC/POPS in the presence of 0.75 mM

Ca2þ (solid black circles) at 15�C. Results of the titration of 20 mM annexin

a5 with lipid as LUVs made of a 80:20 mixture of POPC/POPS in the

presence of 2 mM Ca2þ (solid cyan circles) at 15�C. Top: (Upper Frame)
Raw ITC data from the titration of 20 mM annexin a5 with lipid composed

of a mixture of 80:20 POPC/POPS in the presence of 2 mM Ca2þ at 15�C.
(Lower Frame) Heat of dilution data (control). Bottom: Integrated heats of

binding displayed as a function of ligand/protein ratio of both annexin a5

with lipid composed of a 60:40 POPC/POPS mixture (solid black circles)

and 80:20 POPC/POPS mixture (solid cyan circles) in the presence of

0.75 mM and 2 mM Ca2þ, respectively.
consequently more muted curvature and heat response
compared with the equivalent titration with 60:40 POPC/
POPS because fewer PS molecules were distributed under
each annexin a5 molecule due to the reduced amount of
PS bound by each annexin (Fig. 6, right). The number of
lipids bound by annexin (z) also varied with the lipid
composition.
DISCUSSION

Ca2þ stimulates the membrane association of annexin
(5,11,14,19–20,41–47). The model we propose is consistent
with all of these observations, and suggests that there is a
dynamic redistribution of protein conformational states
upon Ca2þ influx (48–49). We have simplified this redistri-
bution in our model to switching primarily between two
conformational states: one free in solution and one mem-
brane bound. We assume two states to represent two popu-
lations of conformers (48). This simplification allows us to
describe the binding process in terms of a minimal number
of binding constants.

The binding model we present is a type of allosteric tran-
sition, a theme common to biological function (48,50–54).
A cooperative response in such a model is due to redistribu-
tion of the protein’s conformational states, where the basal
state (ligand-free conformation of the protein) that predom-
inates is the solution state. There also exists a lower-proba-
bility but higher-affinity conformation for ligand (Ca2þ) that
is the membrane-associated state. Both states have multiple
binding sites for the ligand (Ca2þ). Similarly to most glob-
ular proteins, annexin a5 is in dynamic conformational equi-
librium (49), and even in the absence of Ca2þ, some of the
conformations will weakly associate with the membrane
(25,35). The conformational change need not be a gross
change in the structure of the protein—sometimes a subtle
redistribution of conformers will suffice (28). It is important
to note that our thermodynamic findings cannot (and do not)
provide specific structural mechanistic details about the
conformational change. Rather, they serve to illustrate the
functional details of a possible mechanism, i.e., the annexin
a5 binding response. Annexins have the ability to undergo
dramatic conformational changes in the presence and
absence of Ca2þ under both extreme and near-physiological
conditions (12,55–57). The surprisingly low-heat-capacity
change of some annexins measured in denaturation experi-
ments (9) is also consistent with a structural malleability
and potential for allosterism.

This annexin-binding response may be visualized
traversing either side of the thermodynamic cycle (Fig. 1).
The probability of annexin a5 binding Ca2þ in solution at
physiological conditions is very low due to its KD of 330
mM (see Table 1). During a Ca2þ influx, assuming a peak
Ca2þ level of ~10–20 mM, <3–5% of annexin would be
bound in solution. This binding step is weakly favorable
from both an enthalpic and an entropic standpoint. The
Biophysical Journal 104(11) 2437–2447



TABLE 2 Binding and thermodynamic parameters for annexin a5 titrations with 80:20 POPC/POPS and varying Ca2D

Ca2þ binding Membrane bindinga

With membrane, high affinity With membrane, low affinity With saturating Ca2þ present (2 mM)

N 3.0 5 0.1 10.0 5 0.7 z ¼ 56.6 5 0.4

K (M�1) 500,000 5 193,000 970 5 70 13,500 5 680

KD (mM) 2.0 5 1.0 1000 5 80 74 5 3

DH (kcal/mol) 1.5 5 0.1 �7.3 5 0.8 �13.30 5 0.09

TDS (kcal/mol) 9.1 5 0.2 �3.3 5 0.8 �7.85 5 0.09

DG (kcal/mol) �7.6 5 0.2 �4.0 5 0.1 �5.44 5 0.02

The reported error represents 95% confidence intervals.
aThe affinity for annexin to bind membrane in the absence of Ca2þ was calculated to be KL ¼ (1.6 5 0.3) � 101 M�1 (KD,L ¼ 60 5 30 mM).
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entropic contribution may stem from the liberation of waters
of hydration and associated ions of Ca2þ upon chelation. On
this path of the thermodynamic cycle, annexin a5 binds
Ca2þ and then membrane. The Ca2þ-bound annexin a5 is
primed to interact with acidic membranes, as evidenced
by the large, favorable enthalpic contribution to binding.
When 80:20 POPC/POPS liposomes were titrated into satu-
rating Ca2þ, the enthalpic contribution to binding was
reduced because less PS is probable under each annexin in
comparison with the analogous 60:40 POPC/POPS titration
(Fig. 6; compare Table 1 and Table 2). Interestingly, the
entropic contribution is very unfavorable for this step
whether the ratio is 60:40 or 80:20, which is surprising
considering that membrane ligation would be predicted to
be highly entropically driven due to its associated waters
and ions. This Ca2þ-primed annexin may lose its conforma-
tional pliability upon membrane binding (28), but gain
membrane-binding specificity. It is the higher affinity of
Ca2þ-bound annexin a5 for membrane compared with the
relatively low affinity of annexin a5 for Ca2þ alone that
then drives the protein to its fully bound state. We conclude
that the membrane-bound conformer of the protein is sensi-
tive to membrane composition based on a comparison of the
Ca2þ-bound, membrane-binding step of annexin a5 for
POPC/POPS (60:40) and POPC/POPS (80:20). The coupling
of membrane composition to Ca2þ ligation is apparent by the
greater number of Ca2þ sites induced by the presence of
POPC/POPS (80:20) and hence the need for more Ca2þ to
saturate the protein compared with POPC/POPS (60:40).
Membrane composition thus altered both the number of
lipids bound (z) and the number of Ca2þ sites (n), suggesting
a membrane-based responsiveness of annexin a5 in the
coupling of Ca2þ and membrane binding.

This coupling of Ca2þ binding to membrane composition
also becomes apparent by traversing the other leg of the ther-
modynamic cyclewhere membrane and then Ca2þ are bound
(Fig. 1). Upon the low-probability event of membrane liga-
tion, the protein now differentiates its Ca2þ-binding
response such that there are both high and lowCa2þ affinities
within the protein compared with the undifferentiated solu-
tion-state affinities for Ca2þ. This differentiation is depen-
dent on membrane composition, with two high-affinity and
Biophysical Journal 104(11) 2437–2447
three low-affinity Ca2þ-sites in the presence of POPC/
POPS (60:40), and three high-affinity and 10 low-affinity
Ca2þ-sites in the presence of POPC/POPS (80:20). This
membrane-bound-dependent differentiation in Ca2þ binding
extends to its distinct thermodynamic profile, as the high-
Ca2þ-affinity state is now entropically driven because it is
endothermic with either membrane composition and
increasingly endothermic with PS density (Fig. 6; Tables 1
and 2). Although there are numerous low-affinity Ca2þ sites
that, similarly to solution-state binding, are exothermic, it is
the higher-affinity, entropically driven, membrane-bound
state that shifts the equilibrium to bind both Ca2þ and mem-
brane. The total PS available during the 80:20 POPC/POPS
titrations was conserved with that of the 60:40 POPC/POPS
liposomes by increasing the total lipid concentration. The
resultant measured free energies of Ca2þ binding in the pres-
ence of membrane were thus approximately the same for
either lipid composition. Between these experiments, the to-
tal PS content was conserved but the binding stoichiometry
differed. Thus, we conclude that it is the distribution of
acidic lipids, and not the acidic lipid content, to which an-
nexin responds with differential membrane sensitivity to
Ca2þ. Each injection point and resultant heat in ITC is a rep-
resentation of the dynamic equilibrium in which both sides
of the thermodynamic cycle are represented when both
Ca2þ and membrane are present. Therefore, both sides of
the thermodynamic cycle are represented in the binding pro-
file and in the partition function used to analyze the data and
deconvolute the probability of either path.

To illustrate this interdependence of binding that arises
from weak membrane association and results in cooperative
calcium ligation, we plotted the fraction of each ligated pro-
tein state (free, bound to Ca2þ in solution, bound to Ca2þ

and membrane, or bound only to membrane) in Fig. 7.
The experimentally derived association constants used
were for a membrane consisting of POPC/POPS (60:40)
LUVs (Table 1). The total membrane concentration was
fixed to create three different scenarios: low concentration,
high concentration, and experimental concentration
(Fig. 7, top, middle, and bottom panels, respectively).
Within each distribution plot of the above membrane con-
centrations, the fraction of each protein species was plotted
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as a function of Ca2þ. Upon an increase in the Ca2þ concen-
tration, the protein redistributed between solution and mem-
brane-associated states to varying degrees. If the initial
membrane association in the absence of Ca2þ was too
weak, such as when the membrane concentration was low
(e.g., 0.02 mM total lipid, as in Fig. 7, top panel), the protein
remained predominantly in the solution state even at high
concentrations of Ca2þ (i.e., calcium and membrane did
not link up). If the lipid concentration was high (e.g.,
200 mM total lipid, as in Fig. 7, middle panel), the protein
FIGURE 7 Distribution of all possible states of annexin a5 as a function

of increasing concentrations of Ca2þ. Solid line: ligand-free protein; dotted
line: Ca2þ-bound protein; dashed line: lipid-bound protein; dot-dashed line:
Ca2þ and lipid-bound protein. (Top) Distributions calculated using the bind-

ing constants in Table 1 for 24 mM annexin a5 assuming a total lipid con-

centration of 0.02 mM. (Middle) Distributions similarly calculated for

24 mM annexin a5 assuming a total lipid concentration of 200 mM.

(Bottom) Distributions similarly calculated for 24 mM annexin a5 in the

presence of 2 mM total lipid.
was initially bound predominantly to membrane and re-
mained that way (though also bound to Ca2þ). The binding
of Ca2þ in either case was not cooperative.

The total membrane concentration at which our experi-
mental results (Fig. 4) were obtained resides between these
two scenarios of low and high membrane concentrations
(2 mM total lipid or 400 mM exposed PS, as in Fig. 7, bottom
panel). This creates an exquisitely sensitive response, as evi-
denced by the redistribution of the protein over a very small
concentration range of Ca2þ from being only Ca2þ-bound in
solution to being both Ca2þ-bound and membrane-bound
(see Fig. 4, bottom panel, for membrane- and Ca2þ-bound
states). Note that the fraction of protein associated with
the membrane in the absence of Ca2þ is not very significant
(~2%; see Fig. 7, bottom panel, dashed line y-intercept), yet
the switch between being bound to Ca2þ in solution or
bound to both membrane and Ca2þ is strongly modulated
by this slight Ca2þ-free membrane association. We suggest
that this switch is physiologically relevant because it pro-
vides a sensitive means of communicating binding
information.

To further illustrate the sensitivity of how weak mem-
brane association conveys cooperativity, the binding iso-
therms of Figs. 3 and 4 (bottom panels) are overlapped in
Fig. 8. The impact of membrane association becomes
apparent as membrane-associated annexin a5 is saturated
with Ca2þ at lower Ca2þ concentrations compared with
the solution state. The Ca2þ saturation exhibits the classic
lag and rise of a cooperative binding process. At a small
Ca2þ concentration of 100 mM, the fractional saturation of
the protein changes from only 20% for solution-state protein
to 40% when in the presence of membrane. This is very
similar to our previous finding with annexin a5 utilizing
the Ca2þ mimic Tb3þ (28). The primary differences be-
tween this work and the previous work are the protein-cation
affinity (K0) resulting from the fits, the differentiation of the
membrane-associated affinities for cation (K1 to K1a and
FIGURE 8 Overlay of the binding isotherms for Ca2þ binding to annexin

a5 in the solution state (dotted line) and membrane-bound state (solid line,

[L] ¼ 2 mM).

Biophysical Journal 104(11) 2437–2447
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K1b), and the protein/lipid ratios. The first difference may be
due to the greater charge density of Tb3þ compared with
Ca2þ, which is the result of having a similar ionic radius
but higher charge. The second difference reflects differences
in the sign of the heats of interaction upon Ca2þ ligation re-
vealed here by ITC. The third is due to an underestimation
of the protein/lipid ratio (20 lipids/protein), which led to an
overestimation of the KL in the previous work, as an under-
estimation of the protein/lipid ratio leads to a resultant
greater concentration of free lipid remaining after protein
is bound. In this study, using ITC to directly define the z
term of protein/lipid stoichiometry enabled us to define
the KL term more accurately.
CONCLUSIONS

For annexin a5, whether in the solution state or the mem-
brane-bound state, binding of Ca2þ is independent (the bind-
ing of oneCa2þ does not impact the binding of anotherCa2þ).
However, the conformers of membrane-associated annexin
have a greater affinity for Ca2þ compared with the solu-
tion-state conformers of the protein. Because the mem-
brane-bound state of the protein has a greater affinity for
Ca2þ than does the solution-state protein, upon Ca2þ influx,
the membrane bound state binds Ca2þwith greater probabil-
ity. Thus, the membrane-associated (but Ca2þ-free) popula-
tion of protein is depleted upon addition of Ca2þ. This state
then becomes repopulated by a shift in equilibrium, giving
the appearance of an initial lag in Ca2þ binding (due to shift-
ing and replenishing; Fig. 8). If the protein is mostly or
completely membrane bound, an independent (hyperbolic-
shaped) Ca2þ binding response will result, and binding will
occur with the higher affinity of this membrane-associated
state. However, if a relatively small population of the protein
is membrane-associated (in the initial absence of Ca2þ), a
cooperative Ca2þ binding profile will result. Upon Ca2þ

influx, the protein will transition from an unbound to bound
state over a much smaller concentration range of Ca2þ than
is found in an independent Ca2þ-binding site scenario. This
cooperative response is possible only if themembrane-bound
state of the protein is populated to a relatively low extent in
the absence of Ca2þ. Thus, weak membrane association in
the absence of Ca2þ is one means of achieving a cooperative
(switch-like) binding response for the peripheral membrane
protein annexin a5.
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