
Measurement of the binding parameters of annexin derivatives-
erythrocyte membrane interactions

Tzu-Chen Yen*,1, Shiaw-Pyng Wey†,1, Chang-Hui Liao‡, Chi-Hsiao Yeh§, Duan-Wen
Shen||, Samuel Achilefu||, and Tze-Chein Wun*,¶,2
* Department of Nuclear Medicine and Molecular Imaging Center, Chang Gung Memorial Hospital
and Chang Gung University School of Medicine, Taoyuan 333, Taiwan
† Graduate Institute of Medical Physics and Imaging Science, Chang Gung University, Kweishan,
Taoyuan 333, Taiwan
‡ Graduate Institute of Natural Product, Chang Gung University, Kweishan, Taoyuan 333, Taiwan
§ Division of Thoracic and Cardiovascular Surgery, Chang Gung Memorial Hospital, Keelung 204,
Taiwan
|| Department of Radiology, Washington University School of Medicine, 4525 Scot Avenue, St.
Louis, MO 63110, USA
¶ EVAS Therapeutics, LLC, 613 Huntley Heights Drive, Ballwin MO 63021, USA

Abstract
Erythrocyte ghosts prepared from fresh blood expressed phosphatidylserine (PS) on the membrane
surfaces in a rather stable fashion. The binding of fluorescein-5-isothiocyanate (FITC)-labeled
Annexin V (ANV) derivatives to these membranes were studied by titration with proteins and with
calcium. Whereas pre-addition of EDTA to reaction mixtures totally prevented membrane binding,
Ca++-dependent binding was only partially reversed by EDTA treatment, consistent with an initial
Ca++ dependent binding which became partially Ca++ independent. Data derived from saturation
titration with ANV derivatives poorly fit simple protein-membrane equilibrium binding equation
and showed negative cooperativity of binding with increasing membrane occupancy. In contrast,
calcium titration at low binding site occupancy resulted in excellent fit into protein-Ca++-
membrane equilibrium binding equation. Calcium titrations of FITC-labeled ANV and ANV-6L15
(a novel ANV-Kunitz protease inhibitor fusion protein) yielded Hill coefficient of approximately 4
in both cases. The apparent dissociation constant for ANV-6L15 was about 4-fold lower than that
of ANV at 1.2–2.5 mM Ca++. We propose that ANV-6L15 may provide improved detection of PS
exposed on the membrane surfaces of pathological cells in vitro and in vivo.
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INTRODUCTION
Phosphatidylserine (PS3) is one of the four major phospholipids in the plasma membranes of
mammalian cells, comprising 8–15 % of the total phospholipids content. In normal cells, PS
is exclusively sequestered in the inner layer of the plasma membrane together with most of
the phosphatidylethanolamine (PE), whereas the outer layer is mainly composed of
phosphatidylcholine (PC) and sphingomyelin [1–3]. Apoptotic cell death, cell senescence,
cell activation, oxidative stress, and cell damage can all lead to exposure of PS on cell
membrane surfaces and shed microparticles. Ability to detect PS exposure on pathological
cells can provide important information in the diagnosis and treatment of various diseases
[1].

The Annexins are a family of proteins that share the property of calcium-dependent binding
to PS-expressing membranes [4–6]. Annexin V (ANV) is a typical member of the family
which has been widely used for detection of PS-expressing cells by confocal microscopy
and flow cytometry [7–11]. ANV is also being developed as a diagnostic agent to detect cell
death in vivo in cancer chemotherapy, organ transplant rejection, and myocardial infarction
[12–15]. Early work showed that ANV bound to model membranes containing 20 % PS-80
% PC with an estimated dissociation constant (Kd) of < 10−10 M at physiological
concentration of Ca++ [16,17]. Subsequent studies of ANV binding to various cell types by
classical saturation titration assays had produced widely different Kd values ranging from
2.1 × 10−11M to 2.5 × 10−8 M [18–22]. Thus, the real affinity of ANV binding to PS-
expressing cells remained imprecisely defined. Tait et al. recently developed a calcium
titration method for the measurement of the affinity and cooperativity of ANV-Ca++-
membrane binding [23]. The binding of ANV to preservative-treated blood cells was titrated
with Ca++ such that < 3% of the membrane binding sites was occupied throughout the
titration. This experimental approach circumvented the problems of classical saturation
titration in which heterogeneous binding events might occur due to acidic phospholipid
segregation [24–26], protein clustering [27,28], and alterations in membrane shape and
rigidity [29,30] at high membrane occupancy. Using this method, Tait et al. obtained a
drastically different set of binding parameters by non-linear least squares fit of the
equilibrium binding equation. However, this original calcium titration method estimated the
membrane-bound ANV after washing of cells and treatment with EDTA to release the
bound ANV. It was not clear whether cell washing significantly perturbed the binding
equilibrium and whether EDTA released the bound ANV completely. In an effort to
establish valid methods for quantifying the affinity constants of various ANV derivatives for
cell membranes, we revisited the issues and investigated the binding of ANV derivatives to
erythrocyte ghosts by classical saturation titration assay and by a modified calcium titration
method. We found that erythrocyte ghosts prepared from fresh blood appeared to offer
significant advantages over other cell systems since these membranes express PS at higher
levels and in a more stable fashion. We discovered that Ca++ dependent binding of ANV
derivatives to erythrocyte ghosts was abolished by co-treatment with EDTA, but was only
partially reversed by post-treatment with EDTA. This new finding necessitated a
modification of the original calcium titration method to measure the membrane-bound ANV
derivatives. We further showed that saturation titration data poorly fit simple protein-
membrane equilibrium binding equation. In contrast, calcium titration at low membrane
binding site occupancy (≤ 2% saturation) provided excellent fit of the ANV-Ca++-
membrane equilibrium binding equation and allowed us to calculate various binding
parameters. Using this new assay system, we compared the binding parameters of ANV with
those of ANV-6L15, a fusion protein consisting of an ANV domain and a Kunitz-type

3Abbreviations used: ANV, annexin V; FITC, fluorescein 5-isothiocyanate; PS, phosphatidylserine; ACD, acid-citrate-dextrose; TBS,
Tris buffered saline; EDTA, ethylenediaminetetraacetic acid.
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protease inhibitor domain that inhibited tissue factor/factor VIIa with high potency [31]. We
found that the Kd for ANV-6L15 was about 4-fold lower than that of ANV at physiological
concentrations of ionized Ca++, suggesting that ANV-6L15 bound to PS-expressing cells
with stronger affinity than ANV.

MATERIALS AND METHODS
Expression, purification, and FITC labeling of recombinant ANV and ANV-6L15

E. coli BL21(DE3)pLysS and the expression vector pET20b(+) (Novagen, Medison, WI)
were used for the expression of recombinant ANV and ANV-6L15, and the recombinant
proteins were purified as described before [31]. The purified proteins were labeled with
FITC (Pierce, Rockford IL) by the following protocol: ANV or ANV-6L15 (50 μM) was
incubated with FITC (250 μM) for 1 h at room temperature (r.t.) in 100 mM Na-borate, pH
9.0. The reaction mixture (1 ml) was quenched by adding 0.1 ml of 1 M glycine and
dialyzed extensively against TBS buffer (20 mM Tris, pH 7.4, 150 mM NaCl). The labeled
proteins were quantitated by Bradford protein assay (BioRad, Hercules CA) using unlabeled
proteins as standards and the amount of fluorescein quantitated by absorbance reading at 494
nm using E494 =80,000. This procedure resulted in FITC:protein (F:P) labeling ratios of 0.37
and 0.76 mol/mol for ANV-FITC and ANV-6L15-FITC, respectively, and the conjugates
were designated by subscripts as ANV-FITC0.37 and ANV-6L15-FITC0.76. ANV-FITC with
higher F:P ratios (1.3 and 2.4) were obtained by labeling ANV with 1000 μM FITC or N-
hydroxysuccinimide-fluorescein. Calcium titrations using ANV-FITC1.3 yielded similar
binding parameters as those using ANV-FITC0.37. However, titrations using ANV-FITC2.4
showed higher Kd values, suggesting that the membrane binding affinity decreased when the
F:P ratio increased to 2.4. ANV-FITC0.37 and ANV-6L15-FITC0.76 were used for calcium
titration in this study.

Preparation of erythrocyte ghosts
Erythrocyte ghosts were prepared from ACD blood or preserved blood (4C Plus Control or
5C control, Beckman-Coulter, Miami, FL) by repeated hypo-osmotic lysis. Ten ml of blood
was dispensed into 2-ml microfuge tubes in 0.5 ml aliquots and centrifuged at 13,000 rpm
for 5 min at r.t. The supernatant plasma was discarded. De-ionized water (1.8 ml) was then
added to each tube containing the cell pellet. The tubes were vortexed for 50 sec., incubated
in a 37°C bath for 45 min, and centrifuged at 13,000 rpm for 5 min at r.t. TBSA (TBS buffer
containing 1 mg/ml BSA and 0.02% NaN3) was added to each cell pellet to a final volume
of 2 ml to re-suspend the cells. The tubes were vortexed, incubated at 37°C, and centrifuged
as above. De-ionized water (1.8 ml) was added to each cell pellet to lyse the cells again. The
tubes were vortexed, incubated at 37°C, and centrifuged as above. TBSA (1.8 ml) was then
added to each cell pellet to re-suspend the cells. The cells were then left at 4 °C overnight.
After centrifugation, the cell ghosts were pooled, re-suspended in a final volume of 10 ml
TBSA, and stored at 4°C. A Coulter Z1 dual threshold model was used to determine cell
count using the setup [TU35fl, TL30fl, >TU] for red cell ghosts. Stocks of erythrocyte
ghosts (2.8 × 108 cells/ml) were stored at 4 °C in TBSA. The cell counts of the stocks did
not change over a 3-month storage period.

Confocal microscopy of preserved blood cells and erythrocyte ghosts
4C Plus Control, 5C Control, and erythrocyte ghosts were diluted 200 fold into HBSA
buffer [10 mM Hepes, pH 7.4, 137 mM NaCl, 4 mM KCl, 0.5 mM MgCl2, 0.5 mM
NaH2PO4, 0.1 % D(+)-glucose, 0.02 % NaN3, 0.1 % BSA] containing 2.5 mM CaCl2 and 50
nM ANV-FITC. The mixtures were incubated at r.t. for 1 h followed by centrifugation at
13,000 rpm for 3 min to pellet the cells. The cell pellets were washed once by suspending in
an equal volume of HBSA-2.5 mM CaCl2. The washed cell samples were drop onto Lab-
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Tek 8-chamber slides (Nunc Inc. Rochester, NY) and sealed with a coverslip and nail polish.
The samples were examined under a Olympus confocal laser scanning microscope (FV1000)
using a 20× objective lens and excitation/emission filters 488/510–560 nm.

Flow cytometric analysis of preserved blood cells and erythrocyte ghosts
5C Control cells or erythrocyte ghosts were diluted to about 5 × 106 cells/ml in HBSA
buffer containing 2.5 mM CaCl2 and 50 nM ANV-FITC. The samples were incubated at r.t.
for 30 min and aliquots were aspirated into a FACSCalibur (Becton-Dikinson) for flow
cytometric analysis (excitation 488 nm, emission filter 530±30 nm).

Saturation binding of ANV derivatives to erythrocyte ghosts
A 1:200 dilution of the ghosts was mixed with 1–256 nM FITC-labeled ANV derivatives at
2-fold increasing concentrations in 1.5-ml microfuge tubes containing 0.4 ml of TBSA
buffer supplemented with 1.25 mM, 2.5 mM or 5 mM CaCl2. A separate set of microfuge
tubes contained 0.4 ml of the same mixtures but were supplemented with 50 μl of 0.5 M
EDTA to prevent the binding of FITC-labeled proteins to the erythrocyte ghosts. After
incubation for 40 min at r.t., all the reaction mixtures were centrifuged at 13,000 rpm for 10
min to separate the free- and the cell-bound FITC-labeled proteins. Duplicate samples of
supernatants (160 μl from mixtures with Ca++ and 180 μl from mixtures with EDTA) were
transferred into a black 96-well plate. The wells with 160 μl supernatants were added 20 μl
of 0.5 M EDTA so that all the sample wells had the same buffer composition. Fluorescence
measurements were carried out using a fmax microplate reader (Molecular Device,
Sunnyvale, CA) with excitation/emission at 485/538 nm. Fluorescence was read 4 times and
the average values were used for calculating the concentrations of free- and bound- FITC-
labeled ligands.

The binding reaction between the proteins and the membrane binding sites was analyzed
according to the following model:

eq. (1)

where Kd was the equilibrium constant of the dissociation reaction.

Equation (1) could be transformed into equation (2)

eq. (2)

where [Protein]bound was the concentration of protein bound to the membrane, [Protein]free
was the concentration of free protein, and Bmax was the maximum concentration of
membrane-bound protein at saturation. Non-linear least-squares analysis using the Solver
function of Microsoft Excel [32] was performed to determine the fit of equation (2).

Effects of Ca++ and EDTA on the binding of ANV-FITC and ANV-6L15-FITC to erythrocyte
ghosts

The distribution of fluorescence after incubation of erythrocyte ghosts with ANV-FITC or
ANV—6L15-FITC was determenied as follows. Erythrocyte ghosts (7.1×106 cells/ml in
TBSA-1.25mM CaCl2) were centrifuged at 13,000 rpm for 10 min. Aliquot of the
supernatant (380 μl) was mixed with 20 μl of 40 nM ANV-FITC or ANV-6L15-FITC so
that the final concentration of ANV-FITC was 2 nM. Duplicate samples (160 μl) of the
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supernatant were each mixed with 20 μl of 0.5 M EDTA for fluorescence reading. The
reading was taken as 100% fluorescence in solution phase control. ANV-FITC or
ANV-6L15-FITC (2 nM) and erythrocyte ghosts (7.1×106 cells/ml) in 400 μl TBSA-1.25
mM CaCl2 was mixed with 50 μl of 0.5 M EDTA, incubated for 40 min at r.t., and
centrifuged at 13,000 rpm for 10 min. Duplicate samples (180 μl) of the supernatant were
taken for fluorescence reading. The reading was taken as the fluorescence remained in the
solution phase after incubation in the presence of EDTA. A mixutre of ANV-FITC or
ANV-6L15-FITC (2 nM) and erythrocyte ghosts (7.1×106 cells/ml) in 400 μl of TBSA-1.25
mM CaCl2 was incubated at r.t. for 40 min (c), 80 min (d), 4 h (e), and 22 h (f), respectively.
The reaction mixtures were centrifuged as above and duplicate samples (160 μl) of the
supernatant were each mixed with 20 μl of 0.5 M EDTA for fluorescence reading. The
reading was taken as the unbound flourescence. Each cell pellet was re-suspended in 400 μl
TBSA plus 50μl 0.5 M EDTA, incubated and centrifuged as above. Duplicate samples (180
μl) of the supernatant were taken for fluorescence reading. The reading was taken as the
flourescence in the EDTA-extracted phase. The flourecence in the EDTA-resistant
membrane phase was calulated by sustracting the flourescence in solution phase and
flourescence in EDTA extracted phase from the 100% fluorescence in solution phase
control.

Calcium titration assay: The binding model
The binding reaction between calcium ions, ANV derivatives, and membrane binding sites
was analyzed according to the model described by Tait et al. [23].

eq. (3)

where K was the equilibrium constant of the dissociation reaction.

When the concentrations of free and bound protein were equal, and Equation (3) reduced to

eq. (4)

eq. (5)

where EC50 is the free calcium concentration at which half of the protein was bound to the
membrane and [Membrane] was the concentration of membrane binding sites [m]. [m] could
be estimated by measuring the amount of ANV derivatives bound at saturating concentration
of Ca++ (15 mM). If the reaction were highly cooperative with respect to calcium, the Hill
coefficient (N) would be nearly the same as the calcium binding stoichiometry n. The
binding parmeters EC50 and N could be determined by fitting the calcium titration data to
the following equation, which could be derived from Equations (3) and (4):

eq. (6)

where B is the amount of protein bound at a given calcium concentration, Bmax is the
amount of protein bound at saturating calcium concentrations. Fits were performed by non-
linear least-squares analysis using the Solver function of Microsoft Excel [32]. The apparent
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dissociation constant at a fixed calcium concentration, Kapp, can be calculated from the

following equation: .

Calcium titration was carried out as follows. Stock solutions of TBSA, TBSA-8 mM CaCl2,
TBSA-40 nM ANV- FITC or TBSA-40 nM ANV-6L15-FITC, and TBSA-erythrocyte
ghosts were mixed in appropriate proportions in sixteen 1.5-ml microfuge tubes such that
each reaction mixture contained 0.4 ml TBSA, 2 nM FITC-proteins, 7.1 × 106 cells/ml
erythrocyte ghosts, and varied concentrations of CaCl2 (0–3 mM). Under this reaction
condition, less than 2.1 % of membrane binding sites [m] were occupied throughout
titration. A separate set of microfuge tubes contained 0.4 ml of the same mixtures but were
supplemented with 50 μl of 0.5 M EDTA to prevent the binding of FITC-labeled proteins to
erythrocyte ghosts. After incubation for 40 min at r.t., all the reaction mixtures were
centrifuged at 13,000 rpm for 10 min to separate the free- and the cell-bound FITC-labeled
proteins. Duplicate samples of supernatants (160 μl from mixtures with Ca++ and 180 μl
from mixtures with EDTA) were transferred into a black 96-well plate. The wells with 160
μl supernatants were added 20 μl of 0.5 M EDTA so that all the sample wells had the same
buffer composition. Fluorescence measurements were carried out using a SpectraMax® M5
microplate reader (Molecular Device, Sunnyvale, CA) with excitation/emission/cutoff at
485/538/530 nm). Fluorescence was read 4 times and the average values were used for
calculating the B/Bmax values according to the following equation:

where FE was the fluorescence intensity remained in the supernatant of EDTA-
supplemented reaction mixtures; FCa was the fluorescence intensity remained in the
supernatants of reaction mixtures with varying concentration of Ca++; and Fm was the
fluorescence intensity remained in the supernatants of reaction mixtures that showed
maximal binding. Under the above experimental condition, maximal binding was reached at
1.5–3 mM Ca++ for both ANV-FITC and ANV-6L15-FITC.

RESULTS
Comparison of the binding of ANV-FITC to preservative-treated blood cells and
erythrocyte ghosts

A preservative-treated human blood, 4C Plus Cell Control (Beckman-Coulter) was proposed
for routine study of ANV-Ca++-membrane binding [23]. We compared the binding of ANV-
FITC to 4C Plus Control, 5C Control (Beckman-Coulter), and erythrocyte ghosts prepared
from preservative-treated blood and freshly collected ACD blood using fluorescence
confocal microscopy. Fig. 1(A) showed that relatively few blood cells in un-expired 4C Plus
Control were fluorescently labeled by ANV-FITC, suggesting that only a small number of
erythrocytes in the sample expressed PS. Fig. 1(B) showed that a larger percentage of
erythrocytes were fluorescently labeled by ANV-FITC after 5C Control had been stored at 4
°C for 6 months. Fig. 1(C) showed that erythrocyte ghosts prepared from 5C Control were
fluorescently labeled by ANV-FITC more intensely than those in Fig. (A) and (B).
However, many fluorescently labeled microparticles, possibly derived from fragmented
cells, were present. Fig. 1(D) showed that virtually all the erythrocyte ghosts prepared from
fresh ACD blood were fluorescently labeled by ANV-FITC, and very few cell fragments
were present. Flow cytometric analysis of various preparations of blood cells and ghosts was
also carried out. Fig. 2(A) showed that 5C Control that had been aged 11 months had a
normal FSC-H/SSC-H plot (erythrocytes in R1; lymphocytes in R2; neutrophils in R3)
[panel a], and had moderate cell-associated fluorescence in 2.5 mM Ca++ [panel b] and low
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cell-associated fluorescence in 1.25 mM Ca++ [panel c]. Fig. 2(B) showed that cell ghosts
prepared from 5C Control that had been aged 1 month had large amount of cell fragments in
FSC-H/SSC-H plot [panel a], and had high cell-associated fluorescence in 2.5 mM Ca++

[panel b] and moderate cell-associated fluorescence in 1.25 mM Ca++ [panel c]. Fig. 2(C)
showed that cell ghosts prepared from 5C Control that had been aged 11 month had even
larger amount of cell fragments in FSC-H/SSC-H plot [panel a], and had moderate cell-
associated fluorescence in 2.5 mM Ca++ [panel b] and very low cell-associated fluorescence
in 1.25 mM Ca++ [panel c]. Fig. 2(D) showed that ghosts prepared from fresh ACD blood
had very few cell fragments in FSC-H/SSC-H plot [panel a], and had higher cell-associated
fluorescence [panels b and c] than those in Fig. 2(A), (B), and (C). Thus, results from
fluorescence confocal microscopy and flow cytometry analysis together indicated that
erythrocyte ghosts prepared from fresh ACD blood expressed PS to higher levels and were
less heterogeneous in size and binding of ANV-FITC compared with preserved blood cells
and ghosts prepared from them. Therefore, erythrocyte membranes prepared from fresh
blood appeared better suited for ANV binding studies.

Determination of maximum membrane binding sites [m] on erythrocyte ghosts
FITC-labeled proteins were incubated with erythrocyte ghosts at varying ratios in TBSA-15
mM Ca++ to determine the concentration of membrane binding sites on the erythrocyte
ghosts Following incubation and centrifugation, the amount of labeled proteins bound to
erythrocyte ghosts was calculated from the decrease of fluorescence in the supernatants
compared with the control. Fig. 3 showed the concentration of bound ANV-FITC (A) and
ANV-6L15-FITC (B) as a function of protein/cell ratio. The protein/cell ratio corresponding
to 100% occupancy of the binding sites on erythrocyte ghosts was determined from the ratio
at which the ascending line intersected with the horizontal line. Saturation was reached at
ratios of approximately 7.1 ×106 and 8.5 × 106 molecules/cell, respectively for ANV-FITC
(A) and ANV-6L15-FITC (B). The average [m] values of the erythrocyte ghosts (7.1 × 106

cells/ml) were determined to be 76 ± 7 nM and 91 ± 9 nM, respectively for ANV-FITC and
ANV-6L15-FITC (n = 7).

Effects of Ca++ and EDTA on the binding of ANV-FITC and ANV-6L15-FITC to erythrocyte
ghosts

ANV-FITC or ANV-6L15-FITC (2 nM) was incubated with erythrocyte ghosts (7.1×106

cells/ml) in TBSA buffer containing 1.25 mM CaCl2 in the presence and absence of excess
EDTA for 40 min at r.t. followed by EDTA extraction of the cell pellets. The percentages of
unbound FITC-labeled proteins in the solution phase, the EDTA-extracted phase, and the
EDTA-resistant membrane phase were calculated. Fig. 4(A) showed the percentage
distribution of ANV-FITC in various phases. Column (a) was 100% fluorescence in solution
phase control obtained by adding ANV-FITC to the cell-free, ANV-FITC-free supernatant
of the mixture. Column (b) was the percentage distribution of fluorescence after incubation
of ANV-FITC with erythrocyte ghosts in the presence of excess EDTA. Note that pre-
addition of EDTA in the reaction mixture completely prevented the binding of ANV-FITC
to erythrocyte ghosts since 100% of fluorescence was recovered in the solution phase as
compared to that in column (a). Columns (c), (d), (e) and (f) were percentage distributions of
fluorescence in solution phase, EDTA-extracted phase, and EDTA-resistant membrane
phase after incubation of ANV-FITC and erythrocyte ghosts for 40 min, 80 min, 4 h, and 22
h, respectively, followed by EDTA extraction of the cell pellets. Note that significant
fractions (20–36%) of the fluorescence initially added to the reaction mixtures remained
bound to membranes (EDTA-resistant membrane phase) and were not released by EDTA
treatment. The EDTA resistant fraction was larger when ANV-FITC was bound to the
membranes for a prolonged period (4 h and 22 h). As shown in Fig. 4(B), similar results
were obtained when the experiment was carried out using ANV-6L15-FITC instead of
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ANV-FITC. Thus, these experiments clearly indicated: a) Ca++-mediated the binding of
ANV and ANV-6L15 to erythrocyte ghosts; b) an excess of EDTA over Ca++ completely
prevented the binding of these proteins to the erythrocyte ghosts; and c) once membrane-
bound in the presence of Ca++, ANV and ANV-6L15 were only partially released by EDTA
treatment.

Saturation binding of ANV-FITC and A6L15-FITC to erythrocyte ghosts
Erythrocyte ghosts (1:200 dilution of the preparation) was incubated with increasing
concentrations of FITC-labeled ANV or ANV-6L15 in TBSA containing 1.25 mM, 2.5 mM,
or 5 mM CaCl2. After incubation, the concentrations of free- and membrane bound- labeled
proteins were quantitated by fluorescence measurement as described in Material and
Methods. Figure 5(A) showed that the binding of ANV-FITC to the erythrocyte ghosts
reached increasing saturation levels with increasing Ca++ concentration. The full-range
saturation titration data, however, poorly fit the equilibrium binding equation, [Protein]bound
= {Bmax × [Protein]free}/(Kd + [Protein]free), derived for simple binding reaction between a
protein and a membrane. Inset to Fig. 5(A) showed that nonlinear least-squares regression
analysis using the first 6 titration points produced a reasonable fit (R2 = 0.991, Bmax=177
nM, Kd=32 nM) of the equation (solid and dotted lines). This predicted a much higher
saturation level than the actual saturation data points (solid triangles). The result suggested
negative cooperativity of ANV-FITC binding to the membrane when the membrane binding
sites were increasingly occupied. Negative cooperativity of binding at high protein density
on membranes had been demonstrated for protein kinase C and other Ca++-dependent
phospholipid-binding proteins [33]. These proteins induced clustering of acidic
phospholipids in membranes and reduced the membrane’s ability to bind later-binding
proteins [25]. The results of saturation titration study suggested a sequential binding model
described previously in which the affinity of proteins for membranes progressively
decreased with increasing occupancy of membrane binding sites [33]. Therefore, the
classical saturation titration method could not be used for determination of the equilibrium
binding constant with precision. Fig. 5(B) showed that the binding of ANV-6L15-FITC to
the erythrocyte ghosts also reached increasing saturation levels with increasing Ca++

concentration. At each Ca++ concentration, however, saturation level was higher for
ANV-6L15-FITC than ANV-FITC [compare Fig. 5(A) and (B)]. Similarly, saturation
titration data for ANV-6L15-FITC did not fit the equilibrium binding equation.

Calcium titration of the binding of ANV-FITC and A6L15-FITC to erythrocyte ghosts
Titration of the binding of ANV-FITC or A6L15-FITC to erythrocyte ghosts with increasing
concentration of Ca++ was carried out as described in Methods. The experimental titration
data were fit to the binding equation B/Bmax = [Ca]N/( [Ca]N + EC50

N) by nonlinear least-
squares regression analysis [32] to determine the binding parameters, EC50 (the [Ca++] at
which half of the protein is bound to the membranes), N (Hill coefficient), and R2

(correlation coefficient). Fig. 6 showed excellent non-linear least-squares fits for the binding
of ANV-FITC (A) and ANV-6L15-FITC (B) to the erythrocyte ghosts. Solid lines were the
fits of the experimental data points (solid circles). Dotted lines were the 95% confidence
intervals around the fits. Table 1 summarized the binding parameters for ANV-FITC and
ANV-6L15-FITC. Note that the Hill coefficient (N) was approximately 4 for both ANV-
FITC and ANV-6L15-FITC, suggesting that about 4 Ca++ ions participated in the binding of
each ANV-FITC or ANV-6L15-FITC molecule to the membranes. The mean values of N
and EC50 from six calcium titrations were used for calculation of the dissociation constants
(Kd, pK) and apparent dissociation constants (Kapp) at 1.2 mM and 2.5 mM Ca++

concentrations. The Kapp values at 1.2 mM and 2.5 mM Ca++ were approximately 4-fold
lower for ANV-6L15-FITC compared to those for ANV-FITC, suggesting that ANV-6L15
had higher binding affinity for the erythrocyte ghosts than ANV.
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DISCUSSION
ANV has been extensively used for detection of PS-expression on the membrane surfaces of
cells such as activated platelets and leukocytes, abnormal red cells, and a variety of cells
undergoing programmed cell death. Extent of PS expression is cell type-dependent and
varies with time and experimental conditions. This makes it difficult to precisely define the
binding parameters and to compare the Ca++-dependent binding of ANV derivatives to
different cell membranes. Tait et al. proposed to use aged 4C Plus Cell Control (Beckman-
Coulter) for routine comparative study of the binding of ANV derivatives [23]. However, we
found that only a small fraction of red blood cells in the unexpired preserved blood bound
ANV-FITC and the expression of PS on erythrocytes varied over time on prolonged storage.
These irregularities render the assay ineffective for side-by-side and longitudinal
comparisons of the binding properties of ANV derivatives. Erythrocyte ghosts prepared
from preserved blood expressed increased amount of PS but such preparations contained
numerous cell fragments. In contrast, erythrocyte ghosts prepared from fresh ACD blood
described here offered a number of advantages compared with other membrane systems: (a)
Most of the erythrocyte membranes bound ANV-FITC and the preparation contained fewer
cell fragments; (b) PS expression on the erythrocyte ghosts was highly stable and could be
used for calcium titration experiments over weeks with consistent results; (c) The
erythrocyte ghosts were roughly the same size (diameter ~6 μm) as the erythrocytes in
normal blood. Simple microcentrifugation afforded easy separation and quantification of
free- and membrane bound- ligands; and (d) Erythrocyte ghosts might simulate membranes
of pathological cells more closely than artificial phospholipids vesicles. We propose that
erythrocyte ghosts prepared by the procedure outlined in this study may be used as a
reference material for the study of PS exposure on stored, sickle and thalassemia red blood
cells, and for routine quantitative assessment of the affinities of phospholipid-binding
proteins to biological membranes.

Calcium-dependent binding to PS-expressing membranes is a characteristic property of
annexins. It has been widely assumed that EDTA chelation of Ca++ completely released the
membrane-bound ANV. The experiments summarized in Fig. 4 contradicted such
assumption. ANV-FITC and ANV-6L15-FITC bound to erythrocyte ghosts in the presence
of 1.2 mM Ca++ were not completely released into solution phase after treatment with
EDTA. This suggested the existence of two pools of bound proteins - an EDTA-releasable
pool; and an EDTA-resistant pool. The percentage of the bound proteins released by EDTA
decreased when the proteins were allow to stay membrane-bound for longer periods,
suggesting that there was a transition of part of the proteins from the EDTA-releasable to the
EDTA-resistant pool. However, when the proteins were incubated with erythrocyte ghosts in
the presence of EDTA, the binding of the proteins to the membranes was prevented
completely. To account for the partial release of ANV derivatives by EDTA treatment, we
proposed a two-step binding model: Initial binding of the proteins to the PS-exposed
membranes was dependent on the formation of protein-calcium-phosphate chelates; this was
followed by increased interactions between the proteins and the phospholipid bilayer, the
latter being resistant to dissociation by EDTA. This model would be consistent with a
previous isothermal microcalorimetry study [34] in which protein-calcium-phosphate
chelates was found to accounted for about 70 % of the free energy of binding while
dehydration of the hydrophobic region of the protein surface as they entered the interfacial
region contributed to the rest of overall binding energy. Hydrophobic interaction might
contribute to the EDTA resistance observed in the present study.

In previous studies, the affinity constant of ANV-membrane interaction was mostly
determined by saturation titration method in which a fixed concentration of membranes was
titrated with increasing concentrations of ANV at a specific Ca++ concentration [16,18–22].
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Our study showed that saturation titration data poorly fit the equilibrium binding equation
and suggested heterogeneity of binding events over the full range of titration (Fig. 5). Tait et
el. developed the original calcium titration method in which ANV derivatives and
preservative-treated erythrocytes were titrated with increasing concentrations of Ca++ such
that the membrane binding site occupancy was 1–3% throughout the titration [23]. In theory,
this would minimize the heterogeneity of binding events and allow measurement of the
parameters of a single binding equilibrium. However, this method involved washing cells
with buffers followed by releasing cell-bound ANV derivatives by treatment with EDTA.
Cell washing could significantly disturb the binding equilibrium, and EDTA was found to
release membrane-bound ANV derivatives incompletely (Figure 4). Thus, Tait’s original
calcium titration method might not yield true equilibrium binding parameters. In our
modified calcium titration assay, no cell washing was involved and cell-bound ANV
derivatives was directly derived from the difference between the total and the free without
EDTA release step. This approach allowed equilibrium to be maintained throughout the
assay and more accurate equilibrium binding parameters might be obtained. Our modified
calcium titration method yielded Hill coefficients (N) of 3.9 ± 0.3 and 3.8 ± 0.3,
respectively, for the binding of ANV-FITC and ANV-6L15-FITC to erythrocyte ghosts
(Table 1). This results correlated well with the structure of the core domains of ANV which
were composed of a 4-fold repeat of conserved amino acid sequence, with each repeat
containing a type II Ca++ binding site that was thought to mediate Ca++-dependent binding
to the membrane by a ‘Ca++-bridge’ mechanism [35]. In contrast, Tait et al reported N ~8
for the binding of ANV to 4C Plus Cell Control [23]. Furthermore, the Kd value for the
binding of ANV to erythrocyte ghosts as determined by our modified method was 3.4 ×
10−20 (Table 1), in contrast to 10−30 reported by Tait et al.[23]. The large discrepancies in
binding parameters may be accounted for by methodological differences of the assays.

The number of Ca++ involved in the binding of annexins to membranes had been extensively
investigated by others before, yet the reported stoichiometries had differed widely ranging
from 3 to 12 [35,36 and references therein]. Based on data from crystal structures, 45Ca++

copelleting assay, and isothermal titration calorimetry study, Patel et al. proposed a
molecular model to account for up to 12 Ca++-binding sites on ANV and annexin XII that
mediated the binding to vesicles containing 2:1 PS-PC [35]. In this model, the footprint of
ANV monomer would cover approximately 26 phospholipids on the monolayer. A high-
affinity type II Ca++ binding site and two “low affinity” carboxylate side chains on each of
the 4-fold repeat of annexin core domain were postulated to form “Ca++-bridges” with the
phospholipids in a complementary manner, so 12 of the 26 phospholipids were anchored to
the protein via Ca++ bridges. However, since the PS content of human erythrocyte was only
approximately 15% of total phospholipids [37], the erythrocyte ghost membranes might not
be able to form 12 Ca++-bridges under each ANV monomer. In stead, 3.9 Ca++-bridges (26
phospholipids × 15 %) per ANV monomer could be involved, assuming random distribution
of phospholipids across the bilayer of the ghost membranes. Thus, our experimentally
determined Hill coefficient (N) of approximately 4 for the binding to erythrocyte ghosts was
consistent with Patel’s model, albeit with lower Ca++ stoichiometry because of much lower
PS content compared with 2:1 PS-PC vesicles. According to the equilibrium binding
equation (3), N value affected the dissociation constant exponentially. Decreases of Ca++

concentration and N value could translate into greatly diminished binding affinity. PS
expressions on the membrane surface of pathological cells were generally in the range of 0–
15% of total phospholipids. In contrast, vesicles containing 20–100% PS were commonly
used for study of ANV-Ca++-phospholipid interactions [17,33,36,38]. This might be a major
reason for the large discrepancies of reported binding parameters. ANV has been used for
detection of PS expression during platelet activation, cell senescence, pathological changes,
and apoptosis. Thrombin-treated platelets and cells in early stages of apoptosis have been
shown to express low levels of PS which was poorly detected by ANV at physiological
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concentration of Ca++, but was easily detected by the Ca++-independent PS binding protein,
lacadherin [39]. Thus, the sensitivity of detecting PS-expressing cells by ANV was critically
dependent on the exoplasmic PS content and the extracellular Ca++ concentration.

The affinity of ANV binding to erythrocyte ghosts declines sharply over a narrow range of
Ca++ concentration with Kapp increased 15-fold from 4.78 × 10−10 M to 7.15 × 10−9 M
when the ionized Ca++ decreased from 2.5 mM to 1.2 mM. In vitro imaging of ANV binding
is usually made at 2.5 mM Ca++. Under such condition, the binding signal can be detected
using 10–100 nM concentrations of labeled ANV without difficulties. For in vivo imaging
applications, suboptimal detection sensitivity and low signal-to- background ratio have been
important problems that continue to hamper the progress of ANV imaging [15.16]. ANV
binding occurs at a Ca++ concentration of 1.2 mM (the typical ionized Ca++ in circulating
plasma) under in vivo conditions in which the binding affinity is not very high. Furthermore,
pathological cells may express lower levels of PS in vivo. It is also possible that PS-exposed
sites may also be partly occupied by endogenous ANV in circulating blood [40] and released
locally from apoptotic, injured, and activated cells. Thus, a relatively high blood
concentration of labeled ANV may be needed to allow sensitive detection of the target cells.
This in turn may compromise the signal-to-background ratio. ANV-6L15, an ANV
derivative with a 4-fold lower Kapp at physiological concentration of Ca++, may displace
endogenous ANV from the PS sites more effectively and afford detection of PS-exposed
cells with greater sensitivity in in vivo imaging applications. This will be the subject of a
future study.

The mechanism for the increased binding affinity of ANV-6L15 for erythrocyte membranes
compared to ANV is currently unknown. Calcium titration study indicated that it was not
due to increased Ca++-bridging since the Hill coefficient for the binding of ANV-6L15 was
almost identical to that of ANV. ANV-6L15 was previously found to require much lower
concentration of Ca++ than ANV to bind to homogenized E. coli membranes. PS is virtually
absent in E. coli, whereas PE constitutes about 69 % of the total phospholipids [41].
Therefore, the PE co-expressed on the erythrocyte membranes might contribute importantly
to the increased affinity of ANV-6L15 compared to ANV.
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Fig. 1. Imaging of ANV-FITC-treated blood cells and ghosts using confocal microscopy
Preserved blood cells and ghosts were treated with 50 nM ANV-FITC in HBSA-2.5 mM
CaCl2 and examined under a Olympus confocal laser scanning microscope (FV1000) using
a 20× objective lens and excitation/emission filters 488/510–560 nm as described in
Materials and Methods. (A) 4C Plus Control; (B) 5C Control, aged 6 months at 4°C; (C)
Ghosts prepared from 5C Control that had been aged 1 month at 4° after expiration date; and
(D) Ghosts prepared from fresh ACD blood. The scale was 30-μm.
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Fig. 2. Flow cytometric analysis of preserved blood cells and blood cell ghosts
5C Control and blood cell ghosts were diluted to concentrations of about 5 ×106 cells/ml in
HBSA buffer containing 50 nM ANV-FITC and 2.5 mM CaCl2 or 1.25 mM CaCl2. The
samples were incubated at r.t. for 30 min and aliquots were aspirated into a FACSCalibur
(Becton-Dikinson) for flow cytometric analysis (excitation 488 nm, emission filter 530±30
nm). (A) 5C Control cells aged for 11 months at 4°C; (B) Erythrocyte ghosts prepared from
5C Control that had been aged for 1 month at 4°C; (C) Erythrocyte ghosts prepared from 5C
Control that had been aged for 11 month at 4°C; and (D) Erythrocyte ghosts prepared from
fresh ACD blood. Panel a, forward scatter (FSC-H) vs. side scatter (SSC-H) plot. Panels b
and c, histograms of cells incubated with 50 nM ANV-FITC in HBSA-2.5 mM CaCl2, and
HBSA-1.25 mM CaCl2, respectively.
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Fig. 3. Determination of maximum membrane binding sites [m] on erythrocyte ghosts
ANV-FITC or ANV-6L15-FITC (10 nM) and erythrocyte ghosts (8.88 × 104–1.14 × 107

cells/ml) were mixed in 0.4 ml of TBSA supplemented with 15 mM CaCl2 to provide the
indicated protein/cell ratio. The reaction mixtures were incubated at r.t. for 40 min.
Following centrifugation at 13,000 rpm for 5 min, duplication samples (160 μl) of the
supernatants were mixed with 20 μl of 0.5 M EDTA for fluorescence reading. No-binding
controls were prepared by mixing 50 μl of 0.5 M EDTA with 0.4 ml of the above reaction
mixtures, incubated and centrifuged as above. Duplicate samples (180 μl) of the
supernatants were taken for fluorescence reading. The concentrations of the membrane-
bound FITC-proteins were calculated by the following equation: [(FT − FS)/FT] × 10 nM,
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where FT is the relative fluorescence units of the no-binding control; FS is the relative
fluorescence units of the supernatant of the reaction mixture. (A) Concentration of bound
ANV-FITC as a function of ANV:cell ratio. (B) Concentration of bound ANV-6L15-FITC
as a function of ANV-6L15:cell ratio. The protein-cell ratios corresponding to 100 %
saturation of binding sites as determined from the intersecting lines were approximately 7.1
× 106 ANV-FITC molecules/cell (A), and 8.5 × 106 ANV-6L15-FITC molecules/cell (B),
respectively.
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Fig. 4. Effects of Ca++ and EDTA on the binding of ANV-FITC and ANV-6L15-FITC to
erythrocyte ghosts
(A) Distribution of fluorescence after incubation of erythrocyte ghosts with ANV-FITC and
extraction of cell pellets with EDTA. Column (a), 100% fluorescence in solution phase
control. Erythrocyte ghosts (7.1×106 cells/ml in TBSA-1.25mM CaCl2) were centrifuged at
13,000 rpm for 10 min. Aliquot of the supernatant (380 μl) was mixed with 20 μl of 40 nM
ANV-FITC so that the final concentration of ANV-FITC was 2 nM. Duplicate samples (160
μl) of the supernatant were each mixed with 20 μl of 0.5 M EDTA for fluorescence reading.
Column (b), distribution of fluorescence after incubation of erythrocyte ghosts with ANV-
FITC in the presence of excess EDTA. ANV-FITC (2 nM) and erythrocyte ghosts (7.1×106
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cells/ml) in 400 μl TBSA-1.25 mM CaCl2 was mixed with 50 μl of 0.5 M EDTA, incubated
for 40 min at r.t., and centrifuged at 13,000 rpm for 10 min. Duplicate samples (180 μl) of
the supernatant were taken for fluorescence reading. Columns (c), (d), (e) and (f) were
distributions of fluorescence in solution phase (gray), EDTA-extracted phase (dotted), and
EDTA-resistant membrane phase (open) after incubation of ANV-FITC (2 nM) and
erythrocyte ghosts (7.1×106 cells/ml) in 400 μl of TBSA-1.25 mM CaCl2 at r.t. for 40 min
(c), 80 min (d), 4 h (e), and 22 h (f), respectively, followed by EDTA extraction of the cell
pellets. The reaction mixtures were centrifuged as above and duplicate samples (160 μl) of
the supernatant were each mixed with 20 μl of 0.5 M EDTA for fluorescence reading. Each
cell pellet was re-suspended in 400 μl TBSA plus 50 μl 0.5 M EDTA, incubated and
centrifuged as above. Duplicate samples (180 μl) of the supernatant were taken for
fluorescence reading. (B) Distribution of fluorescence after incubation of erythrocyte ghosts
with ANV-6L15-FITC followed by extraction of cell pellets with EDTA. The experimental
protocols were identical to (A).
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Fig. 5. Saturation binding of ANV-FITC and ANV-6L15-FITC to erythrocyte ghosts
Saturation binding was carried out as described in Materials and Methods. Erythrocyte
ghosts (1:200 dilution of the ghost preparation) were mixed with 1-256 nM ANV-FITC (A)
or ANV-6L15-FITC (B) at 2-fold increasing concentrations in TBSA buffer supplemented
with 1.25 mM (●), 2.5 mM (■) or 5 mM (▲) CaCl2. A separate set of tubes containing the
same reaction mixtures were supplemented with EDTA to prevent the binding of FITC-
labeled proteins to the erythrocyte ghosts as controls. After incubation for 40 min at r.t., all
the reaction mixtures were centrifuged at 13,000 rpm for 10 min to separate the free- and the
cell-bound FITC-labeled proteins. Supernatants were taken for measurement of florescence
with excitation/emission wavelengths at 485 nm/538 nm. The concentrations of the free- and
membrane bound- proteins were then calculated from the fluorescence reading. Inset to Fig.
5(A): Non-linear least-squares regression analysis of the binding of ANV-FITC to
erythrocyte ghosts in TBSA buffer supplemented with 5 mM CaCl2 using the first 6 titration
data points (0–32 nM ANV-FITC) to fit the saturation binding equation, [Protein]bound =
{Bmax × [Protein]free}/(Kd + [Protein]free). Solid line was the fit based on the first 6
experimental data points. Dotted lines were the 95% confidence intervals around the fit. The
correlation coefficient of the fit based on the 6 data points was R2=0.991 with Bmax=177 nM
and Kd=32 nM.
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Fig. 6. Calcium titration of the binding of ANV-FITC and ANV-6L15-FITC to erythrocyte
ghosts
Calcium titration was carried out as described in Materials and Methods. The binding
parameters, EC50 (the [Ca++] at which half of the protein is bound to the membrane), N (Hill
coefficient), and R2 (correlation coefficient) were determined by fitting the experimental
calcium titration data to the following equation: B/Bmax = [Ca]N/([Ca]N + EC50

N). Fits were
performed by nonlinear least-squares analysis with the Solver function of Microsoft Excel33.
Solid lines were the fits of the experimental data points (solid circles). Dotted lines were the
95% confidence intervals around the fits. (A) Calcium titration of the binding of ANV-FITC
to erythrocyte ghosts. The following parameters were obtained from this titration: N =
3.954; EC50 = 0.704; and R2 = 0.995. (B) Calcium titration of the binding of ANV-6L15-
FITC to erythrocyte ghosts. The following parameters were obtained from this titration: N =
4.157; EC50 = 0.441; and R2 = 0.997.
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