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Abstract
Protein organization on biomembranes and their dynamics are essential for cellular function. It is
not clear, however, how protein binding may influence the assembly of underlying lipids or how
the membrane structure leads to functional protein organization. Toward this goal, we investigated
the effects of annexin a5 binding to biomimetic membranes using fluorescence imaging and
correlation spectroscopy. Annexin a5 (anx a5), a peripheral intracellular protein that plays a
membrane remodeling role in addition to other functions, binds specifically and tightly to anionic
(e.g., phosphatidylserine)-containing membranes in the presence of calcium ion. Our fluorescence
microscopy reveals that annexin likely forms assemblies, along with a more dispersed population,
upon binding to anionic biomembranes in the presence of calcium ion, which is reflected in its
two-component Brownian motion. To investigate the effects of annexin binding on the underlying
lipids, we used specific acyl chain-labeled phospholipid analogs, NBD-phosphatidylcholine
(NBD-PC) and NBD-phosphatidylserine (NBD-PS). We find that both NBD-labeled lipids cluster
under anx a5 assemblies, as compared with when they are found under the dispersed annexin
population, and NBD-PS exhibits two-component lateral diffusion under the annexin assemblies.
In contrast, NBD-PC diffusion is slower by an order of magnitude under the annexin assemblies in
contrast to its diffusion when not localized under anx a5 assemblies. Our results indicate that upon
binding to membranes, the peripheral protein annexin organizes the underlying lipids into
domains, which may have functional implications in vivo.

INTRODUCTION
The spatial and temporal organization of membrane-associated proteins and lipids is
essential for a variety of cellular functions, such as signal transduction, endocytosis, and
membrane trafficking (1,2). Dynamic functional assemblies of proteins and lipids result
from protein-protein and protein-lipid interactions (3–6) that are due to van der Waals, steric
and electrostatic interactions (7). In addition to these direct interactions, membrane-
mediated effects such as hydrophobic mismatch (8) and lipid depletion (9) are also likely to
influence protein and lipid organization on membrane surfaces. Although great progress has
been made in identifying the key factors in protein-lipid organization, the physical
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mechanisms responsible for the resulting lateral heterogeneity remain poorly understood due
to the dynamic and complex nature of biological membranes.

Our long-term objective is to investigate protein and lipid organization in biomembranes to
establish rules that can be universally applied to a set of proteins with similar properties to
predict whether proteins will randomly distribute or exist as assemblies or as ramified chains
on membrane surfaces. Toward this end, we used annexin a5 (anx a5) as a representative
peripheral protein to study its organization on model biomembranes and its binding effects
on the lateral diffusion of the underlying lipids. Annexins are a family of peripheral
intracellular proteins that bind to phospholipid membranes in a calcium-dependent manner
and are widely distributed in a variety of cell types in different plant and animal species
(10). In addition to playing functionally important physiological roles in phagocytosis (11)
and fibrinolysis (12), annexins are also known to be involved in docking and fusion of
exocytotic vesicles with the plasma membranes of secretory cells (13). Annexin mutations
have been implicated in a number of human disease states such as antiphospholipid
syndrome (14), systematic lupus erythematosus (15), prostate cancer (16,17) and diabetes
(18). Anx a5, a 35 kDa protein which inhibits phospholipid-dependent pro-coagulant
reactions in vitro, forms trimers when bound with high affinity to anionic phospholipids
such as phosphatidylserine (PS) (19–21).

We hypothesize that for annexin, protein-protein interactions are enhanced as a result of
lipid binding, which in turn reorganizes the underlying lipids through extended, weak
nonconvalent interactions. To test this hypothesis, we used fluorescence microscopy and
fluorescence correlation spectroscopy (FCS) to investigate the distributions and dynamics of
membrane-bound anx a5 and several fluorescent lipid analogs in supported planar
membranes composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC or
16:0–18:1 PC) in the presence or absence of 40 mol% 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-L-serine (POPS or 16:0–18:1 PS). We used fluorescence imaging to find that
annexin binds to the membrane as assemblies and as a dispersed fraction. Also, we
investigated changes in the dynamics of the underlying membrane that were induced by anx
a5 binding by measuring the lateral diffusion of both annexin and lipids with FCS (22–24).
These protein-induced changes were reflected by distinct differences in the translational
diffusion in the presence and absence of anx a5 and depend upon the chemical structure of
the lipid analog (e.g., the headgroup or placement of the fluorophore).

RESULTS AND DISCUSSION
Annexin exhibits a high affinity and specificity to POPS-containing membranes in the
presence of Ca2+

We evaluated the binding affinity of anx a5 with POPS-containing membranes (POPC + 40
mol% POPS) using quartz crystal microbalance (QCM) in the presence and absence of Ca2+.
The addition of annexin to these lipid membranes in the presence of 200 μM CaCl2, resulted
in an immediate decrease in QCM resonance frequency, indicating protein adsorption on the
lipid bilayer. By fitting the binding isotherm to Eq. 3 (Figure 1), a maximum frequency shift
(ΔFmax) of 399 ± 15 Hz and a Kd = 8.0 ± 0.5 nM were obtained. These results agree well
with the Langmuir model, which assumes a uniform surface with equal anx a5 binding sites
and the absence of protein-protein interactions (25). The nanomolar Kd also implies tight
binding under our experimental conditions. Similar dissociation constants (0.5–100 nM) for
annexin with membranes containing anionic lipids (such as DOPS, di18:1 PS; 1,2-dioleoyl-
sn-glycero-3-[phospho-L-serine]) have been previously reported (26). Control experiments
showed that protein adsorption did not occur on POPC membranes at any Ca2+

concentration used (0–200 μM) (data not shown). The binding affinity of anx a5 with POPS-
containing membranes, in absence of Ca2+, was much weaker (Figure 1, inset) than in
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presence of Ca2+. To complement the QCM studies, while gaining new insights into the
molecular organization, we used fluorescence microscopy to image the organization of
membrane-bound annexin on supported membranes.

Anx a5 binds to POPS-containing bilayers as protein assemblies with a dispersed fraction
Fluorescently labeled annexin was imaged after it was incubated with the membrane surface.
Wild type anx a5 has a single, solvent-accessible cysteine residue, which was labeled with
either AlexaFluor 488 C5 maleimide (Alexa488-anx a5) or TexasRed C2 maleimide
(TexasRed-anx a5). Before we could use the fluorescently labeled anx a5 for imaging
experiments, we ensured that labeling did not affect the binding of annexin with anionic
membranes (data not shown) (27). We then incubated the fluorescently labeled anx a5 in the
presence and absence of POPS-containing bilayers. Prior to the addition of anx a5, the
unlabeled membranes were dark, indicating zero background. When annexin was incubated
with 40 mol% POPS bilayers in the presence of calcium (after extensive rinsing to remove
unbound or nonspecifically bound protein), we observed a heterogeneous distribution of anx
a5 assemblies (that is, the larger clusters in Figure 2a) on a more uniform annexin
background (Figure 2a). When we incubated anx a5 with POPS-containing bilayers in the
absence of calcium, we observed no fluorescence (data not shown). The fluorescence
intensity of anx a5, incubated with POPC bilayers in the presence of calcium, was also
negligible.

Taken together, these results demonstrate the selective binding of anx a5 to anionic
membranes in the presence of Ca2+, which agrees with previous studies in the literature (28–
30). Andree et al. (30) used cryoelectron microscopy to investigate the binding of anx a5 to
POPS-containing liposomes and observed shape changes in liposomes after annexin binding,
which was attributed to the formation of large annexin assemblies that induce surface
deformation of the liposomes although their data could not confirm or reject this hypothesis.
In a subsequent study, time-dependent growth of two-dimensional monomolecular layers of
anx a5 crystals on 20 mol% DOPS in 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC,
di18:1 PC) supported bilayers was followed using AFM (29,31). A model describing a two-
step process for the two-dimensional array assembly of anx a5 on POPS-containing
membranes has been proposed (32). In this two-step model, annexin first binds to several
POPS molecules in a Ca2+-dependent manner, which is followed by POPS-bound anx a5
molecules binding to other annexin molecules that are either in solution or membrane-
bound. These protein-protein interactions propagate to form two-dimensional arrays of anx
a5 assemblies.

As shown in Figure 2a, annexin assemblies were formed on a more dispersed anx a5
background. We attribute the formation of these two-dimensional protein assemblies, as
compared to a random protein distribution on the bilayer surface, to the “excluded volume”
effect that maximizes entropy (33). In this possible model, the enthalpy of the system is at a
minimum when annexin has six annular POPS lipids surrounding it because of the attractive
nature of protein and POPS interactions. Approximately three of these POPS molecules are
released when an annexin molecule is incorporated into the two-dimensional assembly,
resulting in an entropy gain as compared with a random protein distribution, to
thermodynamically drive assembly formation on the membrane surface (29). Monte Carlo
simulations could, in the future, be used to test this possibility.

Fluctuation autocorrelation of anx a5 reveals two-component diffusion
To confirm whether these protein assemblies are stabilized by protein-lipid or protein-
protein interactions or both types of interactions, we carried out complementary studies
using fluorescence correlation spectroscopy. We examined the translational diffusion of
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membrane bound-anxa5 when bound to lipid bilayers, as compared with free annexin in
solution. The diffusion of Alexa488-anx a5 in aqueous solution is best described by single
component diffusion with D = 3.4 × 10−7 cm2 s−1 (n = 34 measurements) (Figure 3, open
circles). We further confirmed our initial estimations that annexin is monomeric in solution
by calculating the initial amplitude, G(0), from the fits of unnormalized autocorrelation
curves (Eq. 4). We can calculate the average number of fluorescent species, N, that are
diffusing through the detection volume, following G(0) = N−1 (24,34). Because we know the
concentration of anx a5 in solution (5–200 nM) and the detection volume (1.72 ± 0.51 fL),
we calculated N and compared it to the theoretical number of fluorescent molecules in the
detection volume (Table 1). If anx a5 is monomeric, the experimental and theoretical values
for N will agree, whereas oligomerization would be indicated by the theoretical N being
larger than the experimental N. As shown in Table 1, we estimate an oligomerization state of
annexin in solution to be 1.26 ± 0.61, which suggest that annexin is primarily monomeric in
solution.

The lateral diffusion of membrane-bound annexin was slower than that observed in solution
(Figure 3, closed circles), as expected. For Alexa488-anx a5 bound to unlabeled POPS-
containing lipid bilayer, the fluctuation autocorrelation curves were fit to two-component,
Brownian diffusion, where D1 = (3.1 ± 0.4) × 10−8 cm2 s−1 (f1 = 0.7 ± 0.4; n = 18) and D2 =
(1.9 ± 0.7) × 10−10 cm2 s−1 (f2 = 0.3 ± 0.2). The faster diffusion component agrees with
typical diffusion coefficients for lipids in biomembranes (see for example Table 2 and 35),
and we suggest that it may correspond to the dispersed fraction of annexin trimers (Figure
2a) that may bind to individual or small groups of lipids. The slower component may be due
to the larger protein assemblies (observed as clusters in Figure 2a). Our lateral diffusion
measurements also agree with single molecule tracking of anx a5 bound to fluid supported
bilayers containing 10 mol% PS (36).

Anx a5 binding differentially affects the lateral diffusion of lipids in POPS-containing
membranes

To investigate the effects of annexin binding on the underlying lipids, we measured the
lateral diffusion of chemically distinct fluorescent lipid analogs on and off of anx a5
assemblies, as imaged with fluorescence microscopy. We used the headgroup-labeled lipid
TexasRed 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (TexasRed-DPPE) (in
conjunction with Alexa488-anx a5), and the acyl chain-labeled probes 1-oleoyl-2-[12-[(7-
nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-sn-glycero-3-phosphocholine (NBD-PC)
and 1-oleyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl) amino]dodecanoyl]-sn-glycero-3-
phospho-L-serine (NBD-PS) (in combination with TexasRed-anx a5). NBD-PC and NBD-
PS are tracers for the diffusion of POPC and POPS, respectively. FCS was used to measure
the lateral diffusion in the presence (on and off of annexin assemblies, as visualized by the
annexin fluorescence) or absence of anx a5, and in the presence or absence of calcium. For
these experiments, annexin was visualized and the laser for FCS was strategically positioned
on an obvious annexin assembly (or not). Also note that the supported membranes were
composed of 40 mol% POPS in POPC. If any of these lipids co-cluster with annexin, one
would expect the lipid to undergo similar diffusive behavior as the protein.

TexasRed-DPPE was used as a probe for general lipid diffusion. The fluorophore is located
at the membrane surface and is thus accessible to the protein and solvent. In the absence of
bound annexin, TexasRed-DPPE exhibits single component Brownian diffusion with D =
(3.4 ± 1.5) × 10−8 cm2 s−1 (n = 30; +Ca2+; Table 2) and D = (3.5 ± 1.4) × 10−8 cm2 s−1 (n =
30; −Ca2+; Table 2). Autocorrelation curves were best described by two-component
Brownian diffusion when TexasRed-DPPE is measured under anx a5 assemblies (Figure 4a,
closed circles; Table 2). The magnitude of both the faster (D1 = [7.3 ± 0.2] × 10−8 cm2 s−1;
f1 = 0.64; n = 40) and the slower diffusion coefficient and (D2 = [3.2 ± 1.1] × 10−10 cm2 s−1;
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f2 = 0.36; n = 40) agree with the diffusion obtained for labeled annexin using FCS (see
above). This agreement suggests a correlation between the protein and TexasRed-DPPE
diffusion under the annexin assemblies. When the diffusion of TexasRed-DPPE was
measured under the dispersed annexin population, it remained single component, similar to
the control experiments in the absence of annexin binding (Figure 4a, open circles; Table 2).
The average number of TexasRed-DPPE (N) in the detection volume was calculated from
the initial amplitude, as described above. Interestingly, there is a substantial increase in N
(~43%) of TexasRed-DPPE measured under the anx a5 assemblies as compared with the
protein-free samples or when its diffusion is measured under the dispersed annexin
population (Table 2), which may indicate lipid recruitment or confinement under the
annexin assemblies. Although these data suggest that annexin binding to bilayers introduces
a second slower component to the diffusion of TexasRed-DPPE under the protein
assemblies, it is possible that the decrease in diffusion may originate from nonspecific
interactions between the anx a5 and the TexasRed headgroup at the water-lipid interface. To
assess this possibility, we used acyl chain-labeled fluorescent analogs that also had
functional (that is, solvent-accessible) headgroups.

NBD-PC was used as a probe for the lateral diffusion of POPC. The autocorrelation function
of NBD-PC indicates a single diffusing component with D ≈ (6–7) × 10−8 cm2 s−1 (Table 2)
away from annexin assemblies and independent of calcium. In contrast, however, when the
diffusion of NBD-PC is measured under anx a5 assemblies, a slowly diffusing component
was measured with D = (7.4 ± 0.2) × 10−9 cm2 s−1 (n = 54), coupled with a ~75% increase
in N when compared to the protein-free sample and when not localized under annexin
assemblies (Figure 4b; Table 2). That is, NBD-PC becomes more clustered under the
annexin assemblies. These results suggest that annexin binding induces a change in the
dynamic structure of lipid bilayer, which in turn affects the diffusion of the zwitterionic
POPC.

We then examined the effect of annexin binding on the lateral diffusion of NBD-PS. No
significant lipid phase separation was observed upon anx a5 binding (data not shown).
Similar to the diffusion of anx a5 and TexasRed-DPPE, we observed two-component
Brownian diffusion when NBD-PS is measured under the protein assemblies, with D1 = (3.2
± 1.2) × 10−8 cm2 s−1 (f1 = 0.80; n = 40) and D2 = (6.8 ± 5.0) × 10−10 cm2 s−1 (f2 = 0.20; n
= 40) (Figure 4c; Table 2). Further, NBD-PS is somewhat enriched or clustered (~46%)
under these conditions as compared to when it is measured off of protein assemblies or the
absence of annexin or in the presence or absence of calcium (Table 2). The diffusion of
NBD-PS in these control samples exhibited single component diffusion (D ≈ [3–8] × 10−8

cm2 s−1; Table 2). The two-component Brownian diffusion can be interpreted in a number
of ways. First, anx a5 induces two phases of differing composition in POPS-containing
bilayers and NBD-PS partitions into both phases. This effect was observed for anx A4 when
fluorescence photobleaching recovery was used on 76.5 mol% 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoglycerol (POPG or 16:0–18:1 PG) in POPC membranes (37). We do not
observe obvious phase separation (data not shown), although we cannot rule out the
possibility of protein-induced nanoscopic domains that are relatively enriched in POPS.
Second, anx a5 acts as diffusion obstacles that would be detected as anomalous diffusion
(38, 39), which we do not observe. Third, which is the more likely scenario, anx a5 clusters
with POPS lipids to form proteolipidic complexes, which lead to decreased diffusion
because of the larger-sized assemblies diffusing as units. The similarity in the diffusion
behavior of labeled anx a5 and NBD-PS in terms of magnitude of the fast and slow
components, suggests the possibility of annexin-POPS complexes stabilized by protein-
protein interactions and calcium. We hypothesize that the fast component corresponds to
dispersed annexin bound to lipid or lipid not associated with the protein. Interestingly, NBD-
PC diffusion is also affected by annexin assemblies. The substantial reduction in the
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diffusion may be due to NBD-PC becoming hindered as a result of the existence of anx a5–
POPS complexes in the bilayer. We should also note that the polar NBD group on C12-
labeled lipids has been found to prefer the aqueous interface rather than the hydrophobic
interior of the bilayer (40–43) and this may hinder the fluorescent analogs from acting as
true mimics of PC and PS. However, we have found that the low amounts of NBD lipids
(0.1 mol%) used in this study do not affect annexin binding to the bilayer, as assessed by
isothermal titration calorimetry (K. Knutson and A. Hinderliter, unpublished results).
Regardless, the distinct differences we observe for NBD-PS and NBD-PC underpin changes
in membrane organization that occur upon annexin binding.

CONCLUSIONS
Our microscopy and FCS studies suggest that membrane binding induces protein-protein
interactions that lead to annexin assemblies, in addition to a more dispersed population. FCS
experiments clearly demonstrate that the binding of anx a5 to PS-containing membranes
strongly affects the lateral motion of both POPC and POPS molecules in a lipid specific
manner. We hypothesize that upon binding to the membrane, annexin forms a proteolipidic
complex that is stabilized by interactions with POPS molecules. This hypothesis is based on
the similarity of the PS-bound anx a5 and NBD-PS in PS-containing bilayers bound to anx
a5. In these protein-lipid complexes, the POPS lipids experience an environment that differs
from that of protein-free lipid bilayers. The proteolipidic complex, in turn, organizes the
membrane on the nanoscale to reduce the diffusion of the surrounding POPC molecules.

METHODS
Materials

POPC, POPS, NBD-PS and NBD-PC were purchased from Avanti Polar Lipids. AlexaFluor
488 C5 maleimide, TexasRed C2 maleimide, TexasRed-DPPE, rhodamine green, rhodamine
6G chloride and dithiothreitol were purchased from Invitrogen. Lipids and fluorescent
analogs were used without additional purification. Ultrapure water (with a resistivity of >18
MΩ) was used for all buffers used in this study.

Isolation and purification of anx a5
The anx a5 clone (between BamHI and NcoI sites in the pET3d vector) was transformed into
chemically competent E. coli BL21 (DE3) cells. Recombinant anx a5 was purified by
refolding from the inclusion bodies as described in Elegbede et al. (44) and was ≥95% pure
based on densitometry. The wild type anx a5 has only one solvent accessible cysteine (Cys
314), which was used for fluorescent labeling using thiol-reactive probes.

Fluorescent labeling of anx a5
A 40 μM solution of anx a5 in 20 mM HEPES, 100 mM KCl, pH 7.4, was reacted with a 10-
fold molar excess of dithiothreitol for 1 h at room temperature. Following reduction, excess
dithiothreitol was removed from the protein solution through dialysis using a 12,000–14,000
MWCO membrane (Spectrum Laboratories) against 20 mM HEPES, 100 mM KCl, pH 7.4
(HEPES buffer). Following dialysis, the protein was reacted with a 20-fold molar excess of
thiol-reactive dye (either AlexaFluor 488 C5 maleimide [Alexa488-anx a5] or TexasRed C2
maleimide [TexasRed-anx a5] in dimethylsulfoxide) for 24 h at 4°C. Excess dye was
removed from the dye-protein conjugate via extensive dialysis against HEPES buffer. The
dye/protein ratio was determined using UV-visible spectrophotometry, with a typical dye/
protein ratio of 0.7. Protein folding before and after labeling was evaluated by exciting the
protein solution at 283 nm and recording the emission spectra using a Luminescence
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Spectrometer (PerkinElmer, LS 55). An emission maximum at 320 nm confirmed that the
protein was not denatured (27).

Small unilamellar vesicle preparation
The day prior to the preparation of the supported bilayers, small unilamellar vesicles (SUVs)
of a desired composition (e.g., POPC ± 40 mol% POPS) were prepared as described (45,46).
The top quarter of the supernatant was collected and stored overnight at room temperature
and used within 24 h. For some experiments, 0.1 mol% of fluorescent lipid analog (e.g.,
TexasRed-DPPE, NBD-PC or NBD-PS) was mixed with the lipids prior to SUV
preparation.

QCM measurements
A 27-MHz QCM (Affinix Q, Intium Inc.) was used to determine the binding affinity of
annexin for lipids in a bilayer. Silica-coated QCM sensors were washed with 200 μL of 1%
(w/v) sodium dodecyl sulfate solution, followed by rinsing with water and drying with
nitrogen. The surface was then washed twice with freshly prepared piranha solution (3:1 (v/
v) concentrated H2SO4 and H2O2) for 5 min, followed by extensive rinsing with water.
Cleaned substrates were incubated with 5 μL of SUVs of the desired lipid composition for
30 min to allow complete bilayer coverage, and subsequently rinsed extensively with 50
mM Tris, 100 mM NaCl, pH 7.4 (TBS) to remove unfused vesicles. TBS was then
exchanged with 2 mM MOPS, 100 mM KCl, 200 μM CaCl2, pH 7.4 (MBS+Ca). Finally, the
sensor cell was filled with 500 μL of buffer, placed in the cell holder and stirred slowly
using a magnetic stirrer at 25°C. Lipid bilayer deposition on the silica-coated sensor (91%)
was confirmed by measuring the decrease in oscillating frequency of the sensor as SUVs
fuse to form bilayer on the silica surface assessed by using the Sauerbrey equation (47),

(1)

The frequency change (ΔF) is used to calculate the mass change on the sensor surface (Δb).
F0 is the fundamental frequency of the quartz crystal (27 MHz), A is the electrode area
(0.049 cm2) (48), ρq is the density of quartz (2.65 g cm−3) (49) and μq is the shear modulus
of quartz (2.95 × 1011 dynes cm−2) (50).

To determine lipid-protein affinity, we measured the decrease in oscillating resonance
frequency as a function of annexin concentration. As a control, the binding affinity of anx a5
in the absence of calcium was also measured. The decrease in frequency is proportional to
number of surface-bound molecules. For the quantitative analysis of the protein binding
kinetics, we assumed that the rate-limiting step is the adsorption of protein on the surface
and that all binding sites are independent of each other (51). Rate limiting kinetics can be
expressed as

(2)

where ΔFe is the equilibrium frequency shift for a given protein concentration in solution
(canxA 5), and ks is the protein concentration-dependent rate constant (51).

We used Eq. 1, which assumes that the frequency shift is proportional to the adsorbed mass,
to obtain the adsorption isotherm by plotting the fitted ΔFe as a function of annexin
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concentration. The data were fit to obtain the dissociation constant, Kd, and the frequency
shift at maximum surface coverage, ΔFmax, following

(3)

To determine lipid-protein affinity, differing concentrations of anx a5 diluted in MBS+Ca
were added to the bilayer-containing sensor cells and the decrease in oscillating resonating
frequency was recorded. As a control, the binding affinity of anx a5 in the absence of
calcium (2 mM MOPS, 100 mM KCl, 10 mM EGTA, pH 7.4; MBS–Ca) was also measured.
The decrease in frequency is proportional to the mass of molecules adsorbed on the surface.

Supported lipid bilayers and anx a5 binding
SUVs were used to form supported planar bilayers within 24 h of preparation. On the day of
an experiment, 75 μL of the SUV suspension was applied to a sandwich made of a
detergent-cleaned 3 in × 1 in glass slide and a 22 mm × 22 mm glass coverslip that had been
cleaned in argon plasma immediately prior to applying the SUV suspension. SUVs
spontaneously fuse to form uniform bilayers. After a 30 min incubation in a humidified
chamber, samples were rinsed with TBS to remove unfused vesicles. TBS was later
exchanged with either MBS+Ca or MBS−Ca, depending on the particular experiment. The
planar bilayers were incubated with 0.6 μM unlabeled or fluorescently labeled annexin
(diluted ≥12 h prior to the experiment in either MBS+Ca or MBS−Ca and stored on ice at
4°C until use) in MBS+Ca or MBS−Ca for 15 min at room temperature, and later rinsed
with the same buffer to remove any unbound protein. Samples were sealed with VALAP
(Vaseline:lanolin:paraffin [2:1:1, w/w]) and imaging or FCS measurements were carried out
immediately. Controls for binding specificity and background included bilayers rinsed with
MBS+Ca in the absence of annexin, and bilayers rinsed with MBS–Ca in the presence or
absence of anx a5.

Fluorescence imaging
Samples were imaged with a Photometrics CoolSnap HQ CCD detector on a Nikon
TE2000U inverted microscope with a 60× 1.2 NA objective (Nikon PlanApo) at room
temperature (25 ± 1°C). For Alexa488-anx a5, NBD-PS and NBD-PC excitation, a 485/15
excitation filter, 520/20 emission filter and 505 DRLP dichroic were used; and for
TexasRed-DPPE excitation, a 555/10 excitation filter, 600/20 emission filter and 560 DRLP
dichroic were used. Excitation and emission filter wheels (Ludl Electronic Products) and
image acquisition were driven by ISee Imaging software on a Linux-based Pentium class PC
(45). Samples were illuminated with mercury lamp excitation, and exposure times were kept
constant for a given day of experiments. All images were background and flatfield corrected.

Fluorescence correlation spectroscopy
Confocal FCS was used to characterize the lateral mobility of TexasRed-DPPE, NBD-PC or
NBD-PS within supported planar membranes, in the presence or absence of annexin and
calcium. For some experiments, the lateral diffusion of Alexa488-anx a5 specifically bound
to supported bilayers or in free solution was also measured using FCS. We cannot image a
region of interest at the fluorophore concentrations required for an FCS experiment due to
the very low signal-to-noise at the fluorophore concentrations (~nM) necessary for obtaining
sufficiently large fluctuations that allow correlation (23,24,46). Previous to an FCS
measurement and after strategically positioning the laser on or off of annexin assemblies as
appropriate, we reduced the fluorophore concentration via photobleaching with the mercury
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arc lamp to obtain an intensity equivalent to 1 × 10−6 –1 × 10−5 mol% as described
previously (46).

FCS instrumentation and analysis are described in more detail in Kyoung et al (45). FCS
experiments were carried out using either the 488 nm line from a Coherent Innova 90C6
argon ion laser for the bodipy PC or NBD-labeled lipids and Alex488-anx a5 or a 543 nm
HeNe laser (Meredith Instruments) for TexasRed-DPPE and TexasRed-anx a5. A focused
laser spot was introduced through the epi-port of the microscope and projected onto the
sample by overfilling the back focal plane of a Nikon PlanApo 60× 1.2 NA objective.
Typical excitation powers ranged from 12–18 μW at the sample plane. A 50 μm diameter
optical fiber (OZ Optics) was placed immediately in front of a GaAsP photomultiplier tube
(Hamamatsu H7421-40) in a plane conjugate to the sample to limit the detection volume.
Correlation curves were acquired with a USB correlator (Flex02-12D correlator,
correlator.com) or, in a few experiments, with a PCI bus correlator board (M9003,
Hamamatsu) in a Pentium class Windows XP PC.

Data were fit to three-dimensional diffusion with Igor Pro (WaveMetrics) according to
(45,52)

(4)

where τ is the time interval, τD is the characteristic diffusion time, and N is the average
number of molecules in the three-dimensional Gaussian volume element. G(τ) is the
autocorrelation function for three dimensions. We used 1 nM rhodamine green (Drhod green =
2.8 × 10−6 cm2 s−1) (53) or 1 nM rhodamine 6G (DRh6G = 2.8 × 10−6 cm2 s−1) (52) to
determine the axial-to-lateral dimension ratio, the structure parameter ωo, for 488 nm and
543 nm excitation, respectively. For our experimental setup, ωo ~ 6–7 was obtained.

For supported bilayer samples, in which either the lipid or protein was fluorescently labeled,
we fit data to single and two component diffusion in two dimensions with Igor Pro
according to (46,54,55)

(5)

where G(τ) is the autocorrelation function for two-dimensional diffusion, τ is the time

interval, and τDi is the characteristic diffusion time for each fraction (fi, ). For single
component, two-dimensional diffusion, m = 1, while for two component diffusion, m = 2
(45,46,54,55). For fluorescence fluctuations due to anomalous diffusion in two dimensions,
the correlation function, G(τ) can be modified such that the diffusion time of a molecule, τD,
can be calculated following (56)

(6)
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where α is the anomalous diffusion exponent that is less than unity (56,57). For all cases, χ2

was used to determine which model best described the data. Diffusion coefficients were
calculated following D = ωxy

2/4τD, where ωxy is the lateral radius of the detection volume,
which is the fiber diameter divided by the objective magnification.
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Figure 1.
Langmuir adsorption isotherm determines the binding affinity of anx a5 to 40 mol% POPS
membranes in the presence and absence of Ca2+. The solid line represents the fit to Eq. 3.
Individual isotherms are shown in the inset where open and closed squares depict annexin
binding in the presence and absence of calcium ion, respectively. Data points are an average
of three measurements obtained with three different vesicle preparations and one anx a5
preparation, and the error bars show standard deviation obtained from three different
measurements. Kd is 8.0 ± 0.5 nM.

Vats et al. Page 14

ACS Chem Biol. Author manuscript; available in PMC 2011 April 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Representative fluorescence images of 0.6 μM Alexa488-anx a5 specifically bound to
unlabeled POPC + 40 mol% POPS bilayers (a) and POPC bilayers (b). Bar, 10 μm.
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Figure 3.
Representative lateral diffusion of annexin in solution and membrane-bound state. Open
circles represent the diffusion of Alexa488-anx a5 in solution, and the solid line represents
the fit (Eq. 4). Closed circles represent the diffusion of Alexa488-anx a5 specifically bound
to POPC bilayers containing 40 mol% POPS in the presence of Ca2+, and the solid line
represents the fit to the data points best described by two-component Brownian motion (Eq.
5, m = 2).
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Figure 4.
Representative diffusion measurements of chemically distinct lipid analogs in presence and
absence of bound annexin. (a) Alexa488-anx a5 is bound specifically to TexasRed-DPPE
labeled POPS-containing membranes in the presence of calcium. (b,c) TexasRed-anx a5 is
bound specifically in the presence of calcium to POPS-containing membranes that were
labeled with NBD-PC (b) and NBD-PS (c). For all panels, the closed circles represent lipid
analog diffusion on annexin assemblies, and the open circles represent diffusion off of anx
a5 assemblies. In (a) and (c), the FCS data from the on-assembly experiments were best
described by two-component Brownian diffusion (Eq. 5, m = 2; Table 2), and the data
obtained off of anx a5 assemblies exhibits single component Brownian diffusion (Eq. 5, m =
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1; Table 2). In (b) the FCS data from both on and off the annexin assemblies were best
described by single component Brownian diffusion (Eq. 5, m = 1; Table 2).
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