Peripheral Protein Organization and Its
Influence on Lipid Diffusion in Biomimetic

Membranes

Kanika Vats', Kristofer Knutson*, Anne Hinderliter**, and Erin D. Sheets"5*

"Department of Chemistry, The Pennsylvania State University, University Park, Pennsylvania 16802, *Department of
Chemistry & Biochemistry, University of Minnesota, Duluth, Minnesota 55812, and SDepartment of Pharmacy Practice &
Pharmaceutical Sciences, College of Pharmacy, University of Minnesota, Duluth, Minnesota 55812

he spatial and temporal organization of
Tmembrane-associated proteins and lipids is es-

sential for a variety of cellular functions, such as
signal transduction, endocytosis, and membrane traf-
ficking (2, 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 organiza-
tion on membrane surfaces. Although great progress
has been made in identifying the key factors in
protein—lipid organization, the physical mechanisms
responsible for the resulting lateral heterogeneity re-
main poorly understood because of 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 ran-
domly distribute or exist as assemblies or as ramified
chains on membrane surfaces. Toward this end, we
used annexin a5 (anx a5) as a representative periph-
eral protein to study its organization on model biomem-
branes and its binding effects on the lateral diffusion of
the underlying lipids. Annexins are a family of periph-
eral intracellular proteins that bind to phospholipid
membranes in a calcium ion-dependent manner and
are widely distributed in a variety of cell types in differ-
ent plant and animal species (10). In addition to playing
functionally important physiological roles in phagocyto-
sis (11) and fibrinolysis (12), annexins are also known to

www.acschemicalbiology.org

ABSTRACT Protein organization on biomembranes and their dynamics are es-
sential for cellular function. It is not clear, however, how protein binding may influ-
ence the assembly of underlying lipids or how the membrane structure leads to
functional protein organization. Toward this goal, we investigated the effects of an-
nexin a5 binding to biomimetic membranes using fluorescence imaging and corre-
lation spectroscopy. Annexin a5 (anx a5), a peripheral intracellular protein that
plays a membrane remodeling role in addition to other functions, binds specifi-
cally 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 an-
ionic 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 analogues,
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 ex-
hibits 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 re-
sults indicate that, upon binding to membranes, the peripheral protein annexin or-
ganizes the underlying lipids into domains, which may have functional implica-
tions in vivo.
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Figure 1. Langmuir adsorption isotherm determines the binding
affinity of anx a5 to 40 mol % POPS membranes in the pres-
ence and absence of Ca?*. 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 ab-
sence 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 measure-

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 re-
flected by distinct differences in the translational
diffusion in the presence and absence of anx a5
and depend upon the chemical structure of the
lipid analogue (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 Ca%*. 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 wM CaCl, resulted in an imme-
diate decrease in QCM resonance frequency, indi-
cating protein adsorption on the lipid bilayer. By fit-

ments. Kj is 8.0 = 0.5 nM.

be involved in docking and fusion of exocytotic vesicles
with the plasma membranes of secretory cells (13). An-
nexin mutations have been implicated in a number of
human disease states such as systematic lupus erythe-
matosus (15), prostate cancer (16, 17), and diabetes
(18). Anx a5, a 35 kDa protein that inhibits
phospholipid-dependent pro-coagulant reactions in
vitro, forms trimers when bound with high affinity to an-
ionic phospholipids such as phosphatidylserine (PS)
(19-21).

We hypothesize that for annexin, protein—protein in
teractions 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 fluo-
rescence correlation spectroscopy (FCS) to investigate
the distributions and dynamics of membrane-bound anx
a5 and several fluorescent lipid analogues in sup-
ported 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 an-
nexin binds to the membrane as assemblies and as a
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ting the binding isotherm to eq 3 (Figure 1), a

maximum frequency shift (AFna,) of 399 *+ 15 Hz
and a Ky = 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 nano-
molar Ky also implies tight binding under our experimen-
tal conditions. Similar dissociation constants (0.5—100
nM) for annexin with membranes containing anionic lip-
ids (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
Ca** concentration used (0—200 wM) (data not shown).
The binding affinity of anx a5 with POPS-containing
membranes, in the absence of Ca?*, was much weaker
(Figure 1, inset) than in the presence of Ca?*. To comple-
ment the QCM studies, while gaining new insights into
the molecular organization, we used fluorescence mi-
croscopy 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. Fluores-
cently labeled annexin was imaged after it was incu-
bated with the membrane surface. Wild type anx a5 has
a single, solvent-accessible cysteine residue, which
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Figure 2. Representative fluorescence images of 0.6 .M Alexa488-anx
a5 specifically bound to unlabeled POPC + 40 mol % POPS bilayers (a)
and POPC bilayers (b). Bar = 10 pum.

was labeled with either AlexaFluor 488 Cs maleimide
(Alexa488-anx a5) or TexasRed C, maleimide (Texas
Red-anx a5). Before we could use the fluorescently la-
beled anx a5 for imaging experiments, we ensured that
labeling did not affect the binding of annexin with an-
jonic membranes (data not shown) (27). We then incu-
bated 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 incu-
bated with 40 mol % POPS bilayers in the presence of cal-
cium ion (after extensive rinsing to remove unbound or
nonspecifically bound protein), we observed a heteroge-
neous distribution of anx a5 assemblies (that is, the larger
clusters in Figure 2, panel a) on a more uniform annexin
background (Figure 2, panel a). When we incubated
anx a5 with POPS-containing bilayers in the absence of
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Ca?*, we observed no fluorescence (data
not shown). The fluorescence intensity of
anx a5, incubated with POPC bilayers in the
presence of calcium ion, was also
negligible.

Taken together, these results demon-
strate the selective binding of anx a5 to an-
jonic membranes in the presence of Ca?",
which agrees with previous studies in the lit-
erature (28-30). Andree et al. (30) used
cryoelectron microscopy to investigate the
binding of anx a5 to POPS-containing lipo-
somes and observed shape changes in lip-
osomes 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 de-
scribing a two-step process for the two-
dimensional array assembly of anx a5 on
POPS-containing membranes has been pro-
posed (32). In this two-step model, an-
nexin first binds to several POPS molecules
in a Ca?*-dependent manner, which is fol-
lowed by POPS-bound anx a5 molecules
binding to other annexin molecules that are either in so-
lution or membrane-bound. These protein—protein in-
teractions propagate to form two-dimensional arrays of
anx a5 assemblies.

As shown in Figure 2, panel a, 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 vol-
ume” effect that maximizes entropy (33). In this pos-
sible 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 mol-
ecules are released when an annexin molecule is incor-
porated into the two-dimensional assembly, resulting in
an entropy gain as compared with a random protein
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solution is best described by single-component dif-
fusion with D = 3.4 X 1077 cm? s~ ! (n = 34 mea-
surements) (Figure 3, open circles). We further con-
firmed our initial estimations that annexin is
monomeric in solution by calculating the initial am-
plitude, G(0), from the fits of unnormalized auto-
correlation curves (eq 4). We can calculate the av-
erage number of fluorescent species, N, that are
diffusing through the detection volume, following
G(0) = Nt (24, 34). Because we know the concen-
tration of anx a5 in solution (5—200 nM) and the
detection volume (1.72 * 0.51 fL), we calculated N
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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 to eq 4. Closed circles represent the diffusion of Alexa488-

anx a5 specifically bound to POPC bilayers containing 40 mol %
POPS in the presence of Ca?*, and the solid line represents the
fit to the data points best described by two-component Brown-

ian motion (eq 5, m = 2).

distribution, to thermodynamically drive assembly for-
mation 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 interac-
tions, we carried out complementary studies using fluo-
rescence correlation spectroscopy. We examined the
translational diffusion of membrane-bound anxa5 when
bound to lipid bilayers, as compared with free annexin
in solution. The diffusion of Alexa488-anx a5 in aqueous

and compared it to the theoretical number of fluo-
rescent molecules in the detection volume
(Table 1). If anx a5 is monomeric, the experimen-
tal and theoretical values for N will agree, whereas
oligomerization would be indicated by the theoreti-
cal 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 an-
nexin was slower than that observed in solution
(Figure 3, closed circles), as expected. For Alexa488-
anx a5 bound to unlabeled POPS-containing lipid bi-
layer, the fluctuation autocorrelation curves were fit to
two-component, Brownian diffusion, where D; = (3.1 =
0.4) X108 cm?s ' (f, =0.7 + 0.4; n = 18) and D,
=(1.9+07) xX10°ecm?s ' (, =0.3 *=0.2).The
faster diffusion component agrees with typical diffusion
coefficients for lipids in biomembranes (see, for ex-
ample, Table 2 and ref 35), and we suggest that it may
correspond to the dispersed fraction of annexin trimers
(Figure 2, panel a) that may bind to individual or small
groups of lipids. The slower component may be due to

TABLE 1. Comparison of theoretical and experimental numbers of anx a5 molecules in solution

Oligomerization state?

Experiment [anx a5] (.M) Detection volume (fL) Theoretical N Experimental A* (theor N/exptl N)

1(n =18 0.20 1.4 = 0.03 174 174 = 11 1.00 = 0.02
2(h=22 0.10 2.5 £0.05 151 139 £ 1 1.08 = 0.01

3 (n=20) 0.02 1.5 = 0.11 18.1 23.0 £0.3 0.78 £ 0.02

4 (n = 20) 0.005 1.5 = 0.07 4.6 2.1 =0.03 2.17 = 0.04

%Value = SD.
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the larger protein assemblies (observed as clusters in
Figure 2, panel a). 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 under-
lying lipids, we measured the lateral diffusion of chemi-
cally distinct fluorescent lipid analogues on and off of
anx a5 assemblies, as imaged with fluorescence micros-
copy. 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)Jamino]dodeca-
noyl]-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 mea-
sure the lateral diffusion in the presence (on and off of
annexin assemblies, as visualized by the annexin fluo-
rescence) or absence of anx a5 and in the presence or
absence of calcium ion. 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 com-
posed 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 sol-
vent. In the absence of bound annexin, TexasRed-DPPE
exhibits single-component Brownian diffusion with D =
(3.4 =15 X108 cm?s7 ! (n = 30; +Ca’*; Table 2)
and D = (3.5 + 1.4) X 108 cm?s~! (n = 30; —Ca*™;
Table 2). Autocorrelation curves were best described by
two-component Brownian diffusion when TexasRed-
DPPE is measured under anx a5 assemblies (Figure 4,
panel a, closed circles; Table 2). The magnitude of both
the faster (D; = [7.3 = 0.2] X 10 8 cm?s™%; f; = 0.64;
n = 40) and the slower diffusion coefficient (D, = [3.2 =
1.1] X 107 ecm? s7%; f, = 0.36; n = 40) agree with
the diffusion obtained for labeled annexin using FCS
(see above). This agreement suggests a correlation be-
tween the protein and TexasRed-DPPE diffusion under
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the annexin assemblies. When the diffusion of
TexasRed-DPPE was measured under the dispersed an-
nexin population, it remained single-component, similar
to the control experiments in the absence of annexin
binding (Figure 4, panel a, open circles; Table 2). The av-
erage number of TexasRed-DPPE (V) in the detection vol-
ume was calculated from the initial amplitude, as de-
scribed above. Interestingly, there is a substantial
increase in N (~43%) of TexasRed-DPPE measured un-
der 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 un-
der the annexin assemblies. Although these data sug-
gest that annexin binding to bilayers introduces a sec-
ond 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 ana-
logues 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 indi-
cates a single diffusing component with D =~ (6—7) X
108 cm? s~ ! (Table 2) away from annexin assemblies
and independent of Ca?". In contrast, however, when
the diffusion of NBD-PC is measured under anx a5 as-
semblies, a slowly diffusing component was measured
with D = (7.4 = 0.2) X 1072 cm? s~ (n = 54), coupled
with a ~75% increase in N when compared to the
protein-free sample and when not localized under an-
nexin assemblies (Figure 4, panel b; Table 2). That is,
NBD-PC becomes more clustered under the annexin as-
semblies. These results suggest that annexin binding in-
duces a change in the dynamic structure of lipid
bilayer, which in turn affects the diffusion of the zwitte-
rionic 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 D; = (3.2 = 1.2) X 108 cm?s™?

(fi = 0.80; n = 40) and D, = (6.8 * 5.0) X 1071° cm?
s (f, = 0.20; n = 40) (Figure 4, panel c; Table 2). Fur-
ther, NBD-PS is somewhat enriched or clustered
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TABLE 2. Lateral diffusion of chemically distinct fluorescent lipid analogues in the presence or absence of

bound anx a5

e ::?s;::(blies? Sl D (x 10 em?s™)  fi DA (x 107 ecm?s™)  f2
TexasRed-DPPE?

POPC
+ 40 mol % POPS  + AF 357 = 23 7.3 £0.2° 0.64+0.13 32*+1.1 0.36 = 0.04
+ anx a5 (n = 40)

POPC
+ 40 mol % POPS  + = 250 * 22 3.4*£1.5 1.0
+ anx a5 (n = 40)

POPC
+ 40 mol % POPS  + NA 234 = 43 3.4+ 1.6 1.0
—anx a5 (n = 30)

POPC
+ 40 mol % POPS  — NA 297 =19 3.5t 1.4 1.0
—anx a5 (n = 30)

NBD-PC?

POPC
+ 40 mol % POPS  + AF 142 = 17 0.74 = 0.23¢ 1.0
+ anx a5 (n = 54)

POPC
+ 40 mol % POPS  + = 363 +13.6 73*14 1.0
+ anx a5 (n = 21)

POPC
+ 40 mol % POPS  — NA 328 £11.2 63 %24 1.0
+anxa5 (n=17)

POPC
+ 40 mol % POPS  + NA 39.2+27.2 57*13 1.0
—anxa5 (n=13)

POPC
+ 40 mol % POPS  — NA 298 +5.9 6.5 £ 2.4 1.0
—anx a5 (n = 15)

NBD-PS?

POPC
+ 40 mol % POPS  + AF 112 =20 3.2+1.2 0.80 £0.22 6.8*+2.0 0.20 = 0.07
+ anx a5 (n = 40)

POPC
+ 40 mol % POPS  + = 76.6 £ 9.2 41 +1.7 1.0
+ anx a5 (n = 40)

POPC
+ 40 mol % POPS  — NA 90.7 = 5.2 8.1 £ 3.2¢ 1.0
+ anx a5 (n = 41)

POPC
+ 40 mol % POPS  + NA 65.9 + 9.7 4.0 £0.2 1.0
— anx a5 (n = 34)

POPC
+ 40 mol % POPS  — NA 66.2 £ 5.6 3.5+0.2 1.0

—anxa5 (n = 31)

%Value =+ SD. 0.1 mol % of TexasRed-DPPE, NBD-PC, or NBD-PS wasused. °F > F.;. The fitted data are statistically different from the rest of the cases
at 95% confidence limit as assessed by single factor ANOVA. Results were confirmed with the Dunnett’s multiple comparison test.
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Figure 4. Representative diffusion measurements of chemically
distinct lipid analogues in the 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 ion. b,c) TexasRed-anx a5 is bound specifically in the
presence of Ca?* to POPS-containing membranes that were la-
beled with NBD-PC (b) and NBD-PS (c). For all panels, the closed
circles represent lipid analogue diffusion on annexin assem-
blies, and the open circles represent diffusion off of anx a5 as-
semblies. In panels 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 exhibit single-component Brownian diffusion (eq
5, m = 1; Table 2). In panel 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).

www.acschemicalbiology.org

(~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 ab-
sence of calcium ion (Table 2). The diffusion of
NBD-PS in these control samples exhibited single-
component diffusion (O ~ [3—8] X 1078 cm? s71;
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 obvi-
ous phase separation (data not shown), although
we cannot rule out the possibility of protein-
induced nanoscopic domains that are relatively en-
riched 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 Ca?*. We hypoth-
esize that the fast component corresponds to dis-
persed annexin bound to lipid or lipid not associ-
ated with the protein. Interestingly, NBD-PC
diffusion is also affected by annexin assemblies.
The substantial reduction in the diffusion may be
due to NBD-PC becoming hindered as a result of
the existence of anx a5-POPS complexes in the bi-
layer. We should also note that the polar NBD
group on C12-labeled lipids has been found to pre-
ferthe aqueous interface rather than the hydropho-
bic interior of the bilayer (40-43) and this may
hinder the fluorescent analogues 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, unpub-
lished results). Regardless, the distinct differences
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we observe for NBD-PS and NBD-PC underpin changes
in membrane organization that occur upon annexin
binding.

Conclusions. Our microscopy and FCS studies sug-
gest that membrane binding induces protein—protein
interactions that lead to annexin assemblies, in addi-
tion to a more dispersed population. FCS experiments
clearly demonstrate that the binding of anx a5 to PS-
containing membranes strongly affects the lateral mo-
tion of both POPC and POPS molecules in a lipid-specific

manner. We hypothesize that upon binding to the mem-
brane, annexin forms a proteolipidic complex that is sta-
bilized by interactions with POPS molecules. This hy-
pothesis 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 re-
duce the diffusion of the surrounding POPC molecules.

METHODS

Materials. POPC, POPS, NBD-PS and NBD-PC were purchased
from Avanti Polar Lipids. AlexaFluor 488 Cs maleimide, Texas-
Red C, maleimide, TexasRed-DPPE, rhodamine green, rhoda-
mine 6G chloride, and dithiothreitol were purchased from In-
vitrogen. Lipids and fluorescent analogues were used without
additional purification. Ultrapure water (with a resistivity of >18
M) was used for all buffers used in this study.

Isolation and Purification of anx a5. The anx a5 clone (be-
tween BamHI and Ncol sites in the pET3d vector) was trans-
formed into chemically competent E. coli BL21 (DE3) cells. Re-
combinant 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 fluo-
rescent labeling using thiol-reactive probes.

Fluorescent Labeling of anx a5. A 40 .M 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 RT. 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 re-
acted with a 20-fold molar excess of thiol-reactive dye (either Al-
exaFluor 488 Cs maleimide [Alexa488-anx a5] or TexasRed C,
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 ra-
tio was determined using UV—vis 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
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 su-
pernatant was collected, stored overnight at RT, and used within
24 h. For some experiments, 0.1 mol % of fluorescent lipid ana-
logue (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 pl 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 H,SO, and H,0,) for 5 min, followed by exten-
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sive rinsing with water. Cleaned substrates were incubated
with 5 pL of SUVs of the desired lipid composition for 30 min
to allow complete bilayer coverage and subsequently rinsed ex-
tensively with 50 mM Tris, 100 mM NaCl, pH 7.4 (TBS) to re-
move unfused vesicles. TBS was then exchanged with 2 mM
MOPS, 100 mM KCl, 200 uM CaCl,, pH 7.4 (MBS+Ca). Finally,
the sensor cell was filled with 500 pL 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 as-
sessed by using the Sauerbrey equation (47):

2FRAb
AF= -2 )

AV Pqlq

The frequency change (AP is used to calculate the mass
change on the sensor surface (Ab). F, is the fundamental fre-
quency of the quartz crystal (27 MHz), A is the electrode area
(0.049 cm?) (48), pq is the density of quartz (2.65 g cm ™) (49),
and pq is the shear modulus of quartz (2.95 X 10! dyn cm™?)
(50).

To determine lipid—protein affinity, we measured the de-
crease in oscillating resonance frequency as a function of an-
nexin 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 mol-
ecules. For the quantitative analysis of the protein binding kinet-
ics, 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

AF(®) = AF,(1 — expl—k) @

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

We used eq 1, which assumes that the frequency shift is pro-
portional to the adsorbed mass, to obtain the adsorption iso-
therm by plotting the fitted AF. as a function of annexin concen-
tration. The data were fit to obtain the dissociation constant,
Ky, and the frequency shift at maximum surface coverage, AFpax,
following

C
A”:e(canx a5) = AFmax(Kd_in—zas) (€)

anx a5

To determine lipid—protein affinity, differing concentrations
of anx a5 diluted in MBS+Ca were added to the bilayer-
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containing sensor cells and the decrease in oscillating resonat-
ing 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 de-
crease in frequency is proportional to the mass of molecules ad-
sorbed 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 pL of the SUV suspension was
applied to a sandwich made of a detergent-cleaned 3 in. X 1
in. glass slide and a 22 mm X 22 mm glass coverslip that had
been cleaned in argon plasma immediately prior to applying the
SUV suspension. SUVs spontaneously fuse to form uniform bi-
layers. 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, depend-
ing on the particular experiment. The planar bilayers were incu-
bated with 0.6 pM 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 RT 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 Photo-
metrics CoolSnap HQ CCD detector on a Nikon TE2000U in-
verted microscope with a 60X 1.2 NA objective (Nikon
PlanApo) at RT (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; for TexasRed-DPPE ex-
citation, 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 excita-
tion, 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 pres-
ence or absence of annexin and Ca?*. 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 ratio at the fluorophore concentrations
(~nanomolar) necessary for obtaining sufficiently large fluctua-
tions that allow correlation (23, 24, 46). Previous to an FCS mea-
surement and after strategically positioning the laser on or off
of the large, slowly diffusing annexin assemblies as appropri-
ate, we reduced the fluorophore concentration via photobleach-
ing with the mercury arc lamp to obtain an intensity equivalent
to 1 X 107°—1 X 107° mol % as described previously (46).

FCS instrumentation and analysis are described in more de-
tail in Kyoung et al. (45). FCS experiments were carried out us-
ing 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 60X 1.2 NA objective. Typical excitation powers ranged
from 12—18 pW at the sample plane. A 50 wm diameter opti-
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cal fiber (OZ Optics) was placed immediately in front of a GaAsP
photomultiplier tube (Hamamatsu H7421-40) in a plane conju-
gate to the sample to limit the detection volume. Correlation
curves were acquired with a USB correlator (Flex02—12D corre-
lator, correlator.com) or, in a few experiments, with a PCl bus
correlator board (M9003, Hamamatsu) in a Pentium class Win-
dows XP PC.

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

G = N1 + (T/TD)]71[1 + (’r/oo(z)'rD)]*O'5
(4)

where 7 is the time interval, Tp is the characteristic diffusion
time, and N is the average number of molecules in the three-
dimensional Gaussian volume element. G(7) is the autocorrela-
tion function for three dimensions. We used 1 nM rhodamine
green (Diod green = 2.8 X 1076 cm? s71) (53) or 1 nM rhodam-
ine 6G (Drnes = 2.8 X 1076 cm? s7Y) (52) to determine the axial-
to-lateral dimension ratio, the structure parameter w,, for 488
and 543 nm excitation, respectively. For our experimental setup,
wp ~ 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)

6@ = N 21+ G/l (m=10r2)
(5)

where G(7) is the autocorrelation function for two-dimensional
diffusion, 7 is the time interval, and p, is the characteristic diffu-
sion time for each fraction (f, >'f; = 1). For single-component,
two-dimensional diffusion, m = 1, while for two-component dif-
fusion, m = 2 (45, 46, 54, 55). For fluorescence fluctuations
due to anomalous diffusion in two dimensions, the correlation
function, G(1) can be modified such that the diffusion time of a
molecule, 7p, can be calculated following (56)

6@ =N + (/)" ©)

where « is the anomalous diffusion exponent that is less than
unity (56, 57). For all cases, x? was used to determine which
model best described the data. Diffusion coefficients were cal-
culated following D = w,?/47p, where w,, is the lateral radius of
the detection volume, which is the fiber diameter divided by
the objective magnification.
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