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On the Kinetics of Adsorption and Two-Dimensional Self-Assembly of
Annexin A5 on Supported Lipid Bilayers
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ABSTRACT Annexin A5 is a protein that binds to membranes containing negatively charged phospholipids in a calcium-
dependent manner. We previously found that annexin A5 self-assembles into two-dimensional (2D) crystals on supported lipid
bilayers (SLBs) formed on mica while a monolayer of disordered trimers is formed on SLBs on silica. Here, we investigated in detail
and correlated the adsorption kinetics of annexin A5 on SLBs, supported on silica and on mica, with the protein’s 2D self-assembly
behavior. For this study, quartz crystal microbalance with dissipation monitoring and ellipsometry were combined with atomic force
microscopy. We find, in agreement with previous studies, that the adsorption behavior is strongly dependent on the concentration of
dioleoylphosphatidylserine (DOPS) in the SLB and the calcium concentration in solution. The adsorption kinetics of annexin A5 are
similar on silica-SLBs and on mica-SLBs, when taking into account the difference in accessible DOPS between silica-SLBs and
mica-SLBs. In contrast, 2D crystals of annexin A5 form readily on mica-SLBs, even at low protein coverage (=10%), whereas they
are not found on silica-SLBs, except in a narrow range close to maximal coverage. These results enable us to construct the phase
diagram for the membrane binding and the states of 2D organization of annexin A5. The protein binds to the membrane in two
different fractions, one reversible and the other irreversible, at a given calcium concentration. The adsorption is determined by the
interaction of protein monomers with the membrane. We propose that the local membrane environment, as defined by the presence

of DOPS, DOPC, and calcium ions, controls the adsorption and reversibility of protein binding.

INTRODUCTION

The formation of protein crystals, both in three dimensions
and in two dimensions, occupies an instrumental place in
structural biology, enabling molecular structure resolution,
down to the atomic level, by x-ray crystallography (1) and
transmission electron microscopy (TEM) (2). Procedures to
obtain crystals have remained largely empirical, though re-
cent years have witnessed a tendency toward rationalization
of macromolecular crystallization (3-7).

Two-dimensional (2D) crystals have been implicated as
intermediates in the formation of three-dimensional (3D)
crystals (8) and 2D nucleation has been identified as one of the
mechanisms by which 3D crystals grow (9). Two-dimensional
crystallization at interfaces is highly complex (3), involving
a multitude of processes, such as the transport of proteins to
the interface, their adsorption and diffusion in two dimensions,
nucleation, and growth of the crystal. Two-dimensional self-
assembly thus presents a challenging problem in fundamental
science, which becomes particularly interesting as the limi-
tation to two dimensions is expected to induce a distinctly dif-
ferent behavior as compared to 3D systems (10).

Biological membranes and membrane models constitute
anatural 2D space for diffusion and 2D ordering of membrane
proteins (e.g., bacteriorhodopsin (11), aquaporin (12)) and
membrane-associated proteins (e.g., streptavidin (6,13)).
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Annexin AS is the prototype of a family of proteins that share
the property of binding to negatively charged phospholipids, in
particular dioleoylphosphatidylserine (DOPS), in a calcium-
dependent manner (14). Annexin A5 is commonly observed to
undergo 2D crystallization on lipid monolayers at the air-water
interface (15—18) and on mica-supported lipid bilayers (SLBs)
containing DOPS (5,19). The protein’s self-assembly proper-
ties have been suggested to be relevant for its biological
function (20).

Using ellipsometry (21,22), quartz crystal microbalance
with dissipation monitoring (QCM-D) (23), fluorescence
spectroscopy (24-26), and biochemical techniques (27,28),
the adsorption of the protein to various types of lipid mem-
branes has been characterized in detail. Using TEM on lipid
monolayers and atomic force microscopy (AFM) on SLBs,
a trimeric intermediate (29) and two common crystal forms
a low-density form with p6 symmetry (16,18,19) and a high-
density form with p3 symmetry (29,30)—have been identi-
fied. The phase transitions between these states have been
investigated (5,17,31), resulting in the self-assembly scheme
presented in Fig. 1 (23). In some cases, other crystalline
assemblies have also been observed (18).

Although the intermediates of the self-assembly process
and the adsorbed amounts of annexin A5 have been charac-
terized extensively, relatively little is known about the
kinetics of adsorption and self-assembly, a fundamental
parameter for the description of the 2D crystallization process.
Here we characterize, in detail, the binding (adsorption and
desorption) and the 2D self-assembly of annexin A5 on lipid
bilayers. Two parameters of importance for binding, the
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FIGURE 1 Schematic description of the 2D self-
assembly of annexin A5 on a negatively charged
phospholipid membrane in the presence of calcium
ions, according to Govorukhina et al. (23). Mono-
meric annexin A5 binds to the membrane in a
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calcium-dependent manner where it forms trimers.
The trimers crystallize in two dimensions. The holes
in the honeycomb-like lattice of p6 symmetry can be
filled by additional noncrystalline trimers (marked
in dark gray), also called ‘‘central trimers’’. At high
protein coverage, a phase transition of first order into
a more densely packed crystal form with p3 sym-
metry can occur.
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calcium concentration in solution and the DOPS content in the
bilayer, were systematically varied over a wide range.

In a previous study (32) we observed, unexpectedly, that
annexin A5 does not form 2D crystals on SLBs supported on
silica: trimers were found on silica under conditions where
2D crystals with p6 symmetry were observed on mica, even
though the SLBs’ main characteristics are expected to be
similar on both surfaces. To explain this intriguing result we
investigate the membrane binding and self-assembly of an-
nexin A5 both on mica-SLBs and on silica-SLBs.

Our experimental approach consists in combining AFM and
QCM-D, complemented by ellipsometry. We have recently
demonstrated the strength of combining AFM and QCM-D for
the characterization of processes that involve the adsorption
and 2D self-organization of biomolecules at the solid-liquid
interface (33—35). AFM gives access to structural information,
spatially resolved on the nanometer scale, whereas QCM-D
and ellipsometry allow following quantitatively the overall
binding dynamics, which renders the techniques highly
complementary. Here, the combined study allows correlating
the protein’s 2D crystallization with its binding behavior.

MATERIALS AND METHODS
Materials

Dioleoylphosphatidylcholine  (DOPC), dipalmitoylphosphatidylcholine
(DPPC), and dioleoylphosphatidylserine (DOPS) were purchased from
Avanti Polar Lipids (Alabaster, AL). Other chemicals were purchased from
Sigma (St. Louis, MO). Ultrapure water with a resistivity of 18.2 M() was
used (Maxima, USF ELGA, Trappes, France).

Muscovite mica disks of 12 mm diameter were purchased from Metafix
(Montdidier, France). Plates of silicon wafer of (11 X 11) mm? (for AFM)
were provided by the CEA (Grenoble, France). Slides of (40 X 8) mm?
(for ellipsometry) were cut from silicon wafers from Wacker Chemitronic
(n-type, phosphorus doped), purchased from Aurel GmbH (Landsberg,
Germany). QCM-D sensor crystals (5 MHz), reactively sputter coated with
50 nm silicon oxide, were purchased from Q-SENSE (Gothenburg,
Sweden). Low viscosity epoxy glue (EPOTEK 377) for mica gluing was
purchased from Gentec Benelux (Waterloo, Belgium).

A buffer solution made of 150 mM NaCl, 3 mM NaNj3, and 10 mM
HEPES, pH 7.4, was prepared in ultrapure water, and EDTA or CaCl, were
added as indicated. Small unilamellar vesicles (SUVs) of desired lipid
mixture were prepared by sonication as described earlier (33). For SLB
formation, vesicle suspensions were diluted to 0.1 mg/mL in buffer con-
taining 2 mM CaCl,.

Expression and purification of recombinant rat
annexin A5

The rat annexin A5 coding sequence was excised by Ncol digestion from a
pKK?233-2-annexin-AS expression vector (36) and subcloned into the expres-
sion vector pGEF between two Ncol restriction sites, resulting in the pGEF-
A5 expression vector. Escherichia coli BL21 (DE3) cells were transformed
by heat shock with plasmid pGEF-AS5. Cells were plated out on LB medium
containing ampicillin (100 wg/mL), and incubated overnight at 37°C. A single
colony was collected and grown at 37°C. Protein expression was induced by
0.4 mM IPTG for 16 h at 30°C. The cells were harvested by centrifugation
(10 min, 6700 X g) and the pellet was resuspended in an appropriate volume
of buffer containing 10 mM Tris, | mM EDTA, 0.01% NaN3, 10% glycerol,
pH 7.5. The cell suspension was sonicated at 4°C with a Branson sonicator
operated in a pulse mode consisting of five steps of sonication at 13 W for
1 min with 15-s intervals. Membrane fragments and large debris were
separated by centrifugation at 48,000 X g for 1 h at 4°C. The supernatant,
referred to as cell soluble extract, was collected and stored until use at 4°C.

The cell soluble extract was filtered over 0.22-um filters and applied in
5-mL fractions to a Superdex 75 exclusion column (Amersham BioSciences,
Uppsala, Sweden) preequilibrated with a buffer containing 20 mM Tris, pH
8, 0.02% NaNj; (buffer A). Elution of proteins was performed with buffer A.
The fractions were analyzed by SDS-PAGE. The fractions containing
annexin A5 were pooled and purified by anion-exchange chromatography
with a MonoQ HRS5/5 column (Amersham BioSciences) preequilibrated
with buffer A. Elution was performed with a 0-0.5 M NaCl gradient in
buffer A. The fractions were analyzed by SDS-PAGE.

Quartz crystal microbalance with
dissipation monitoring

Quartz crystal microbalance with dissipation monitoring (QCM-D) measure-
ments (37) were performed with the Q-SENSE D300 system equipped with
an axial flow chamber (QAFC 302) (Q-SENSE AB, Gothenburg, Sweden).
Briefly, upon interaction of (soft) matter with the surface of a sensor crystal,
changes in the resonance frequency, f, related to attached mass (including
coupled water), and in the dissipation, D, related to frictional (viscous) losses
in the adlayer, are measured with a time resolution of better than 1 s.

Biophysical Journal 89(5) 3372-3385
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Silica-coated QCM-D sensors were cleaned by two cycles of exposure to
2% sodium dodecyl sulfate solution for 15 min, rinsing with ultrapure water,
blow-drying with nitrogen, and exposure to ultraviolet light (UV)/ozone (33)
(BHK, Claremont, CA) for 10 min. Cleaned substrates were stored in air and
again exposed to UV/ozone (10 min) before use. Mica-coated QCM-D sen-
sors were prepared and verified to operate stably according to a previously
described protocol (34). Briefly, mica sheets were glued to the QCM-D sen-
sors using epoxy glue. The glued mica sheets were cleaved until sufficiently
thin mica layers and stably operating sensors were obtained.

Measurements were performed in exchange mode (described in detail
elsewhere (33)), if not otherwise stated. The exchange mode allows
following processes of adsorption and surface adlayer changes in situ while
sequentially exposing different solutions to the supports. In this mode the
fluid in the measurement chamber is generally still. Occasionally, flow
mode was employed, i.e., the solution was continuously delivered to the
measurement chamber (flow speed 80 uL/min) by the aid of a peristaltic
pump (ISM832A, Ismatec, Ziirich, Switzerland) (38). The working
temperature was 24°C.

Resonance frequency and dissipation were measured at several
harmonics (15, 25, 35 MHz) simultaneously. If not stated otherwise,
changes in dissipation and in normalized frequency (Afyom = Afy/n, with n
being the overtone number) of the fifth overtone (n = 95, i.e., 25 MHz) are
presented. Adsorbed masses, Am, are calculated according to the Sauerbrey
equation (39), Am = —C-Af;orm, With the mass sensitivity constant C = 17.7
ng/cm?/Hz for 5 MHz sensor crystals. The changes in the viscosity and
density of the buffer upon variation of its content in CaCl, or EDTA
significantly influenced the QCM-D signal. These changes were accounted
for by calibration against a clean silica-coated QCM-D sensor.

For the transfer of QCM-D sensors with adsorbed material from the QCM-
D chamber to the AFM, sensors were unmounted with the aid of a suction
holder (Meni CUP, Menicon Pharma, Illkirch Graffenstaden, France),
ensuring that the sample remained permanently covered with liquid.

Ellipsometry

Ellipsometry is an optical technique based on the measurement of changes in
the ellipsometric angles, A and W (40,41), of elliptically polarized light upon
reflection off a planar surface. These changes are sensitive to the presence
of thin deposited films and, consequently, the method allows monitoring
adsorption phenomena in situ. The employed null-ellipsometer setup with
a time resolution of 10—15 s has been described in detail (40,42). In the frame
of this study we consider the change in the angle A only, which is approx-
imately proportional to the (dry) protein mass adsorbed to mica or silica
(43).

Before first use, silicon slides were precleaned by exposure to concentrated
detergent solution (Sparkleen, Calgon, Pittsburg, PA), rinsing with water,
exposure to 30% chromic sulfuric acid (80°C for 20 min) and extensive
rinsing in ultrapure water. Further cleaning before each use was performed as
described for silica-coated QCM-D sensors. Mica disks were rendered opaque
on their back side with emery paper and glued on an aluminum slide over
a hole (8 mm diameter) using melted wax (44). Uniform mica surfaces were
obtained by cleavage of the front side with adhesive tape and used
immediately.

Measurements were performed in an open cuvette system (42), at room
temperature. The buffer solution (~3 mL) was stirred with a magnetic stirrer
(~1000 rpm). Samples were pipetted at appropriate concentrations into the
solution. Such a setup generates constant adsorption rates provided the
adsorption is mass-transport limited (45). Rinses were realized by injecting
~30 mL of buffer (injection rate ~1 mL/s) while simultaneously with-
drawing excess liquid.

Atomic force microscopy

Atomic force microscopy (AFM) measurements were performed in liquid
using a Nanoscope IV-Multimode (VEECO, Dourdan, France), equipped
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with a J-scanner (120 um). Before use, the contact mode fluid cell was
washed in successive baths of ethanol and ultrapure water, followed by
extensive rinsing in ethanol and blow-drying in a stream of nitrogen. Tubings
and O-ring were sonicated in ethanol and water, rinsed with ethanol, and
blow-dried in nitrogen. Oxide-sharpened silicon nitride cantilevers with
a nominal spring constant of 0.06 N/m (Digital Instruments, Santa Barbara,
CA) were exposed to UV/ozone (BHK, Claremont, CA) for 10 min before
use.

Silicon plates were cleaned as described for the silica-coated QCM-D
sensors, attached to Teflon-coated (BYTAC, Norton, OH) metal disks using
double-sided tape (TESA, Hamburg, Germany), and immediately covered
with buffer solution. Mica disks were glued to Teflon-coated metal disks
using the epoxy glue, cleaved with adhesive tape, and immediately covered
with buffer solution. For AFM investigations subsequent to QCM-D mea-
surements, mica-coated QCM-D sensors, covered with the sample, were
attached to Teflon-coated metal disks using double-sided tape and installed
on the AFM scanner.

Contact mode images were acquired at scanning rates of 4-8 Hz while
manually adjusting the force to a minimum (<200 pN). Images were
second-order plane fitted and subsequently zero-order flattened except
otherwise stated.

RESULTS
Adsorption of annexin A5 on silica-SLBs

We employed the QCM-D technique to characterize the
adsorption of annexin A5 on silica-SLBs. The measurement
shown in Fig. 2, obtained for an SLB formed from SUVs of
DOPC/DOPS (molar ratio 9:1), is representative of our
experimental approach.

The QCM-D response upon exposure of SUVs to the
support (Fig. 2, at 0 min) reveals, as expected, a characteristic
two-phase behavior, reflecting the initial adsorption of intact
vesicles, which is followed by the formation of an SLB
(33,46). The final frequency shift of —25 = 1 Hz and the low
dissipation shift of <0.2 X 107° confirm the formation of
a lipid bilayer that entirely covers the support with no or only
minor defects (35,47).

Incubation of the SLB with annexin A5 (Fig. 2, solid
arrows) leads to adsorption of the protein, witnessed by the
decreases in frequency, in a calcium-dependent manner. As
expected (21,26), increasing calcium concentrations en-
hanced protein binding: while a negligible amount of annexin
A5 bound at 200 uM CaCl, (Fig. 2, at 10 min), a coverage of
Af = —18 = 0.5 Hz was reached for 200 mM (Fig. 2, at 89
min). As demonstrated in Fig. 2 and observed for all
measurements, the dissipation remained almost unchanged
throughout the entire process of protein adsorption, suggest-
ing that the protein associates tightly with the SLB.

The adsorption of annexin A5 at 20 mM CaCl, (Fig. 2, at
54 min) reveals some typical properties of the immobiliza-
tion of annexin A5 on silica-SLBs. The adsorption of
annexin A5 reached equilibrium within a few minutes after
exposure for the employed protein concentrations. The final
adsorbed amounts changed little upon increase of the annexin
A5 concentration from 20 to 80 wg/mL. Only a part of
annexin A5 (here corresponding to 3 Hz) was displaced upon
rinsing in a buffer solution that contained the same amount of
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FIGURE 2 QCM-D response (frequency,

10 S I UL . oo 2 o S Af (-O-), and dissipation, AD (long dash), at
5 23 15 35 MHz) for a typical measurement to
0 ';- %% “:E"'s %z %E 1 investigate the adsorption of annexin AS to
r =5 =E 2E Za ] SLBs. The SLB was formed by incubation of
-10 ; e R B e ] 4 SUVs of DOPC/DOPS (molar ratio 9:1) on
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60 H P ) horizontal dotted lines indicate the levels of
P 0 bound annexin A5 after rinses in 20 mM
70 2 L L (lower line) and 2 mM (upper line) CaCl,,
0 20 40 60 80 100 120 which are independent of the incubation
time (min) history. Rinses in EDTA lead to complete

calcium as used during adsorption. Additional rinses (Fig. 2)
or continuous flow (in flow mode, data not shown) with such
a buffer did not lead to further release of annexin AS. This
provides indications for the presence of two different
populations of bound annexin AS; for a given calcium
content, a part of annexin A5 can easily be displaced
(reversible binding) whereas the rest binds irreversibly. The
term ‘‘irreversible binding’’ refers to annexin A5 binding in
a protein-free solution containing a given calcium concentra-
tion. Note that the adsorbed amount corresponding to the
fraction of irreversibly bound annexin A5 could also be
reached by incubation with lower protein concentrations (1
pg/mlL or below, in flow mode, not shown). Protein
concentrations in the range of 20-80 ug/mL affected only
the amount of reversibly bound annexin AS.

Annexin A5 could, however, be displaced by rinsing with
decreasing calcium concentrations or in the presence of the
calcium chelator EDTA (Fig. 2, dotted arrows). For DOPC/
DOPS (9:1), Af returned to the value characteristic for a bare
SLB at 20 uM CacCl, or in the presence of EDTA. We further
tested the reproducibility of the experimental approach by
performing several cycles of incubation with annexin A5 at
20 mM CaCl,, followed by rinses in EDTA-containing
buffer, on the same SLB (not shown). We obtained identical
QCM-D responses, which confirms that the silica-SLB can
be recovered without significant perturbations (21) and
justifies our approach to perform several incubations with
annexin A5 on the same bilayer.

We note also that the amount of irreversible binding is the
same independently of the way the protein was incubated
(c.f. Fig. 2, horizontal dotted lines for 2 and 20 mM CaCl,).
The same phenomenon was observed for all measurements
conducted on silica-SLBs, indicating that the reversibility of
protein binding is independent of the history of annexin A5
deposition over the investigated timescale. In consequence,
our results indicate that the amount of irreversibly bound
annexin A5 is entirely determined by the calcium concen-

unbinding of annexin AS.

tration in solution, [Ca], and the DOPS content, [DOPS], in
the SLB.

Based on these observations, we investigated the equilib-
rium adsorbed amounts, Af;, of annexin A5 on silica-SLBs in
a systematic manner as a function of [DOPS], [Ca], and the
bulk concentrations of the protein, [AS]. The results are
summarized in Fig. 3 and Table 1.

As already reported by others (14,21,26,28), we found that
the adsorption of annexin A5 increases with [Ca] and
[DOPS]. The dependence is sigmoidal for both [DOPS] (at
a given [Ca], Fig. 3) and [Ca] (at a given [DOPS], not
shown). In particular, the calcium concentrations required to
reach the half-maximal frequency shift for 0, 5, and 20%

Af (-Hz)

Af_ (-Hz)

200mM CaCl, |

[DOPS] (%) [DOPS] (%)

FIGURE 3 Equilibrium adsorbed amounts, given by the shifts, Af,, in
QCM-D frequency, of annexin A5 on silica-SLBs, as a function of the
SLB’s DOPS content, [DOPS], and the concentration of annexin A5 for 0.2
(A), 2 (B), 20 (C), and 200 mM (D) CaCl,. Bulk concentrations of annexin
A5 were 20 (X, blue) and 80 ug/mL (<, red), respectively. The amounts of
annexin A5 remaining after rinsing in buffer are also indicated (LJ, black)
and connected by lines to guide the eye.
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TABLE 1 Conditions of [DOPS] and [Ca] required for
half-maximal binding of annexin A5

[Ca] (mM) [DOPS] (%)
Fig. 3* 0.2 19+ 1
2 95+ 0.5
20 5.0 = 0.5
20..200 0
Fig. 6 0.2 17 +2
2 10 =1
20 6+ 1
20..200 0
Andree et al.¥ 0.036 * 0.013 100
0.22 + 0.06 20
15+ 05 5
8.6 +25 1
>30 0
Pigault et al.¥ 0.057 50
0.13 25
1 17
3 9.1
7 3.8
12 2
68 1
Govorukhina et al.’ 50 0

*Experimental results obtained by QCM-D on silica-SLBs for the amount
of irreversibly bound annexin AS.

TExperimental results obtained by QCM-D on mica-SLBs for the amount of
irreversibly bound annexin AS5; the accessible DOPS content is stated as
determined by Richter et al. (38) (see Fig. 6 for details).

*From Andree et al. (21), obtained with SLBs formed by Langmuir-
Blodgett deposition.

SFrom Pigault et al. (26), obtained with large unilamellar vesicles.

YFrom Govorukhina et al. (23), obtained by QCM-D on silica-SLBs at
[A5] = 10 ug/mL.

DOPS are close to those reported by Andree et al. (21) on
silica-SLBs formed by Langmuir-Blodgett deposition (c.f.
Table 1 and Fig. 7 A). We note that annexin A5 binds also to
pure DOPC at high calcium concentrations (=20 mM), as
discussed in previous work (23). No adsorption of annexin
A5 was observed at =20 mM CaCl.,.

The maximum adsorbed amount of annexin A5 was
Afinax = —18 £ 0.5 Hz, over the entire range of [DOPS]
investigated, suggesting that this value corresponds to the
full coverage of the SLB with a monolayer of annexin AS.
This frequency shift corresponds to a total mass (including
coupled water) of 319 = 9 ng/cm2 (34).

Three different regimes can be discerned in terms of
reversibility of binding upon rinsing with protein-free
solution containing the same amount of [Ca] as used for
adsorption (Fig. 3):

1. Once the plateau of maximal coverage is reached (i.e.,
for elevated [DOPS]), annexin A5 binding was fully
irreversible.

2. In the range of intermediate binding (i.e., around the
inflection point of the sigmoidal curve), most of the pro-
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tein was irreversibly bound for [Ca] = 2 mM. The re-
versibly bound fraction corresponded at most to 3 Hz for
the employed annexin AS concentrations.

3. In contrast, binding to pure DOPC, which is considerable
at 20 mM calcium and more, was completely (for 20
mM) or partially (for 200 mM) reversible. Also for SLBs
containing small amounts of DOPS (up to 5%) a sub-
stantial part of the adsorbed amount is reversible at [Ca]
= 20 mM.

Adsorption kinetics of annexin A5

The adsorption of annexin A5 at 200 mM CaCl, and 20
pg/mL protein concentration (c.f. Fig. 2, 89 min) is repre-
sentative for the adsorption kinetics that we observed under
all employed conditions that led to (close to) maximal cover-
age. We note that it takes <<5 min for the adsorption to reach
completion, which is in the time range expected for mass-
transport limited adsorption. With the employed setup of still
liquid, the adsorbed amount is given by I' = 2¢+/Dt/m for
mass-transport limited adsorption (45). Assuming a bulk
diffusion coefficient, D = 60 /umz/s, and a concentration, ¢ =
20 pg/mL, of the protein, this corresponds to a time, ¢ ~
200 s, to reach a coverage of I' = 250 ng/cm? (dry mass). To
further investigate the adsorption kinetics, we performed
measurements by ellipsometry under experimental condi-
tions that provide constant adsorption rates under mass-
transport limited conditions (45). As demonstrated in Fig. 4,
the adsorption curve is linear up to >65% of the final
coverage, confirming that the adsorption is indeed to a large
extent mass-transport limited (21). Even though some de-
viations from the mass-transport limited regime occur at higher
coverage, the adsorption goes quickly to completion.

2D self-assembly of annexin A5 on silica-SLBs

We have previously reported by AFM, that 2D crystals of
annexin A5 are not present on silica-SLBs formed with
DOPC/DOPS (4:1) at 2 mM CaCl, (32), whereas 2D crystals
are commonly observed on mica (5). Here we have extended
our AFM investigations to a larger range of DOPS concen-

2.5
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N

1.5

AA (deg)

0.5
0

e

100 150 200 250 300
time (s)

IS BN PR N N
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FIGURE 4 Adsorption of 2 ug/mL annexin AS on a silica-SLB made of
DOPC/DOPS (4:1) as measured by ellipsometry in stirred buffer at 2 mM
CaCl,. The adsorption rate is constant (dotted line), indicating mass-
transport limited adsorption, until >65% of the final coverage.
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trations (0-30%). Two different responses could be observed
as a function of protein coverage.

Under conditions for which maximal protein coverage was
expected according to our QCM-D results, a mosaic of
ordered domains could be discerned that covered the entire
surface (Fig. 5 A). Individual domains had a size of typically
<50 nm. The limited domain size and resolution currently
prohibit an unambiguous determination of the crystal form.
Nevertheless the available structural information is compat-
ible with the p3 crystal form (Fig. 5 A, bottom inset), whereas
we can exclude the presence of the p6 crystal form that is
easily distinguishable (top inset) (30).

Under conditions for which substantial but submaximal
protein coverage was expected (corresponding to frequency
shifts from —10 to —17 Hz), we did not find any supra-
molecular structures exhibiting long-range order, despite
numerous trials and the fact that the support was flat enough
to obtain 2D protein crystals in the case of streptavidin (32).
Neither did we find the micrometer-sized domains, that are
characteristic of the 2D crystals of p6 symmetry and easily
visible on incompletely covered mica-SLBs (c.f. Fig. 10) (19).

Instead, we observed characteristic jumps of the AFM tip on
an otherwise fairly smooth surface that occurred as a function
of the scanning speed and force and led to images exhibiting
two different apparent height levels, separated by ~2 nm (Fig.
5 B). These jumps were not observed on SLBs that had not
been incubated with annexin A5, confirming that they are due
to the presence of the protein. We suggest that the ‘‘water-
skiing effect,”’ earlier reported by Radler et al. (48) on lipid
bilayers, provides a reasonable explanation for our observa-
tion: at low forces and/or high scanning speed the tip slides
over the layer of annexin A5 molecules whereas it jumps down
through the layer at slightly increased forces and/or decreased
scanning speed. Indeed, the observed jump height of ~2 nm
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(Fig. 5 B, inset) is only slightly lower than the height (2.6 nm)
of 2D crystals of annexin A5 (19). The occurrence of such
sliding and indentation implies that annexin A5 is laterally
mobile. We have reported earlier (32) that scratches can be
introduced in the annexin A5 layer and that these scratches
heal quickly, providing further evidence for the presence and
for the lateral mobility of annexin A5 on silica-SLBs.

Taken together, our data indicate that the low density
crystal form with p6 symmetry is not present on silica-SLBs.
This result contrasts remarkably with those previously re-
ported on mica (5,19).

We note that the silica supports employed for the QCM-D
measurements were considerably rougher than the supports
used for the AFM investigations (32). As roughness is not
expected to improve the propensity to crystallization, we
consider it unlikely that annexin A5 does crystallize on any
of the silica supports employed in this study before close to
maximal surface coverage is reached.

The presence of annexin A5 trimers

Evidence has accumulated in previous studies, that the
surface-induced oligomerization into trimers precedes the
2D crystallization of annexin A5 (18,23). Provided our ob-
servations that 2D crystals do not form on silica-SLBs, an
obvious question is whether trimers do actually form on silica-
SLBs. The high lateral mobility of the protein renders the
imaging of monomers or oligomers of annexin AS by AFM
difficult and we could not find direct evidence for the presence
of annexin A5 trimers on SLBs composed of DOPC and
DOPS only. The lateral diffusion of SLB-bound annexin A5
can be as high as the diffusion of the lipid molecules to which
itis bound (49), i.e., in the order of 1 /umz/s. This is more than
the area covered by the AFM tip (0.01 um?/s) under common

FIGURE 5 (A) Two-dimensional ordered organization of annexin A5 on silica-SLBs (DOPC/DOPS (2:1)) in 2 mM CaCl,. Ordered domains of 50 nm and
less in size can be discerned, which cover the surface completely. The ordered structure is compatible with the p3 crystal form (bottom inset, obtained on a mica-
SLB made of DOPC/DOPS (1:4) in 0.2 mM CaCl,), but not with the p6 crystal form (top inset, adapted from Reviakine et al. (19)). Image size (z-limit): 150
nm (2.5 nm). (B) Tracking the presence of annexin A5 on silica-SLBs by AFM. While imaging from top to bottom, the applied force increased, due to thermal
drift, from ~50 to ~200 pN. These slight variations led to jumps of 2 nm in the height (cross section in inset). This effect is attributed to the ‘‘water-ski’’ effect:
at lowest forces (top) the tip is sliding over the disordered layer of laterally mobile annexin A5, whereas it jumps down to the underlying SLB at slightly higher
forces (bottom). Dotted lines (inset) mark the two height levels that correspond to the top of the annexin AS (top dotted line) layer and the top of the SLB
(bottom dotted line), respectively. Annexin A5 was incubated on SLBs of DOPC/DOPS (9:1) in 2 mM CaCl,. The image was first-order plane-fitted. Image
size (z-limit): 2.5 wm (10 nm).
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high-resolution imaging conditions. The comparison illus-
trates the difficulties associated with imaging mobile proteins
on SLBs. It should, however, be noted that AFM images of
mixtures of DOPC, DOPS, and DPPC showed that trimers of
annexin A5 can exist on silica-SLBs (32). The fact that trimers
of annexin A5 could in this case be resolved by AFM may be
explained by a decreased lateral diffusion of the lipids due to
the presence of DPPC lipids in the SLB.

Adsorption of annexin A5 on mica-SLBs

Having investigated the adsorption and 2D self-assembly of
annexin A5 on silica-SLBs we now turn to its deposition on
mica-SLBs. Fig. 6 gives an overview of the (equilibrium)
adsorbed amounts.

When comparing the adsorption behavior at nominal
[DOPS] (Figs. 6, A-D, and 3), i.e., the DOPS content given
by the molar mixing ratio of DOPC and DOPS in the SUVs,
we observe that the adsorbed amounts on mica are generally
lower than on silica for a given [DOPS]. This result is not
unexpected. As shown earlier (38), the interleaflet distribution
of DOPS in mica-SLBs is asymmetrical, leading to DOPS
concentrations in the bulk-facing leaflet, i.e., accessible
[DOPS], which are considerably lower than for silica-SLBs.

If we take into account the difference in accessible
[DOPS] between SLBs on silica and on mica, according to
earlier quantifications (38) (Fig. 6, E—H), we find that the
adsorption behavior of annexin A5 on both surfaces is, in
many aspects, similar. The overall influence of [Ca] and
[DOPS] on the annexin A5 adsorption is the same, within
experimental error, as witnessed by identical values for [Ca]
and [DOPS] to reach the half-maximum frequency shifts
(Table 1). As for silica, binding is entirely irreversible at high
[DOPS] and [Ca]. Also, the adsorption of annexin A5 on
pure DOPC is very similar on both surfaces, exhibiting a high
degree of reversibility. On the other hand, mica-SLBs show
slightly higher amounts of reversible binding at an inter-
mediate range of [DOPS] and for [Ca] = 2mM.

2D crystallization of annexin A5 on mica-SLBs

In strong contrast to silica-SLBs, annexin A5 2D crystals
could be observed on all types of mica-SLBs investigated.
Fig. 7 A provides an overview of the self-assembly structures
found by AFM, and the adsorption behavior found by QCM-
D, as a function of [DOPS] and [Ca]. Three different regimes
can be discerned: i), no adsorption takes place; crystalline
patches with ii), p6 symmetry and iii), p3 symmetry are
present. In all investigated cases and in agreement with
previous studies (5), exclusively the p6 crystal form could be
observed at low coverage of annexin A5 and the p3 crystal
form started to appear only after an intermediate of complete
surface coverage with p6 crystals was reached. The
combination of QCM-D and AFM on mica allowed us to
identify frequency shifts of Af,e = —17.8 £ 1 Hz and Af,; =
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FIGURE 6 Adsorbed amounts, given in QCM-D frequency shifts, Af;, of
annexin A5 on mica-SLBs, as a function of the SLB’s DOPS content, and
the concentration of annexin A5 for 0.2 (A, E), 2 (B, F), 20 (C, G), and 200
mM (D, H) CaCl,. Annexin A5 was incubated at 20 (X, blue) and 80 pg/mL
(&, red), respectively. The amounts of annexin A5, remaining after rinsing
in buffer are also indicated ((J, black) and connected by lines to guide the
eye. The abscissa shows the nominal DOPS content (A-D), given by the
molar mixing ratio of DOPC and DOPS, and the accessible DOPS content
(E-H), i.e., the DOPS content in the bulk-facing leaflet of the SLB. The
accessible DOPS contents were determined elsewhere (38), taking silica-
SLBs as reference,tobe 3 = 1,7 = 1, 13 £ 2,20 = 2, >55, and >60% for
nominal DOPS contents of 10, 20, 33, 50, 67, and 80%, respectively.

—19 = 1 Hz as representative for the presence of complete
crystalline layers of p6 and p3 symmetry, respectively (34).

It is remarkable, that complete p6 crystals could also be
found on pure DOPC at [Ca] = 20 mM (Fig. 7 B) (23). In
agreement with QCM-D results, the annexin A5 crystal was
found to disappear upon rinsing in 20 mM CacCl,.

Kinetics of adsorption and of 2D self-assembly of
annexin A5 on mica-SLBs

With the aim to characterize the relationship between adsorp-
tion and 2D self-assembly, we investigated the kinetics of
both processes in more detail.
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FIGURE 7 (A) Diagram of the state of adsorption and 2D organization of
annexin A5 on mica-SLBs as a function of accessible [DOPS] and [Ca]. A
pair of conditions of ([DOPS],[Ca]) is counted as belonging to the zones p6
and p3, if at least partial coverage with respective crystalline lattice has been
observed under these conditions. Conditions where approximately half-
maximal binding was reached, according to Fig. 3 (O, red), Fig. 6 (O, blue),
Andree et al. (21) (O, black), Pigault et al. (26) (A, blue), and Govorukhina
et al. (23) (o, blue), are indicated. Experimentally investigated data points
are indicated (X). (B) Annexin AS crystallizes even on pure DOPC. The p6
crystal was obtained by AFM after incubation of 20 wg/mL annexin A5
(~20 min) at 200 mM CaCl,, and observed to cover the entire surface.
Image size (z-limit): 1 um (5 nm).

Adsorption kinetics until formation of a complete layer
of p6 crystals

A representative example of ellipsometric measurements on
mica is shown in Fig. 8. The adsorption of annexin AS on
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FIGURE 8 Adsorption of 5 ug/mL annexin A5 on a mica-SLB made of
DOPC/DOPS (1:2) as measured by ellipsometry in stirred buffer at 0.2 mM
CaCl,. The adsorption rate is constant (dotted line), indicating mass-
transport limited adsorption, until >70% of the final coverage. Adsorption
results in negative shifts in A on mica, in contrast to positive shifts on silica
(Fig. 4).

SLBs made of DOPC/DOPS (1:2) in 0.2 mM CaCl, showed
a linear adsorption regime, indicating mass-transport limited
adsorption, until >70% of the apparent equilibrium coverage
of AA = —0.24°, which was reached quickly (after ~2 min).
Based on further ellipsometry data (not shown) and on the
observation, by AFM, that the transition toward a p3 crystal is
rather slow under the employed conditions, we attribute the
shift in A of —0.24° to a complete p6 crystalline layer. Both
the persistence of the purely mass-transport limited regime

TITE ITETET ATRUAE ANE I -
-2 0 2 4 6
time (min)

FIGURE 9 AFM images after an interrupted adsorption of annexin A5 on
mica-SLBs of DOPC/DOPS (2:1); 2 ug/mL annexin A5 were incubated at 2
mM CaCl,, until a coverage corresponding to a frequency shift of —2.5 Hz
by QCM-D (flow mode) was reached (insef). The sample was rinsed in
buffer containing 2 mM CaCl, (inset, at 4 min) before transfer to the AFM.
Domains of 300 nm to 1.5 wm diameter are visible, which did not change in
position or size but slightly fluctuated in shape during subsequent scans
(not shown) and were identified as p6 crystalline domains. The apparent
coverage with crystalline domains was ~3%. Image size (z-limit): 20 um
(10 nm).
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and the overall adsorption kinetics are similar on mica (Fig. 8)
and on silica (Fig. 4), suggesting a rather limited influence of
the crystallization on the adsorption kinetics.

When do trimer formation and 2D crystallization start?

To investigate when the crystallization of annexin AS sets in,
we followed the adsorption of annexin AS on mica-SLBs
(DOPC/DOPS (2:1)) by QCM-D and interrupted the
adsorption by rinsing after a few hertz of coverage were
reached (Fig. 9, inset). Subsequent imaging of this sample
by AFM revealed small domains (Fig. 9) exhibiting the
characteristic topography of a p6 crystal (not shown). Similar
results were obtained on SLBs formed from DOPC/DOPS
(1:2). This demonstrates that a small coverage (=10%) with
annexin A5 is sufficient to initiate crystallization. In
agreement, previous TEM studies on lipid monolayers (23)
had reported the presence of the precursor state of trimers for
very low concentrations of surface-bound annexin AS.

Kinetics of p6 crystal growth

We followed the growth of the p6 crystals by AFM in situ,
after injection of annexin A5 on a preformed SLB (Fig. 10).
Initially, a number of small crystalline patches appeared (Fig.
10 A). The smallest visible patches have a diameter of ~150
nm. Most of the patches then grow (Fig. 10, B—H) until they
cover the entire surface (Fig. 10 I). It is notable that no new
patches are formed after 2.5 min of incubation. Instead, a few
patches (Fig. 10, arrowheads) were found to diminish in size
before disappearing completely.

We note that the time to get to complete crystallization
(~12 min in these conditions) is in the same range as the
time needed for complete adsorption at similar annexin A5
concentrations (Fig. 2). A rigorous comparison of the
kinetics is though not possible, as the presence of AFM tip
and cantilever is susceptible to modify the mass-transport
conditions for the adsorption of the protein. This is witnessed
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FIGURE 10 Growth of a p6 crystal-
line layer of annexin AS, followed in
situ by AFM. Annexin A5 was injected
at 20 pwg/mL on mica-SLBs of DOPC/
DOPS (1:2). Although most crystalline
domains grow with time, a few domains
(arrowheads) diminish in size and dis-
appear. All images are acquired with the
slow scan direction from top to bottom;
the image acquisition time is ~1 min;
incubation times at the end of each
image are indicated (min:s). The lateral
orientation of the AFM cantilever with
respect to the surface is indicated sche-
matically (inset in I). Drifts are due to
instabilities in the AFM setup. Image
size (z-limit): 10 X 5 um (10 nm).

by the slightly heterogeneous crystal growth rates in Fig. 10
(e.g., compare the lower half of Fig. 10 G with the upper half
of Fig. 10 H) and has already been reported elsewhere (50).

Kinetics of the p6 to p3 transition

Relatively small changes in adsorbed mass upon transition
from a p6 to a p3 crystal and relatively slow kinetics rendered
measurements of the transition kinetics by QCM-D or
ellipsometry nonreliable. The difference in protein mass
between a complete p6 and a complete p3 crystalline layer is
36 ng/cmz, or 18% of the mass of a p6 crystalline layer,
including its central trimers (34). However, both crystal
forms could be clearly distinguished by AFM: at small image
sizes, the differences in the crystalline structure were iden-
tified directly (Fig. 11 A), whereas at large image sizes, both
crystalline states could be distinguished by small but detect-
able differences (~0.1 nm) in the crystal height (Fig. 11,
B-C). We therefore employed AFM to follow the kinetics of
the transition from a p6 to a p3 crystalline state. The observed
times for the transition from a crystalline layer of pure p6
symmetry to pure p3 symmetry ranged from 10 min (e.g., for
DOPC/DOPS (1:1) and 20 mM CaCl,) to 60 min (e.g., for
DOPC/DOPS (1:1) and 2 mM CaCl,) at [AS] = 20 ug/mL.
This is clearly much longer than what was commonly needed
for the formation of a complete p6 crystalline layer. The slow
kinetics implies that the recruitment of additional proteins
from the solution is not mass-transport limited. The influence
of AFM tip and cantilever on the kinetics is expected to be
small in this case.

DISCUSSION

We have investigated the adsorption and 2D self-assembly of
annexin A5 on silica-SLBs and on mica-SLBs. Figs. 3, 6, and
7 provide an overview of the obtained results. We find that the
amount of adsorbed annexin A5 is determined by the amount
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of accessible DOPS and by the concentration of calcium,
which correlates well with previous work (21,26,51). The
adsorption curves on silica-SLBs and mica-SLBs are highly
similar, if we take into account that the accessible [DOPS]
on mica-SLBs, formed from a given vesicle preparation,
is significantly smaller than on silica-SLBs (38). In contrast,
we find that whereas annexin A5 2D crystals of p6 symme-
try readily form on mica-SLBs at low protein coverage,
crystallization does not occur on silica-SLBs, except when
a close-to-maximal surface coverage is reached. Our data
indicate that annexin A5 can bind both to DOPS and to DOPC
and we report on different regimes of reversibility of annexin
AS binding.

The interleaflet distribution of DOPS

A comment is appropriate concerning the distribution of
DOPS between the two leaflets of the employed SLBs. Our
previous study with prothrombin (38) provided evidence that
the bulk-facing leaflet of mica-SLBs is depleted in DOPS
and allowed to quantify the difference in the DOPS content
in the bulk-facing leaflet of mica-SLBs relative to silica-
SLBs. It remained, however, unclear whether the interleaflet
distribution in silica-SLBs is symmetrical.

Our data on annexin A5 binding, obtained on silica-SLBs
formed by the method of vesicle spreading and presented
here, can be compared with previously reported results on
SLBs formed by Langmuir-Blodgett deposition (21) and on
large unilamellar vesicles (26) (c.f. Table 1). We find that the
amounts of [DOPS] and [Ca] that are required for half-
maximal binding of annexin A5 correlate well for all studies
(c.f. Fig. 7 A). This indicates that the distribution of DOPS in
silica-SLBs is indeed symmetrical, i.e., the nominal [DOPS]
corresponds to the accessible [DOPS].

The combination of AFM, QCM-D,
and ellipsometry

We emphasize that the combination of a technique with
lateral resolution down to the submolecular level, such as
AFM, and techniques that measure the total adsorbed amount
at high time resolution, such as QCM-D or ellipsometry, was

FIGURE 11 AFM images of coexisting p6- and p3-crystalline domains of
annexin AS. (A) The molecular organization of the p3 crystal (white lines
follow the lattice lines) is predominant. A very small p6 domain (black
rectangle, two times enlarged in inset) as well as disordered boundaries
(white arrowhead) can be discerned; 80 wg/mL annexin A5 were incubated
in 0.2 mM CaCl, on DOPC/DOPS (1:4)-SLBs before image acquisition.
Image size (z-limit): 300 nm (3 nm). (B—C) Regions of p3 symmetry can be
distinguished from regions of p6 symmetry due to slight differences (~0.1
nm) in their height, even at image sizes that prohibit molecular resolution.
The images show the advancement of the p3 crystal (lighter area) after 34
(B) and 54 min (C) of incubation of 20 pwg/mL annexin A5 in 2 mM CaCl,
on DOPC/DOPS (1:2)-SLBs. In panel C only a few small p6 crystalline
areas remain (white circles). A defect is marked (red arrowhead) for ori-
entation. Image size (z-limit): 5 wm (1 nm).
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an essential prerequisite for this study. The employed
techniques proved highly complementary. AFM provided
detailed information on the structure and growth of self-
assembly structures, although its capability to trace adsorbed
but laterally mobile molecules is limited (32) and the AFM
cantilever is susceptible to affect adsorption kinetics (50).
QCM-D or ellipsometry, on the other hand, give access to
time-resolved information about the overall adsorbed
amount, while being limited in tracing the 2D self-assembly
of the protein. The unexpected observation that the 2D self-
assembly of annexin A5 depends distinctly on the solid
support, illustrates the importance of employing identical (in
the case of mica) or similar (in the case of silica) surfaces for
all techniques to obtain reliable results.

A model of annexin A5 binding
Stability of annexin A5 on SLBs

Under appropriate conditions, the adsorption of annexin A5
was observed to be completely or in part irreversible. This
property of annexin A5 seems to be rather exceptional.
Which mechanism can render the binding of annexin A5
so stable? Given the different states of 2D organization of
membrane-bound annexin AS one may suspect the binding
stability to be enhanced by the trimerization or 2D cry-
stallization of the protein. However, our observation that the
amounts of irreversibly bound annexin A5 are very similar
on mica-SLBs (that promote crystallization) and on silica-
SLBs (that inhibit crystallization except at close-to-full cover-
age) indicates that the influence of 2D crystallization is
minor. In studies to be reported elsewhere (A. R. Brisson,
unpublished data), we have further investigated the stability
of a number of annexin A5 mutants against desorption (on
silica-SLBs containing 0, 10, and 20% DOPS). Whereas
both trimerization and 2D crystallization were inhibited for
these mutants, the reversibility of binding was found to be
very similar to what is reported here for wild-type annexin
AS. Our results thus provide evidence that the binding of
annexin AS in its monomeric state is sufficient for irreversible
binding. The fact that annexin molecules consist of a fourfold
repeat of a membrane-binding motif (36,52) provides a direct
explanation for the irreversibility of binding of annexins’
monomers.

The sigmoidal shape of the graphs in Figs. 3 and 6
indicates the presence of apparent cooperativity of annexin
AS binding to SLBs. This strongly suggests that the binding
involves the calcium-mediated interaction of protein mono-
mers with several binding sites, a scenario that was
previously proposed by Meers (14).

Binding of annexin A5 to SLBs with low DOPS content

Our results at [Ca] = 2 mM indicate that an amount of 20—
25% of accessible DOPS is sufficient to generate full protein
coverage. Considering the molecular areas of the lipids
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(~0.6 nm?) and the protein (~30 nm?) (26), this implies that
the presence (on average) of ~10 DOPS molecules per pro-
tein molecule is required for full and completely irreversible
binding. This does not mean that all molecules are bound to
the protein.

At DOPS concentrations below 20% the surface environ-
ment provided by the membrane is not sufficient to generate
fully irreversible binding. In this case, the distribution of
lipid molecules may be such that the local membrane
environment that is required for irreversible binding and
determined by the presence of DOPS, DOPC, and calcium, is
not attained homogeneously over the entire surface. This
may explain our finding that a small population of reversibly
bound proteins coexists with another population of irrevers-
ibly bound annexin A5 under conditions of incomplete
coverage (c.f. Figs. 3 and 6).

The presence of two different protein populations, one
reversibly and the other irreversibly bound, has previously
been reported by Kastl et al. (53) for annexin A1l. The authors
proposed this phenomenon to originate from the formation
of PS-enriched membrane domains and self-association of
the protein molecules. However, the 2D assembly of annexin
A5 did not markedly influence its binding stability, as
described above. In some cases, we found slightly increased
amounts of reversibly bound annexin A5 on mica-SLBs as
compared to silica-SLBs. Under these particular conditions
the incorporation of annexin A5 into a crystal may act as
a secondary binding transition that enhances the apparent
binding affinity of annexin AS. Furthermore, we observed
partly irreversible binding on SLBs of pure DOPC (discussed
below), indicating that the formation of membrane domains is
not necessary to produce two different populations of the
bound protein.

Taken together we propose that the adsorption of annexin
AS is determined by the interaction of protein monomers
with the local membrane environment. The membrane
environment, as defined by the presence of DOPS, DOPC,
and calcium ions, controls the adsorption and reversibility of
binding. We emphasize that the model in its simplest form
does not require any assumptions about specific interlipid or
interprotein interactions, such as the formation of nanoscopic
lipid domains or the oligomerization of annexin AS. In
particular, we note that these results invalidate an earlier
model in which a minimal number of DOPS molecules,
inferior to the number of bound annexin A5 molecules, was
considered sufficient to act as anchoring points for the
annexin A5 2D ordered assembly (26).

Binding of annexin A5 to DOPC

We found that annexin A5 also adsorbs to pure DOPC mem-
branes, in agreement with previous studies (21,23). What are
the differences in binding of annexin A5 to pure DOPC
membranes as compared to DOPS-rich membranes? Firstly,
calcium concentrations of 20 mM and more are required for
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binding to DOPC, whereas concentrations of 0.1-1 mM are
sufficient for DOPS-rich membranes. Secondly, we observed
differences in the reversibility of binding. Binding to DOPC
is completely reversible at 20 mM CaCl, with half-maximal
binding occurring at ~40 mg/mL of annexin AS. We could
not find such a regime on DOPS-rich membranes. One may
suggest that a regime of extensive, but fully reversible
adsorption may exist for DOPS-rich SLBs at a calcium
concentration between 20 and 200 mM (which is not covered
by the presented experimental data). We checked this for an
SLB containing 25% DOPS and could not find such a regime.
Binding to DOPC can though be irreversible, at least in part,
as demonstrated for 200 mM CaCls,.

Our results may suggest that the molecular mechanisms
by which annexin A5 interacts with DOPC and DOPS,
respectively, are different. An alternative view that appears
to be relevant in light of our results has been proposed by
Meers (14). Motivated by observations on micellar systems,
Meers suggested that the intrinsic interaction of annexin A5
with molecules of DOPC and DOPS, respectively, may be
identical. In the framework of his scenario, differences in the
apparent adsorption behavior are due to the charge of DOPS
that increases the concentration of calcium ions in the
vicinity of the membrane and thereby increases protein
binding. Our data can neither fully support nor fully refute
one of the two scenarios. However, the observed differences
in reversibility of binding indicate that, in Meers’ scenario,
the role of the lipid charge must go beyond the simple
enrichment of the membrane surface in calcium.

Kinetics of annexin A5 2D crystallization
on mica-SLBs

The principal phases and phase transitions in the 2D self-
assembly of annexin A5 on mica-SLBs have been inves-
tigated in previous studies (5,23) (Fig. 1). In comparison to
these reports we have extended the range of employed DOPS
concentrations (including pure DOPC) and calcium concen-
trations (0—200 mM). We find that the previously outlined
phases and phase transitions apply over the entire range of
investigated concentrations of DOPS and calcium: at low
protein coverage the p6 crystalline form is observed
exclusively, whereas p3 crystals occur only once the state
of complete coverage with a p6 crystal has been surpassed.
Fig. 7 demonstrates that the propensity to form p6 and p3
crystals is generally determined by the concentration of
[DOPS] and [Ca]. For a given [Ca], a critical concentration
of [DOPS] exists above which the transition to the p3 crystal
form can occur.

Nucleation and growth of p6 crystals

The fact that stable 2D crystals of annexin A5 were found at
a protein coverage that corresponds to a small fraction of the
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maximum coverage (c.f. Fig. 9) provides evidence that a low
2D protein density (=10%) is sufficient to initiate nucleation
and growth of p6 crystals.

Under the experimental conditions employed, the time
window for crystal nucleation is small (c.f. Fig. 10). No new
crystalline domains appear shortly after the formation of the
first domains. This suggests that the growth of existing
crystals keeps the density of adsorbed noncrystalline proteins
sufficiently low to prevent further nucleation. Some cry-
stallites actually diminish in size and disappear (c.f. Fig. 10),
which may be indicative of Ostwald ripening. Thus, protein
adsorption is expected to limit crystal growth, which is con-
sistent with our findings: 1), that adsorption is mass-transport
limited up to high coverage and reaches equilibrium quickly,
as well as ii), that crystallization rates and adsorption rates
are similar.

Our observation that crystallization starts at low protein
coverage and exhibits high growth rates confirms that the
formation of trimers, the precursor of crystallization, is fast
and occurs at a very low density of membrane-bound pro-
teins, as previously reported on vesicles (for annexin A12,
another member of the annexin family that exhibits strong
similarities to annexin A5 in its membrane binding
properties) (54) and on lipid monolayers (23).

The transition from p6 to p3

The solid-solid phase transition from the p6 to the denser p3
crystal form is of first order (5); p3 nuclei form at the grain
boundaries or in defects of the p6 crystallites and grow by the
adsorption of additional annexin A5 molecules into surface
areas that are liberated due to the higher density (~17%) of
the p3 crystal form as compared to the p6 crystal form. The
membrane surface available for binding is thus determined
by the local fluctuations in the crystalline state and is gen-
erally expected to be small. Consequently, the adsorption in
this regime is strongly limited by surface-blocking effects,
consistent with our finding that the growth of p3 crystals is
generally slower than the growth of p6 crystals. In addition
to these surface-blocking effects, the density of available
binding sites, as determined by [DOPS] and [Ca], is expected
to restrict the rates of adsorption and p3 crystal growth. This
rationalizes our observation that the p3 crystallization rate
increases with increasing [DOPS] and [Ca].

Annexin A5 2D assembly on silica-SLBs

We have provided evidence that the p6 crystal form is not
present on silica-SLBs, in strong contrast to mica-SLBs. This
result came as a surprise because the properties of the bulk-
facing SLB leaflet are commonly expected to be fairly
independent on the properties of the underlying support. In
fact, we observed ordered structures of annexin AS at high
protein coverage, which clearly demonstrates that annexin
A5 2D ordered assemblies can be formed on silica-SLBs.
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On the other hand, the mechanical stability of annexin A5
pb6 crystals is limited (55). For example, mechanical stress
exerted upon transfer of p6 crystals—formed on lipid mono-
layers at the air-water interface—to electron microscopy
grids coated with continuous carbon films induced their
transition into the p3 crystal form (17). Similarly, differences
in the properties of the solid support (roughness, crystallin-
ity) (32) may induce slight changes in the SLB properties
(lipid mobility) that render the p6 crystalline form unfavor-
able as compared to the disordered state of annexin A5
trimers. Further studies on similar surfaces such as crystalline
silica or glass may reveal more insight, but are outside the
scope of this work.

CONCLUSION AND PERSPECTIVES

We have provided a detailed characterization of the binding
and 2D self-assembly of annexin A5 on SLBs for a large
range of calcium concentrations and DOPS contents, includ-
ing pure DOPC. The combination of AFM, QCM-D, and
ellipsometry allowed correlating the kinetics of adsorption
and 2D crystallization.

We found that the adsorption of annexin AS is determined
by the interaction of protein monomers with the membrane
and propose that the local membrane environment, as de-
fined by the presence of DOPC, DOPS, and calcium ions,
controls the adsorption and reversibility of binding.

We found genuine differences in the self-assembly be-
havior of annexin A5 on SLBs formed on silica and mica,
respectively. Whereas the origin of these differences remains
unclear, our results stress that the solid support can have a
pronounced influence on the properties of SLBs.

Although we have predominantly treated the 2D crystal-
lization kinetics in a qualitative manner, the outlined ex-
perimental approaches are expected to be useful for the
quantitative characterization of the 2D self-assembly pro-
cess (3).
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