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Mechanism of Annexin I-Mediated Membrane Aggregation
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ABSTRACT: It has been proposed that annexin | has two separate interaction sites that are involved in
membrane binding and aggregation, respectively. To better understand the mechanism of annexin I-mediated
membrane aggregation, we investigated the properties of the inducible secondary interaction site implicated
in membrane aggregation. X-ray specular reflectivity measurements showed that the thickness of annexin
| layer bound to the phospholipid monolayer wasB2 A, indicating that annexin | binds membranes

as a protein monomer or monolayer. Surface plasmon resonance measurements of annexin |, V, and mutants,
which allowed evaluation of membrane aggregation activity of annexin | separately from its membrane
binding, revealed direct correlation between the relative membrane aggregation activity and the relative
affinity of the secondary interaction site for the secondary membrane. The secondary binding was driven
primarily by hydrophobic interactions, unlike calcium-mediated electrostatic primary membrane binding.
Chemical cross-linking of membrane-bound annexin | showed that a significant degree of lateral association
of annexin | molecules precedes its membrane aggregation. Taken together, these results support a
hypothetical model of annexin I-mediated membrane aggregation, in which a laterally aggregated monolayer
of membrane-bound annexin | directly interacts with a secondary membrane via its induced hydrophobic
interaction site.

Annexins are a family of structurally related eukaryotic ing of vesicles aggregated by annexin Il, annexin Il-p11
proteins that reversibly bind the membrane containing anionic heterotetrameric complex, and annexin | has pointed to the
phospholipids in a Ga-dependent mannet{3). More than direct protein-protein interaction of the annexins bound to
20 different isoforms have been found in many organisms two separate membranek3}. However, ellipsometric meas-
ranging from mammals to moldsd)( Annexins have a  urements of annexinHV chimera support the notion that
conserved core made up of four highly helical domains of an annexin molecule (or a monolayer of membrane-bound
about 70 amino acids. The core domains harbor multiple annexin molecules) simultaneously interacts with two sepa-
calcium binding sites, which are all located on the convex rate membraned). Despite fundamental differences, these
side of the molecule5). Annexins also contain an amino- models share a common concept of two distinct interaction
terminal region that varies in length and amino acid sequence.sites; a primary site for membrane binding and a secondary
The amino-terminal region has been implicated in regulating site for membrane aggregation. The primary membrane-
different functions of annexinsl{ 6). Although exact binding site, which has been defined by extensive structural
physiological functions of annexins are not fully understood, and mutational studies, coincides with the calcium-binding
they have been implicated in a variety of processes, includingsites located on the convex surface of annexin molecules
regulation of membrane trafficking3( 7), modulation of (20—27). Much less is known about the secondary interaction

blood coagulationg, 9), bone calcification0, 11), inhibi- site, although it has been postulated to be on the opposite

tion of phospholipase A(1), modulation of cell signaling  concave side of the annexin molecule that harbors the amino-

pathways {2, 13), regulation of calcium homeostasit4( terminal region 19, 28, 29).

15), and antiinflammatory actions of glucocorticoidsg). To elucidate the mechanism of annexin I-mediated mem-
Some annexins, including annexin I, Il, IV, and VII, can brane aggregation and determine the properties of its

promote membrane aggregation in vitro, which have led to secondary interaction site, we performed chemical cross-
a hypothesis that these annexins are involved in cellular linking, X-ray specular reflectivity, and surface plasmon
endocytosis and exocytosi8, (17). However, the mecha- resonance (SPR) measurements. Results indicate that mem-
nisms by which annexins induce membrane aggregation havebrane-bound annexin | molecules laterally aggregate with
remained controversial. The cryo-electron microscopic imag- their hydrophobic secondary interaction sites exposed, which
then directly interact with the secondary membrane to induce
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phosphoethanolamine (POPE) were purchased from Avanti(34). The data from the lipid monolayer were analyzed by a
Polar Lipids, Inc. (Alabaster, AL) and used without further two-slab model where one slab represents the average
purification. The expression and purification of annexins | electron density in the acyl group region of the lipids and
and V and annexin mutants was performed as describedthe other slab represents the electron density in the headgroup
previously @4, 30, 31). region. Addition of annexin required that a third slab be used
X-ray Reflectyity MeasurementsX-ray reflectivity was to represent the additional electron density due to protein
conducted at beamline X19C at the National Synchrotron adsorbed onto the lipid monolayer. In the latter case of
Light Source (Brookhaven National Laboratory, USA) with annexin adsorption, the model for the electron density
a liquid surface spectrometer and measurement techniquegradient is given by
described in detail elsewherdd). In a typical experiment,

10 uL of 1 mM POPS/POPE/POPC (2:5:2 in mole ratio) in dip.(2)O
Iu ( ) 1 |])e( ) — (pacyD(Zﬂo’z)illzeizzlzoz—i—

chloroform was added dropwise onto the surface of 10 mM P dz
HEPES-KOH buffer, pH 7.0, containing 0.1 M KCland 1 °¥ L e
mM Ca* in a Langmuir trough (ca. 40 mL total volume). (Pnead— Pacy)(210°) H2e 2~ Lol 277 4
The resulting lipid monolayer was equilibrated for 30 min 2702) V2712~ (Lheast Lagy)]/20?
. : : — e +
at 25°C in a temperature-controlled aluminum container. (Pann — Pread (270°) e
After the surface pressure of the phospholipid monolayer (o — pam)(27102)71’2e7[27 (Lannt Lheast Lacyd] 7207 9y

was adjusted to 34 dyn/cm, 16@ of annexin | or 50Qug
of annexin V was injected into the subphase, and the systemwhere Lann Lheas Lacyi are the thickness of the annexin,
was equilibrated for anothe h with intermittent stirring. headgroup, and acyl group regions, respectively: ehead
The specular reflectivity is measured as a function of the p.q, represent the average electron densities (normalized to
wave vector transfeiQ,, by varying the incident anglex the electron density of bulk water, 0.33%#/A3) of the
(measured from the plane of the water surface), and annexin, headgroup, and acyl group regions, respectively;
measuring the intensity of scattered X-rays at the reflected p,, is the electron density of the water subphase (normalized
angle wherefs = a (and the reflected X-rays are in the to be equal to 1); and is the roughness of the surface
plane of incidence). In this case, the wave vector transfer of determined primarily by capillary waves. The first term in
the reflected X-raysQ, is solely in thez-direction normal eq 2 represents the interface between the vapor and the top
to the water surface and is given Qy= (4n/1)sin(a), where of the lipid acyl group; the second term represents the
A = 1.54 £ 0.002 A is the X-ray wavelength for these interface between the bottom of the acyl group region and
measurements. Typical data acquisition time for the single the headgroup region; the third term represents the interface
reflectivity curve was 6-8 h. No significant radiation damage  between the bottom of the headgroup region and the annexin
was detected during the measurements, as indicated by theroteins; and the fourth term represents the interface between
reproducibility of data after repeated 2) measurements on  the bottom of the annexin proteins and the water subphase.
the same sample. The reflectivity calculated from eq 1 using the model given
The reflectivity, R(Q), represents the scattered intensity by eq 2 is then fit to the data to yield values for the fitting
normalized by the X-ray intensity immediately prior to the parametersiann Lhead Lacyh Pann Phead Pacys @ndo. Some of
sample. To make the features of the reflectivity curve more these fitting parameters correspond to qualitative features of
evident,R(Q) is divided by Re(Q,), which is the Fresnel the data. For examplé,a,, is determined by the width of
reflectivity predicted for an ideal, smooth, and flat interface the first peak in the reflectivity angdan, is determined by
(33). Deviations of the measured reflectivitiR(Q,), from the amplitude of that first peak.
the Fresnel reflectivity,R:(Q,), reveal the presence of Surface Plasmon Resonance MeasuremeAts.SPR
interfacial structure as a function of the position along the measurements were performed with a BIACORE X instru-
normal to the surface. In this case, the structure is due toment and a Pioneer L1 sensor chip (BIACORE AB,
the lipid monolayer supported on the water surface and to Piscataway, NJ). The chip was coated with lipid by two
annexin and Cd ions adsorbed to the headgroup region of sequential injections (90 and 40) of 0.5 mM POPC/POPE/
the lipid monolayer. Reflectivity data were analyzed using POPS (2:5:2 in mole ratio) LUV prepared in the flow buffer
a general expression, derived from the first Born approxima- (10 mM HEPES-KOH, 0.1 M NaCl, 1 mM C&, pH 7.0).
tion for X-ray scattering, that relates the reflectivity to the All measurements were performed at flow rate of [0
electron density gradient normal to the interfacepd@) min and 24°C unless noted otherwise. The deposited lipid
dz) (averaged over the interfacial plane), and written as  layer was washed with 3@L of 10 mM NaOH at flow rate
of 100 uL/min to ensure a stable surface. Lack of fluores-
R(Q) 1 dﬁd@e(Z)D 2 1 cence signal in the flow buffer after rinsing the sensor chip
R:(Q) = f “ az exp(Q2) @) coated with POPC/POPE/POPS vesicles incorporating 10
mM 5-carboxyfluorescien (Molecular Probes) indicated that
wherepe puiis the electron density of the aqueous subphase the vesicles remained intact on the chip. Thirty microliters
of freshly prepared annexin solutions (typically 100 nM) in
! Abbreviations: EGTA, ethylene glycol bj$aminoethyl ether)- the ﬂo,W .buffer was 'r_']eCted into the flow channel, and th_e
N,N,N',N'-tetraacetic acid; HEPE®-(2-hydroxyethyl)piperaziné¢ - association was monitored for 3 min. After unbound protein
(2-ethanesulfonic acid); LUV, large unilamellar vesicles; POPC, was allowed to be flushed away from the flow channel for

1-pa|mitoyl-2-oleoylsngchero-3-phosph0(;h0]ine; POPE, 1-palmitoyl- 320 s, 3QuL of 0.5 MM POPC/POPE/POPS (2:5:2 in mole
2-oleoylsn-glycero-3-phosphoethanolamine; POPS, 1-palmitoyl-2- . . L. I
oleoyl-snglycero-3-phosphoserine; SDS, sodium dodecyl sulfate; SPR, 'atio) LUV in the flow buffer was injected. Kinetics of
surface plasmon resonance. vesicle adsorption was followed for 3 min. The chip surface

Pe,bulk
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was regenerated after each measurement by injections of 30 a) d)

uL of 40 mM CHAPS and 3@L of 10 mM octylglucoside.

The salt dependence of vesicle adsorption was measured by m— QQQ
the similar protocol with the following modifications. The N N

lipid coating of chip was performed with vesicles prepared
in the flow buffer containing 0.2 M NaCl instead of 0.1 M m N
NaCl. The concentration of annexin solutions used for
primary protein binding was adjusted to 10 nM instead of

100 nM. Phospholipid vesicles were freshly prepared in the b) e)

flow buffers containing 6-:0.5 M NaCl and injected into the

flow channel to assess extent of their co-aggregation. As a m— s
control to compensate for the nonspecific salt-dependent

change in SPR signal caused by different refractivity index + +

values of flow buffers, each flow buffer was injected into
the flow channel equilibrated with the flow buffer containing
no salt. These background values were then used for

background correction. €) f)

Chemical Cross-Linking of AnnexinTwenty micrograms
(0.5 nmol) of annexin | or its mutants and 0.02 mM of POPC/ m Sy oy ey
POPE/POPS (2:5:2 in mole ratio) vesicles (final concentra- 5 5 6 5@5
tion) were added to 2 mL of 10 mM HEPES-KOH, pH 7.0, + +

containing 0.1 M NaCl and 1 mM €& and the mixture
was incubated for 5 min at room temperature. To cross-link
the membrane-bound protein, 200 of 10% formaldehyde Ficure 1: Panels af: Different models of annexin I-mediated
in phosphate buffer, pH 8.3, was added to the reaction membrane aggregation. See the text for detailed description.
mixture and the mixture was incubated for 30 min. To AnnexinImolecules are shown in a cartoon drawing with its convex

f : - - side containing multiple calcium binding sites (black dots) facing
determine the amount of cross-linked protein, the mixture membranes illustrated in double lines. The concave side of the

was centrifuged at 1000Q0at 25 °C for 20 min using @  molecule harbors a flexible amino-terminal region, which forms a
Sorvall RCM120EX micro-ultracentrifuge. Pellets were part of the secondary interaction site for membrane aggregation.

redissolved in 1%L of 10 mM HEPES-KOH buffer, pH _ ) o N _

7.0, containing 100 mM KCl and 1 mM EGTA, and mixed secondary interaction site is specific for annexin | molecules
with 15 uL of the gel-loading buffer (0.125 M Tris-HCI, ~ in solution. o

pH 6.8, 20% (v/v) glycerol, 4% SDS, 0.005% bromophenol ~ X-ray Reflectiity Measurements of Annexin-Lipid Mono-

blue). These samples were analyzed on 9% Spdy- layer Ir)teractionsPhosphqlipid monolayers ha\_/e _been used

acrylamide gels. extensively for the analysis of membrar@nnexin interac-
tions @23, 31, 37—46). In particular, this model membrane

RESULTS system allows the separate and independent characterization

of primary annexir-membrane interactions, as the secondary

Models of Annexin I-Induced Membrane Aggregation. membrane for aggregation is not available. To explore the
Previous studies on annexin I-induced membrane aggregatiorpossibility that annexin | binds the lipid monolayer as an
indicated the presence of an inducible secondary interactionaxial dimer (or protein bilayer), we analyzed the binding of
site for membrane aggregation that is distinct from the annexin | to phospholipid monolayers by means of X-ray
primary membrane-binding sitd 4, 28, 29, 35, 36). Three specular reflection32, 47, 48). In this technique, the intensity
major topological models of annexin I-mediated membrane of X-rays reflected from the airwater interface is measured
aggregation, which are based on the presence of the inducibleas a function 0fQ,, the wave vector transfer (see Materials
secondary interaction site, are depicted in Figure 1, panelsand Methods) 32). As illustrated by eq 1, the X-ray
a—c. Each model could also involve the lateral association reflectivity represents the Fourier transform of the gradient
of membrane-bound annexin molecules, as shown in Figureof the electron density perpendicular to the interface (aver-
1, panels ef. The first models assume the direct protein  aged over the plane of the interface). Analysis of the X-ray
protein interactions of membrane-bound annexin | molecules reflectivity provides structural information about the mono-
(Figure 1, panels a and d), whereas the second ones postulatiayer system in the direction perpendicular to the interface.
the interactions of membrane-bound annexin | molecules with  X-ray reflectivity from the phospholipid monolayer [POPS/
the secondary membrane (Figure 1, panels b and e). ThePOPE/POPC (2:5:2 in mol ratio)] supported on the buffered
third models are different from the second models in that aqueous subphase is shown in Figure 2, panel a. These data
membrane-bound annexin | molecules form axial dimers can be fit with a simple two-slab model. The upper slab
prior to interacting with the secondary membrane (Figure 1, corresponds to the phospholipid acyl chains, while the lower
panels ¢ and f). These models could also be distinguishedslab (adjacent to the subphase) corresponds to the phospho-
in terms of different specificity of the secondary interaction lipid headgroups. The fitting parameters include the thickness
site. In the first models, the site would be specific for of the two slabsl(aey = 14 A andLneag= 7 A), the average
membrane-bound annexin |, whereas in the second modelslectron densities of the two slabsd = 0.8 andpneads=
the site would be specific for the secondary membrane. The 1.5, normalized to the value for bulk water, 0.384A3)
third models, on the other hand, would predict that the and the interfacial roughness,= 4.3 A, due primarily to
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Ficure 2: Normalized X-ray reflectivity profiles of phospholipid monolayer-bound annexin I. Phospholipid monolayers, containing POPC/
POPE/POPS (2:5:2), were formed on a subphase buffer (10 mM HEPES-KOH, 0.1 M KCI, pH 7.0), and their surface pressure was set at
34 dyn/cm. The subphase is supplemented with (a) 1 m&t,Gha) annexin | (16Q«g), (c) annexin | (16Q«g) and 1 mM C&", and (d)

annexin V (50Q«g) and 1 mM C&". Open circles indicate experimental data and solid lines represent the best fit of the data using a model
described under Materials and Methods.

capillary waves. The parameters describing the acyl group ' ' ' ' ' '

region, Lacyi and paey, indicate that the acyl chains are 150 |- head -

disordered, as expected. The high electron density in the o

headgroup regionpfeas = 1.5) is due to the presence of B 1251 i -

phosphorus and oxygen. The total thickness of the monolayer S annexin boh

adds up to 21 A, which is consistent with the dimension of 2 1.00 |- Sthphase

a phospholipid monolayer. These values are in reasonable £

agreement with literature values of reflectivity from a pure 3 o075t =

DPPC monolayer supported on watég) and other X-ray °

measurements of phospholipid assembl&d).( 2 050 .
We then measured the effect of injecting 1&Dof annexin s

| into the subphase containing 1 mM £aThe observed & 9251 -

reflectivity (Figure 2, panels c) differed dramatically from air

that of the phospholipid monolayer alone. Analysis of the 0.00 — T

reflectivity measurements using eq 2 (see Materials and

Methods) indicates the presence of a third slab (due to .

annexin | adsorption onto the phospholipid headgroups) with z(A)

electron densityann = 1.11+ 0.01 (relative to water) and  Ficure 3: Typical interfacial profile of the phospholipid-bound

thicknessann= (314 2) A. The parameters describing the ~annexin I. A normalized electron density of the interface along the

phospholipid monolayer on top of the annexin are very aXis normal to the interfacez)is depicted. Surface roughness

similar to those discussed above for the monolayer in the parameterg, was set to zero for clarity.

system without annexin. An interfacial profile for the possibly due to a small amount of denatured annexin |

phospholipid monolayer-bound annexin I is shown in Figure molecules adsorbed onto phospholipid headgroups. Perhaps

3 with the roughness set to zero for clarity. These data cannotmore importantly, the X-ray reflectivity from this control

be fit with a thickness of..,= 62 A, indicating that annexin  monolayer without free Ga was changing during the 12 h

I adsorbs onto the phospholipids as a monolayer of annexinperiod of our measurements. During that time, the effective

I and not as a bilayer. These data thus preclude the possibilitythickness of the headgroup region increased slightly. All our

of axial dimer formation of monolayer-bound annexin | other measurements were constant in time, indicating stable

molecules, as illustrated in Figure 1, panels ¢ and f. monolayer conformations during similar periods of measure-
In a control experiment, we injected the same amount of ment for either the phospholipids alone or with Annexin (|

annexin | into the subphase devoid of freeeCahe X-ray or V) with free C&*. Thus, the formation of the third layer

reflectivity (Figure 2, panel b) differs slightly from that for in Figure 2, panel c, is due to specific, Talependent

the phospholipid monolayer alone (Figure 2, panel a): a annexin Fphospholipid binding, establishing that the layer

dampening of the second peak in the reflectivity profile was is composed of annexin | molecules adsorbed to phospholipid

seen. Analysis of these control data with a two-slab model monolayer. Most importantly, the thickness of the annexin

indicates that the headgroup region is thicker than expectedlayer (31 + 2 A) compares well with the molecular

(approximately 12 A5 A larger than expected), which is dimension of annexin | determined by the X-ray crystal-

-20 0 20 40 60 80
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Annexin | A Av24K26E has limited ability to aggregate phospholipid membranes, and
another truncated mutamk{24K26E) that has no detectable
- + = + =+  Crosslinker membrane aggregation activity despite full binding activity
(29). Differences in electrophoretic mobility of annexin I,
o . |~— 200 kDa A4 and A1?4K26E and their corresponding aggregates

b [ reflect difference sizes of these proteins. Higher molecular
= ; it . 97 kDa weight bands of annexin | .and mutants _do not exactly
. correspond to dimers and trimers. This might be because
! o the cross-linked proteins were not fully unfolded in the SDS
solution due to the high extent of intra- and intermolecular
cross-linking. Note that significant amounts of these proteins
remain as a monomer under our conditions, presumably due
' L8 20 2 ~—45kDa to incomplete cross-linking reaction. Since our cross-linking
* v was performed under the conditions in which annexin |
induces vesicle aggregation, the cross-linked aggregates could
derive from either lateral association (Figure 1, panels d and
e) or axial association (Figure 1f). Under these conditions,
1 2 3 4 5 6 however A1"24K26E lacking membrane aggregation activity
FIGURE 4: Chemical cross-linking of membrane-bound annexin | can form only the lateral aggregates, if any. Thus, the finding
and its truncated mutants. Twenty micrograms of annexin | (lanes that annexin | and the two truncated mutants form essentially

1 and 2),At! (lanes 3 and 4), and* 2/K26E (lanes 5 and 6)  the same types of cross-linked aggregates indicate that the
were incubated with 0.02 mM POPC/POPE/POPS (2:5:2 in mole | 4051 hrotein association is mainly responsible for cross-

ratio) vesicles in 10 mM HEPES-KOH, pH 7.0, containing 0.1 M~ . o
NaCl and 1 mM C& for 5 min before adding formaldehyde (1% linking and also that the lateral protein association of
final concentration). Samples were incubated for 30 min 8125  membrane-bound annexin | is mediated by the carboxy-
and centrifuged, and pellets were analyzed on a 9% polyacrylamideterminal core.
gel. Specificity of the Secondary Interaction Si#e.major
S . . obstacle in characterizing the secondary interaction site of
lography, indicating that the protein layer is one molecule neyin | is to separate the events of primary and secondary
thick (31). membrane binding, which is difficult to achieve in vesicle-
To verify the validity of our X-ray reflectivity analysis, based assaysZS, 35) To overcome the d|ff|Cu|ty, we
we also determined the thickness of annexin V molecules emp|0yed the surface p|asmon resonance technﬁln§8)
bound to the same phospholipid monolayer, which was in which the binding of annexin | to phospholipid vesicles
previously determined by electron and atomic force micro- anchored to a sensor chip, and the subsequent binding of
scopic analyses2@, 52). X-ray reflectivity measurements  vesicles to the membrane-bound annexin | can be separately
resulting from 50Qg of annexin V injected into the subphase monitored. In our typical experiment, the dextran-based
containing 1 mM C&" are shown in Figure 2, panel d. The = pjoneer L1 chip that contains multiple hydrophobic anchors
data analysis was again consistent with the presence of thregyas coated with POPS/POPC/POPE (2:5:2 in mole ratio)
slabs. The third slab (the annexin V) had an electron density vesicles and protein solutions were injected into the flow
pann= 1.20=+ 0.01 (relative to water) and thicknekgn = channel of the instrument for primary annexin l-vesicle
30+ 2 A. The electron density of this slab is slightly higher  pinding, which was followed by the second injection of the
than that of annexin | because the coverage of phOSphO"pidsame vesicles for Secondary membrane bmdmg and mem-
monolayer with protein molecules would be hlgher dueto a brane aggregation. According to models 1b and le (See
3-fold excess of annexin V used in the measurement. Figure 1), surface-bound annexin | should be capable of
Importantly, the calculated thickness of 38 2 A of binding the secondary vesicles. Models 1a and 1d, however,
monolayer-bound annexin V is consistent with the previous predict that surface-bound annexin | cannot bind the second-
values of 22-38 A and 26+ 2 A determined by electron  ary vesicles unless they are precoated with annexin |
and atomic force microscopy, respectived3(52). The value molecules.
also agrees with the dimension of a single annexin V. The surface plasmon resonance signal is linearly propor-
molecule R0). tional to the mass of analytes interacting with the chip surface
Cross-Linking of Membrane-Bound AnnexifThe lateral (59). As shown in Figure 5, the primary membrane binding
association and/or two-dimensional crystal formation of of annexin to the POPS/POPC/POPE vesicle-coated sensor
membrane-bound annexins has been reported for severathip resulted in a large increase of SPR signal. In contrast,
annexins, including annexin 1V, V, VI, and XIi2@, 37— annexin | caused a negligible change in SPR signal when
39, 52—56). We measured the potential lateral aggregation the sensor chip was coated with POPC vesicles, demonstrat-
of membrane-bound annexin | molecules by chemical cross-ing that the signal increase was due to the specific annexin
linking with formaldehyde. A representative electrophero- |-phospholipid binding. The primary binding was Ta
gram for cross-linked annexin | and its mutants is shown in dependent and reversible, as the injection of'deee buffer
Figure 4. The cross-linking of annexin | resulted in a large rapidly dropped the SPR signal to baseline. Also, dissociation
array of high molecular weight aggregates (lane 2), which rates of all chip surface-bound proteins used in this study
were absent in the control mixture devoid of the cross-linker were unusually slow in the flow buffer containing 1 mM
(lane 1). Similar patterns were observed with the core of C&" and 0.1 M NacCl, allowing ready measurement of the
annexin | lacking amino-terminal 41 residues!(#Y) that secondary binding without having to deal with the loss of

"~ |=—116 kDa

| —— 66 kDa
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FIGURE 6: Binding of secondary phospholipid vesicles to annexins

Ficure 5: Binding of annexin | to vesicle-coated Pioneer L1 sensor ; ; ; :
> h . S . adsorbed to primary vesicles coated on the Pioneer L1 sensor chip.
chip. The chip was coated with phospholipid vesicles [POPC/POPE/ p.iaing anaFI)yzed >\//vere annexin ), A4 (c), Al 24K26E P

POPS (2:5:2 in mole ratio)] and equilibrated in the flow buffer (10 (d) and annexin V (). Comparable amounts of annexins (2500 RU)
mM HEPES-KOH, 0.1 M NaCl, pH 7.0) containing 1 mM €a were adsorbed to the sensor chip coated with POPS/POPC/POPE
At time zero, 0.1uM annexin | solution in the flow buffer (5.5.5 iy mole ratio) vesicles. At time zero, 80 of 0.5 mM POPS/
containing 1 mM C& was injected at a flow-rate of 10L/min poPC/POPE (2:5:2) or POPC (curve b) vesicle solution was
into the flow channel and association was followed for 10 min. At injected, and the time course of resonance response was followed

10 min, injection of protein was stopped, and flow channels were fq 3 min at 25°C with a BIACORE X instrument. The flow buffer
flushed continuously with the flow buffer containing either né¢Ca was 10 mM HEPES-KOH, pH 7.0, containing 0.1 M NaCl and 1

(a) or 1 mM C&* (b or c). Annexin | dissociated very slowly from .\ G2+ In a control experiment. the second 8D of 0.5 mM
the chip when the flow buffer contained 1 mM TaReversibilty  BOpS/POPCIPOPE (2.52) vesicle Solution was injected to the

of the annexin | binding to the chip was demonstrated by the ; ; ; ; ;
injection of the flow buffer containing no Gaat 29.7 min (b) and ?glljwr?/%rfc)hlp coated with the same vesicles in the absence of annexins

780 min (c).
surface-bound protein during the process. For instance, theboundA' ! (annexin | core), which retains full membrane-
dissociation of surface-bound annexin | was negligible in binding activity with limited membrane aggregation activity
typical 6-min-long measurements, and more than 60% of (29). As expectedA'#! caused an intermediate increase in
annexin | remained bound to the chip surface even after 13SPR signal upon phospholipid vesicle injection (Figure 6).
h (see Figure 5). Primary binding of the same concentration Overall, these results show that membrane-bound annexin |
of annexin I,A¥™*1, A1T"24K26E, and annexin V all gave  molecules can directly interact with the secondary membrane,
comparable increases in SPR signal under the same condivia its specific secondary interaction site, thereby favoring
tions (data not shown), indicating comparable degree of models 1b and 1e over model 1la and 1d (see Figure 1).
binding. The sensorgrams depicting the kinetics of secondary Hydrophobic Nature of Secondary Annexin I-Membrane
membrane binding of surface-bound annexin | and other Interactions.The primary membrane binding of annexin |
proteins are shown in Figure 6. Note that the baselines beforeis driven by C&"-dependent electrostatic interactions, which
the vesicle injection are adjusted to zero RU for better entails the presence of anionic phospholipids in the mem-
illustration. Most significantly, a large increase in SPR signal brane. Apparent lack of anionic phospholipid requirement
was observed when POPS/POPC/POPE (2:5:2) vesicles weréor the secondary membrane binding of annexin | suggested
injected to surface-bound annexin |, suggesting that chip that the binding is driven primarily by hydrophobic interac-
surface-bound annexin | can directly interact with the tions. To explore this possibility, we determined the salt
secondary membrane. Unlike the primary binding, the dependence of the secondary membrane binding by SPR
secondary binding did not have strict requirement for anionic measurements. These measurements were initially hampered
phospholipids, since pure POPC vesicles yielda®% of by weaker primary binding of annexin | in the presence of
the signal produced by POPS/POPC/POPE (2:5:2) vesicleshigh concentrations of NaCl. In particular, lower degree of
(Figure 6, panel b). These signals should arise from the association and faster off-rates were observed. To overcome
specific adsorption of vesicles to the surface-bound annexinthis problem, the binding of the annexin | was performed in
I, as annexin V andA"?/K26E, both of which lack the flow buffer without NaCl to achieve the high degree of
membrane aggregation activit29), led to negligible in- primary binding and the secondary vesicles were prepared
creases in SPR signal (Figure 6, panels d and e). Smallin the flow buffers containing different concentrations of
increases in signal were due to nonspecific interactions of NaCl and injected to the chamber. As shown in Figure 7,
vesicle with the sensor chip because a similar signal wasthe binding of surface-bound annexin | to secondary vesicles
detected when the vesicles were injected into the system withwas further stimulated with the increase in NaCl concentra-
no surface-bound annexins (Figure 6, panel f). To further tion. The SPR signal in the presence of 0.5 M NaCl was 7
verify that the observed signal is due to specific secondary times higher than that seen in the absence of NaCl. This
membrane binding, we measured the signal with the surface-value represented a lower estimate taking into the account

Time (min)
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T T T T T p— phospholipid monolayer as either a monomer or a monolayer.
If the annexin | molecule binds to the membrane in an
/ 1 orientation that allows its convex side to make immediate
contact with the membrane, the thickness of molecule is
I/ ] estimated to be<30 A from its X-ray structure1). Thus,
1 the calculated thickness of monolayer-bound annexin | (31
/ 1 + 2 A) matches the dimension of a single annexin |
o ] molecule. The validity of our methodology was verified by
/ the good agreement between the calculated thickness of
annexin V (30+ 2 A) monolayer and reported values (22
38 A and 26+ 2 A) (23, 52). Also, the calculated thickness
of phospholipid monolayer (21 A) compares well with
reported molecular dimension of phospholipids. Although
one cannot rule out the possibility that annexin | binds
phospholipid monolayers and bilayers in different modes,
! ! L ! ! ! these data essentially preclude the models involving the axial
00 01 02 03 04 05 dimer formation (Figure 1, panels ¢ and f) during the annexin
I-induced membrane aggregation.
NaCl concentration (M) The two-dimensional crystal formation of phospholipid
FiIGURE 7: Salt dependence of secondary annexin I-vesicle binding. monolayer-bound annexins has been detected by electron
To annexin | molecules (corresponding to 210 RU) bound to the microscopy for several annexins, including annexin IV, V,
sensor chip coated with POPS/POPC/POPE (2:5:2 in mole ratio), gnd VI (23, 37—39). The lateral protein crystallization of

30 uL of 0.5 MM POPS/POPC/POPE (2:5:2) vesicle solutions in ; ; _
the flow buffer (10 mM HEPES-KOH, pH 7.0, 1 mM €aand annexin V bound to the supported bilayer was also demon

different NaCl concentrations) were injected. The time course of Strated by atomic force microscop§3). Furthermore, the
resonance response was followed for 3 min at°g5with a association of vesicle-bound annexins has been shown by
BIACORE X instrument, and the final values were taken for chemical cross-linking, fluorescence, and electron spin
plotting. Data points represent means of triplicate determinations resgnance. In particular, annexins 1V, V, and XII were found
and the bars represent standard errors. to trimerize on the membrane surfaé8{56). Our chemical
cross-linking studies show that annexin | molecules aggregate
on the vesicle surface. The association of vesicle-bound
annexin | is more likely to occur laterally than axially, as
two truncated mutants of annexin | with limited and no
membrane aggregation activity, respectively, have essentially
DISCUSSION the same cross-linking patterns. This also indicates that the
lateral protein aggregation is mediated by the core of annexin
Annexin |, as well as annexins I, IV, and VII, have in I, which might be necessary but not sufficient for membrane
vitro membrane-aggregation activity, (L7). The membrane-  aggregation activity. Together, our cross-linking studies
aggregation activity of annexin | can be modulated by suggestthat membrane-bound annexin | molecules are more
phosphorylation and/or proteolysis of amino-terminal region likely to function as a protein monolayer than as a monomer,
(29, 35, 60—64). Also, the activity can be inhibited by thereby favoring models 1d and 1e over models 1a and 1b.
annexin I-specific antibodies, independently of its membrane-  Finally, we addressed the critical question as to the
binding activity @5, 60), suggesting the presence of a specificity of the secondary interaction site by means of
specific, distinct site for membrane aggregation. Despite surface plasmon resonance technology. The main advantage
extensive efforts, however, the identification of such site has of this system is that it allows separate and independent
remained elusive. Our recent study indicated that both the measurements of primary membrane binding and secondary
core region and some residues in the amino-terminal region,membrane aggregation events. This was also made possible
including Lys-26 and Lys-29, are involved in the induction by the slow dissociation of annexin | from the chip-anchored
and stabilization of the secondary interaction s&8)(The vesicles, which might be in part due to the stabilization of
present study was undertaken to distinguish whether thevesicle-bound annexin | molecules through self-association.
secondary site interacts directly with membrane phospho-In agreement with their reported vesicle-binding activities
lipids or with another annexin | molecule bound to the (29), annexin |, its truncated mutants, and annexin V all
opposing membrane. To this end, we took an approach ofrapidly bind to the chip-anchored anionic vesicles via
systematic elimination starting from well-defined, compre- calcium-dependent electrostatic interactions. Most impor-
hensive topological models of annexin I-mediated membranetantly, vesicle-bound annexin | yielded a large increase in
aggregation (Figure 1), based on two novel biophysical SPR signal in response to the injection of the secondary
technigues and chemical cross-linking. vesicles, indicating that it can directly interact with the
An earlier electron microscopic analysis indicated that secondary vesicles. The excellent correlation between the
phospholipid monolayer-bound annexin V molecules form relative membrane-aggregation activity of annexins and the
a protein monolayer underneath the lipid monolayZs).( relative SPR signal they produce in response to the secondary
However, no such measurement has been reported forvesicle injection supports the notion that the SPR signals
annexin |. Our X-ray reflectivity measurements clearly directly reflect the secondary membrane binding. Clearly,
indicate that annexin | (and annexin V) binds to the the secondary membrane binding is mediated not by the
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the increased protein dissociation rate in the presence of
higher concentrations of salt. Overall, these results support
the notion that the secondary membrane binding of annexin
I is mainly driven by hydrophobic interactions.
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primary membrane binding site but by a distinct site induced 9. Hajjar, K. A., and Krishnan, S. (1999)rends Cardioasc.
by primary vesicle binding, as pure POPC vesicles and _ Med. 9 128-138. _ o
anionic POPC/POPE/POPS (2:5:2 in mole ratio) vesicles 10-Kirsch, T., Nah, H. D., Shapiro, 1. M., and Pacifici, M. (1997)
resulted in comparable SPR signals. The hydrophobic nature 3. Cell Biol. 137 11491160, :

; ’ . 11. von der Mark, K., and Mollenhauer, J. (19978l Mol. Life
of the secondary membrane interactions, as witnessed by our  g¢j. 53 539-545.
salt dependence study, is also consistent with this notion. 12, Dubois, T., Oudinet, J. P., Mira, J. P., and Russo-Marie, F.
Given that the primary membrane binding is inhibited by (1996) Biochim. Biophys. Acta 131290-294.
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and precipitation, the hydrophobic secondary interaction site Walsh, R. A. (1998). Mol Cell Cardiol. 30 443-451.

should be induced only after primary membrane binding. A {5 Doring, V., Veretout, F., Albrecht, R., Muhlbauer, B., Schlat-
similar observation was reported in an ellipsometric study terer, C., Schleicher, M., and Noegel, A. A. (1995)Cell

of annexin FV chimera in which the chimera could bind Sci. 108 2065-2076.
pure PC vesicles when adhered to the surface of supported 16. Buckingham, J. C., and Flower, R. J. (1981I. Med. Today
bilayer (19). Taken together, our SPR studies indicate that 3, 296-302.

PR PR : 7. Creutz, C. E. (1992%cience 258924—-931.
annexin I-induced membrane aggregation is explained best 18, Lambert, O.. Gerke. V... Bader. M. F.. Porte., F.. and Brisson,

by the model 1le. _ _ A. (1997)J. Mol. Biol. 272 42—55.
On the basis of our previous and present studies, we 19. Andree, H. A., Willems, G. M., Hauptmann, R., Maurer-Fogy,
propose the mechanism by which annexin | induces mem- ., Stuart, M. C., Hermens, W. T., Frederik, P. M., and

brane aggregation. In this mechanism, annexin | first binds __ Reutelingsperger, C. P. (1998jochemistry 324634-4640.

the anionic membrane in a calcium-dependent manner. This 20':',:'8”6b7€_r58R7'*4R°m'5°h* J., and Paques, E. P. (1BMBO 19,

binding is mediated by the primary membrane binding site  5; y,per, R, Schneider, M., Mayr, 1., Romisch, J., and Paques,
located on the convex side of molecule and driven primarily E. P. (1990)FEBS Lett. 27515-21.

by electrostatic interactions. Once membrane-bound, annexin 22. Swairjo, M. A., Concha, N. O., Kaetzel, M. A., Dedman, J.

I molecules undergo subtle conformational changes, which R., and Seaton, B. A. (1995)at. Struct. Biol. 2 968
lead to the formation of lateral protein aggregates and the __ 974

exposure of hydrophobic residues. It appears that the 23.\\//Vogg?l,dDH,u%eerreane(sl,sI)?él,uBu&%?r,é?alD;ar‘réaggg,_s.l,sBaumelster,

carboxy-terminal core of annexin | is mainly responsible for 5, gitto E. and Cho. W. (1998jiochemistry 3710231-10237.
the protein association, and the amino terminal residues are 55 _jost, M., Thiel, C., Weber, K., and Gerke, V. (1982). J.

involved in the induction and stabilization of the hydrophobic Biochem. 207923-930.

secondary binding site. The membrane-bound annexin | 26. Jost, M., Weber, K., and Gerke, V. (19%ipchem. J. 298
molecules directly interact with the secondary membranes _ Pt 3, 553-559. _

mainly via hydrophobic interactions, thereby achieving 27'?{2‘?&% R. and Creutz, C. E. (1998Jochemistry 34
membrane aggregation. Although this mecha_nism accounts g 4o |3 Fuen.te, M., and Parra, A. V. (19%&pchemistry 34
for much of membrane aggregation by annexin | under our 10393-10399.
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