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ABSTRACT. Annexins (ANXs) are a superfamily of proteins whose functional hallmark #¥$-@apendent
binding to anionic phospholipids. Their core domains are usually composed of a 4-fold repeat of a conserved
amino acid sequence, with each repeat containing a type?fi kiading site that is generally thought to
mediate C&-dependent binding to the membrane. We now report that ANX12 binding to phospholipid
vesicles is highly cooperative with respect to®Caoncentration (Hill constant 7), thereby suggesting

that more than the four well-characterized type I1PChinding sites are involved in phospholipid binding.

Two independent approaches, a ndveleZ™ copelleting assay and isothermal titration calorimetry, indicate

a stoichiometry of~12 mol of C&"/mol of ANX12 for binding to phospholipid vesicles. On the basis of

the “low-affinity” Ca?t-binding sites in a number of ANX X-ray crystal structures, we propose a model
for ANX12 bilayer binding that involves three types of asites in each of the four repeats. In this
model, there is a complementarity between the spacing of the ANX22hading sites and the spacing

of the phospholipid headgroups in bilayers. We tested the implications of the model by manipulating the
physical state of vesicles composed of phospholipids with saturated acyl chains with temperature and
measuring its influence on ANX12 binding. ANX12 bound to vesicles in & @&pendent manner when

the vesicles were in the liquid crystal phase but not when the phospholipid was in the gel phase.
Furthermore, ANX12 bound initially to fluid bilayers remained bound when cooled’@©, 4 temperature

that should induce the gel phase transition. Overall, these studies suggest that ANX12 is well suited to
being a C&" sensor for rapid all-or-none intercellular membrane-related events.

The annexins (ANX$)comprise a superfamily of proteins  slightly curved disklike structure. Helices A and B and
that undergo high-affinity Ga-dependent binding to anionic  helices D and E form helixloop—helix folds in each of the
phospholipids that are preferentially localized to the cytosolic four repeats, and the eight loops formed by these motifs are
face of plasma membrane%)(They have been implicated on the convex face of the disk. These loops mediat&-Ca
in a number of membrane-related intracellular events, dependent binding to the periphery of membranes by a
including membrane fusion and vesicular trafficking). ( bridging mechanism in which coordination sites for’Ca
Each ANX contains a structurally conserved core domain are provided by the protein and by phospholipid polar
that consists of a 4-fold (8-fold in the case of ANX6) repeat headgroupsl). X-ray crystallography studies of the soluble
of a homologous 70-amino acid sequence that contains theform of ANXs (4—10) and functional analysis of site-directed
Ca&" binding sites {). Each ANX also contains a noncon- mutants ) indicate that the primary Ca binding site is
served N-terminal domain that often has sites for post- the “type II” site in which C&" coordination is jointly
translational modification1)). mediated by the loop between helices A and B and by the

High-resolution X-ray crystal structures are available for loop between helices D and E. In addition, certain ANX
the soluble form of several different ANXs, and all core crystal structures contain “low-affinity” or “secondary” €a
domains have essentially the same backbone ®)ldHach sites whose function in membrane binding has not been
of the four repeats in the core domain contains fiveelices, extensively characterized); The reported values of €a
named A-E, and the domains pack together to form a stoichiometry for membrane-bound ANXs vary wildly, but
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arrangement was visualized on supported lipid bilayers using
atomic force microscopyl6). Comparison of the X-ray
crystal structure of soluble ANX5 with the electron micros-
copy structure of the membrane-bound protein indicated that

a hingelike motion between repeats 1 and 4 and repeats 2

and 3 allowed the type Il sites on the convex face of the
protein to become coplanar in the membrane-bound form
(5). Although these methods reveal some of the general
features of membrane-bound ANX5, the low-resolution
images do not provide structural details.

We recently used hydra ANX1216) as a model for
studying ANX structure and function with particular em-
phasis on using a site-directed spin labeling approach to
obtain atomic-resolution structural information about the

membrane-bound protein. The sequence of the core domairﬁ

of ANX12 is ~50% identical with that of any given
mammalian ANX (6), and its X-ray crystal structure reveals
a nearly identical backbone fold@) ANX12 shares many
properties with ANX5, including the formation of €a
dependent trimers on the surface of phospholipid bilayers
(17, 18). In fact, hydra ANX12 and human ANXS5 efficiently
form heterotrimersi8). Both ANX12 and -5 appear to be
able to refold and insert into membranes in a*CGa
independent manner at low pH—21), but the experiments
reported herein focus on the €adependent peripheral
membrane form of ANX12.

It is becoming increasingly clear that €adependent
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Table 1. C&™-Dependent Binding of ANX12 to Vesicles with
Various Lipid Compositior’s

vesicle composition [C4] (mM) stoichiometry SDig)
2:1 PS/PC 150 10.7 0.4 (8)
2:1 PG/PC 150 12.9 1.4 (4)
1:2 PA/PC 250 12.1 0.3(4)
2:1 DMPS/DTPC 150 11.9 1.6 (2)
2:1 DMPG/DTPC 150 13.4 1.3(4)

aANX12 (50 ug) was incubated for 15 min with the indicated
concentration of*°C& and phospholipid vesicles of the indicated
composition (1:5 protein:phospholipid ratio by weight). Samples
containing saturated lipids [PS, bovine brain phosphatidylserine; PG,
phosphatidylglycerol (16:1, 18:0); PC, egg yolk phosphatidylcholine]
were incubated at 25C, while samples containing unsaturated lipids
[DMPS, dimyristoylphosphatidylserine (14:0); DMPG, dimyristoylphos-
hatidylglycerol (14:0); DTPC, ditridecanoylphosphatidylcholine (13:
)] were incubated at 37C. The C&" binding stoichiometry (moles
of C&" per mole of ANX12) was determined in the copelleting assay
as described in Materials and Methods.

source for stoichiometry experiments was the Ga@Gindard
from Thermo Orion (Beverly, MA).

Copelleting AssayUnless otherwise indicated, the standard
copelleting assay contained phospholipid vesicles equilibrated
in Hepes buffer (20 mM, pH 7.4, containing 100 mM NacCl)
with the indicated concentration of CaCAfter a 15 min
incubation with the indicated amount of ANX12 at 26,
the vesicles were pelleted by centrifugation (1696ar 5
min). Pellets including bound protein are separated from the

interaction between ANXs and membranes alters the StrUCturesupernatant containing unbound protein for further analysis.

of both the membran&@) and the protein]8) and that these
changes may be at the core of the biological function of
ANXs. The purpose of this study is to define key biochemical
and biophysical characteristics of the?Gaependent binding

of ANX12 to phospholipid bilayers. We obtained data that
are not consistent with current models that envision four
C&"-binding sites mediating ANX binding to phospholipid
bilayers. On the basis of our data, we propose a model in
which the interaction of ANX12 with the surface of bilayers

is more extensive than was generally assumed. This model

explains many of the observed effects of ANXs on bilayers
and provides a framework for asking key questions concern-
ing the biological function of this superfamily of proteins.

MATERIALS AND METHODS

Materials Recombinant ANX12 was expressed in bacteria
and purified by reversible C&dependent binding to phos-
pholipid vesicles followed by column chromatography ac-
cording to previously published protocolsgj. The ANX12
concentration was determined from the absorbangg €
12 288 Mt cm™). The following preparations of lipids were
obtained from Avanti Polar Lipids (Alabaster, AL) and were
used to make large unilammelar vesicles by the method of
Reeves and Dowber2®): phosphatidylserine (PS, brain,
catalog no. 840037), phosphatidylglycerol (PG, 16:1, 18:1,
catalog no. 840457), and phosphatidylcholine (PC, egg yolk,

In certain experiments, aliquots of the supernatants were
transferred to Immobilon PVDF membranes using a slot blot
apparatus and then stained with Coomassie blue. The
samples, along with a standard curve of known concentra-
tions of ANX12, were analyzed by densitometry.

A modification of the standard copelleting assay was used
with 4C& " to quantify the stoichiometry for C&dependent
binding of ANX12 to vesicles. This assay contained ANX12
(50 ug) and vesicles (1:5 ratio of protein to phospholipid by
weight) in a 1 mLfinal volume of 100 mM Tris-HCI (pH
7.5) with the indicated®C&" concentration. The specific
activity of the**C&" in each sample was 111.4 nCi/nmol.
Following centrifugation, the pellets and supernatants were
subjected to liquid scintillation counting to determine the
total amount of**C&" bound to the vesicles. The level of
nonspecific binding of°C&" to the vesicles was determined
in parallel samples in the absence of ANX12 and subtracted
from the total counts to give the level of ANX12-dependent
binding. Under the various conditions described in Table 1,
the level of nonspecific binding was between 12 and 25%
of the total level of binding. The pellets of parallel samples
were analyzed to determine the amount of ANX12 in the
pellet. The C& -binding data are expressed as the moles of
Ca* per mole of ANX12 in the pellet. In most experiments,
the concentration of Ga used in the assay induced binding
of approximately 95% of the added ANX12.

catalog no. 850355). In certain experiments, vesicles were Isothermal Titration Calorimetry.lsothermal titration
prepared from phospholipids with saturated acyl chains: calorimetry (ITC) experiments were performed on an ultra-
dimyristoylphosphatidylserine (DMPS, 14:0, catalog no. sensitive Microcal MCS-ITC instrument (Microcal, Inc.,
840033), dimyristoylphosphatidylglycerol (DMPG, 14:0, Northampton, MA). All components in the system were
catalog no. 840435), and ditridecanoylphosphatidylcholine exchanged into thoroughly degassed HEPES buffer (100
(DTPC, 13:0, catalog no. 850340). The ratios of phospho- mM, pH 7.5). The 1.37 mL sample cell, equilibrated to 25
lipids are reported on a weight to weight basis. Thé"Ca °C, contained 2suM ANX12 and 10ug of PS/PC (2:1)
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Ca™ (kM)

FiIGURE 1. ANX12 C&*-dependent vesicle binding curve. Annexin
12 (4ug) was bound to phospholipid vesicles (2:1 PS/PC, 200 mg)
at the indicated Ca concentration. ANX12 bound to vesicles was
separated from the unbound protein by centrifugation to pellet the
vesicles. The amount of bound protein (expressed &o oftotal
added) was determined by densitometric analysis of triplicate

samples on Coomassie blue-stained blots (see Materials and

Methods). When the data for binding between 15 angi@0Ca2+
were replotted by the method of HilB4), a slope of 7.0 and an
intercept of 23uM Ca&* were obtained.

phospholipid vesicles. The sealed reference cell contained

water. Control experiments consisted of either buffer only,
vesicles and buffer, or annexin and buffer. A motorized
titration syringe was used to addub aliquots of Cadl (5
mM) to the sample cell. Thirty-two injections were made at
400 s intervals while stirring at 400 rpm. The rate of heat
released after each injection of Tanto the sample was

Patel et al.

measured and subsequently analyzed on Origin 5.0 software.

The ITC experiments whose results are reported in Figure 2

in HEPES buffer were repeated € 3) in Tris-HCI buffer
(100 mM, pH 7.5). When Tris buffer was used, a moderate

amount of heat was released when phospholipid vesicles were

titrated with C&" in the absence of ANX12. However, when
the titration curve for vesicles was subtracted from the one
in the presence of vesicles and ANX12, the amount of
ANX12-specific heat released was within experimental error
of that reported in HEPES buffer.

RESULTS

Determination of C&-Dependent Vesicle Binding Affinity.
The standard copelleting assay was used to evalugte Ca
dependent binding of ANX12 to large unilamellar vesicles
composed of PS and PC (2:1), a phospholipid mixture
commonly used in annexin studies. No binding to phospho-
lipid vesicles was observed in the absence of*Cand
~95% was bound when the &aconcentration was-40
uM (Figure 1). Half-maximal vesicle association of ANX12
occurred at 23«M Ca?". ANX12 binding to phospholipid
vesicles was remarkably cooperative with a Hill coefficient
of ~7.0, implying that more than the four well-characterized
type Il C&" binding sites are involved in phospholipid
binding.

Stoichiometry Measurements with Isothermal Titration
Calorimetry. The interaction of ANX12 with C& and PS/
PC (2:1) vesicles was studied by ITC. Control experiments
in which up to 523uM Ca?" was titrated into a sample cell
with only ANX12 resulted in an undetectable amount of
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FiGURE 2: Isothermal calorimetric titration of ANX12 with Ca

(A) Vesicles composed of PS and PC (2:1) were titrated with €aCl
in the presence (bottom trace) or absence (top trace, offset) of
ANX12, as described in Materials and Methods. Each titration event
consisted of a L addition A 5 mM CaCl solution was used
and resulted in a downward spike, which indicates the release of
heat. Control experiments in which Ca@las titrated into a sample
cell with only ANX12 or in which Ca*-free buffer was titrated
into a sample cell with ANX12 and vesicles resulted in an
undetectable amount of released heat (not shown). (B) The raw
data in panel A were integrated, and the curve in the absence of
ANX12 was subtracted from the one in the presence of the protein.
The resulting ANX12-specific heat release curve is shown. The
Ca&* stoichiometry was analyzed as described in Materials and
Methods. (C) The cumulative amount of ANX12-specific heat
released as a function of the amount of addeéCa

of phospholipids. Figure 2A shows the results of a typical
experiment in which PS/PC vesicles were titrated with'Ca

released heat (not shown). Thus, like other annexins, ANX12 in the presence (bottom trace) or absence (top trace, offset)

appears to have a very low affinity for &€ain the absence

of ANX12. Each downward spike shows the amount of heat
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released over time after each titration event. An integration 100

of the raw data provides the amount of heat released for the

reaction. Figure 2B shows the amount of ANX12-specific 80- £ ’{
heat released as a function of the amount ¢f*Galded and

was obtained by subtracting the control from the experi- 60

mental data shown in Figure 2A. The amount of ANX12- §

specific heat released can be divided into three stages. In & 40

the initial stage of the curve in Figure 2B, we interpret the ES

increasing amounts of heat released during the first three 20+ /+/
injections as reflective of partial binding of ANX to the o

vesicles, which is a result of the free €aconcentration 0 . — .

being below the concentration required for maximal binding. 0 5 10 15 20 25 30 35 40
The second stage is a plateau in which every aliquot 6f Ca
added results in a relatively constant, large amount of heatFIGURE 3 ANX12 binding to lipids at the phase transition

being released, suggesting that nearly all of the addéd Ca temperatﬁre. Vesicles composed of equal amounts of DTPC and

is bound to ANX12 and the vesicles to form the ternary gjther DMPS ) or DMPG @) were incubated with 13g of

Temperature (°C)

complex. Saturation of C&-binding sites is seen in the final
stage of the reaction where additional injections of'Gasult

in decreasing amounts of heat being released. This interpre
tation of the data was validated by analysis of parallel

copelleting experiments usirfeCa" (data not shown). Thus,

ANX12. All samples are at 1:10 protein:lipid ratio by weight and
were incubated and centrifuged at the indicated temperature

according to the standard copelleting assay (see Materials and

Methods) using Tris-HCI buffer (100 mM, pH 7.5) and either 50
or 100 uM Ca&* for vesicles containing glycerol or serine
headgroups, respectively. Duplicate samples were analyzed, and

the stoichiometry of binding could be calculated from the the percentage of added ANX12 that was associated with the pellet
ITC data in Figure 2B by subtracting the amount of added is shown along with the standard deviation. Black bars indicate

C&" required to produce the half-maximal response in the
initial stage from the amount required to produce the ensuing

the phospholipid phase transition temperature range as determined
experimentally by differential scanning calorimetry in Tris-HCI
buffer. Control experiments carried out under the same conditions

half-maximal response in the final stage. Analysis of the data at 4°C show ANX12 binding to vesicles composed of equal parts

in Figure 2B and another identical experiment € 2)
indicated a stoichiometry of 12 0.5 mol of C&" bound

per mole of ANX12 monomer. The cumulative amount of

PC and either PSw) or PG @) which contain unsaturated acyl
chains and remain in the liquid crystal phase &t4

heat released for the formation of the ternary complex @nd PA-containing vesicles, respectively (Table 1). Thus,

(ANX12—Ca&*—lipid) was —75 + 5 kcal/mol of ANX12

similar C&* binding properties were observed with phos-

(Figure 2C), indicating a highly exothermic reaction. Since Pholipids composed of different anionic polar headgroups.

the K, for ANX association with bilayers in the presence of
C&" is known to be on the order of 0.1 n\24), it is clear

Effects of Phospholipid Bilayer Fluidity on ANX12 Bind-
ing. The following experiments were designed to determine

that the large exothermic enthalpy must be offset with a large whether the physical state of bilayers influences ANX12
decrease in entropy with major contributions likely coming binding. Vesicles were prepared from phospholipids contain-

from both the protein and phospholipid.
Stoichiometry Measurements with th€a>" Copelleting
Assay.The stoichiometry of Cd-dependent binding of

ing saturated acyl chains so the fluidity of the bilayer could
be modulated by temperature. Preliminary experiments
showed that vesicles composed of equal parts dimyristoyl-

ANX12 to phospholipid vesicles was independently mea- PS (DMPS, 14:0) and ditridecanoyl-PC (DTPC, 13:0) bound
sured by a novel assay. ANX12 and vesicles were incubatedANX12 in a C&*-dependent manner at 3T similar to that

in the presence of°Ca&t at a cation concentration that

of the well-characterized vesicles composed of PS and PC

induced maximal binding. The mixture was centrifuged to from biological sources which contain unsaturated acyl
produce a small pellet of vesicles along with associated chains (data not shown). In the presence of'CANX12

ANX12. The pellet was analyzed by liquid scintillation
counting to determine the amount of boutt€a". Using
this assay, a stoichiometry of 104# 0.4 (h = 8) mol of
Ca*/mol of ANX12 was determined with PS/PC (2:1)
vesicles (Table 1). Similar values for the €abinding
stoichiometry were obtained when the concentration éf Ca
was lowered to a value at which the level of ANX12 binding
began to decrease (data not shown).

bound to DMPS/DTPC vesicles equilibrated at*®nearly
quantitatively (Figure 3), with a Ga stoichiometry (Table

1) similar to that obtained from vesicles made with unsatur-
ated acyl chain phospholipids. Likewise, at 37, vesicles
containing PG with saturated acyl chains (DMPG/DTPC)
bound ANX12 in a C&"-dependent manner (Figure 3) and
had a C&" stoichiometry (Table 1) similar to those of
vesicles containing PG with unsaturated acyl chains. In

Previous studies of several annexin gene products havestriking contrast, at £C the level of ANX12 binding to

shown that these proteins undergc®Gdependent binding

DMPG/DTPC vesicles was15% of the total protein and

to phospholipids containing a number of different anionic ~0% for DMPS/DTPC vesicles, while lowering the tem-

polar headgroup26). Our preliminary studies demonstrated

perature had little effect on vesicles containing unsaturated

that ANX12 bound to vesicles containing PC and either PG phospholipids (Figure 3). Even high concentrations of'Ca

or PA in a C&"-dependent manner, similar to the binding

(500uM) did not significantly increase the level of binding

observed to PS-containing vesicles (data not shown). Usingof ANX12 to DMPS/DTPC or DMPG/DTPC vesicles at 4

the °C&* copelleting assay, we determined that theé'Ca
binding stoichiometry was 12.¢ 1.4 (h = 4) and 12.1+
0.3 (W = 4) mol of C&"/mol of ANX12 for binding to PG-

°C (data not shown). As the temperature was increased from
4 to 37°C, both DMPS/DTPC and DMPG/DTPC vesicles
efficiently bound ANX12 at approximately the temperature
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Ficure 4: C&* -dependent membrane binding of ANX. The crystal structure for the soluble form of ANX5 [PDB entry 1E3)w(th

its 10 C&" sites (yellow) is shown. In addition, €a(yellow) was modeled into the DE and ABites in repeat 4. The enlarged view of
the first repeat shows the carboxylate side chains of the amino acids involved in each oftteit€za type Il in green, DE in red, and

AB' in orange. The circles superimposed over the crystal structure represent phospholipids hexagonally packed at the deésifya(70 A
fluid bilayer (35). Note the apparent complementarity between the spacing of thesfias and the spacing of the phospholipids. The face
of the soluble protein that contains the2Caites is slightly convex, and it is assumed that small interdomain movements occur upon
membrane binding to allow the €asites to be coplanab). The exact effect of this putative movement on the spacing of tRe §ies

is not yet known.

range at which they underwent the transition from the gel to all-or-none C&"-dependent exocytic even2§). Although

the liquid crystal phase. the biological function of ANX12 has not been defined, its
In subsequent experiments, ANX12 was incubated with in vitro properties are well suited to being involved in this

Ca* and either DMPS/DTPC or DMPG/DTPC vesicles at process.

37 °C for 15 min. The samples were then cooled t6C}

a}nd the level of pinding j[o the vesicles was measur_ed OVeTined, rapid, and highly cooperative Taesponse? On the

time. Even after incubation of the samples for 45 min at 4 .o of the Jocation of Ga in the X-ray structures of the

°C, a temperature that should induce a gel phase transition,

there was an only 6% decrease in the total level of ANX12 soluble forms O.f several ANX.S’ "F IS p_ossu_ole to speculate
Ca*-dependent binding (data not shown) about the location of the €abinding sites in membrane-

bound ANX12. Preparation of crystals of most ANX gene
DISCUSSION products in the presence of high concentration_s offCa
usually leads to occupancy of at least some classical type I
In response to Ca, ANX12 changes from a soluble  cz+ sites, and these sites clearly play a critical role in
monomer to a peripheral membrane-bound trimer on a memprane-binding ANXs4-10). These high-affinity sites
millisecond time scalel@), suggesting that its physiological  5re formed by joint coordination of the cation by backbone
role could involve a rapid sensing of intracellular >Ca carbonyls in the loop between the A and B helices and by a
concentrations. To evaluate this notion further, we systemati- carboxylate side chain in the loop between the D and E

cally analyzed the Ca and phospholipid dependence of : i
ANX12 membrane interaction. We found that ANX12 binds hgllces 40). However, two other t'ypes of low-affinity Ca
sites also have been observed in some crystal forms. One

up to 12 C&" ions (Figure 2 and Table 1) with remarkable o . ) .
ivity (Hill 7 Fi 1), Eurth h type of site is _terr_ned ABand ut|I|z_es carboxylate S|d_e chains
cooperativity (Hill constant- 7, Figure 1). Furthermore, the near the beginning of the B helix, and the other is termed

amount of C&" required for phospholipid binding of ANX12 d utili id : | h
is large (~20 uM) relative to the overall cytosolic G DE and utilizes residues approximately one turn from the

concentration. However, higher €aconcentrations typically ~ Peginning of the E helix (see Figure 4 and réfand10). It
occur transiently in the proximity of Ga channels 26). should be emphasized that ANXs have a very low affinity
Thus, ANX12 possesses all of the properties one would for C&* in the absence of phospholipid bilayers. Thus,
expect from a rapid Ga sensor, i.e., a rapid and highly functional C&" binding sites apparently are often unoccupied
cooperative response with the appropriate set point to detectn the crystal structures. For example, the amino acid
transient spikes of Ga near C&" channels in the plasma sequence of ANX12 reveals the canonical structures for all
membrane. three types of CH binding sites in each of the four repeats
ANX12 is known to selectively localize to battery cells (16). Despite the presence of these sites, the crystal structure
in hydra tentacles27). Nematocytes are embedded in the of ANX12 shows only partial occupancy of the sites with
battery cells and contain specialized projectiles used to C&" in three of the four type Il sites plus a €ain one
capture prey in a process that involves an extremely rapid AB' site and in one DE site7]. The ANX crystal structure

What could be the structural basis of ANX12's precisely
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that has maximal Ca occupancy is that of rat ANX5 [PDB  than changes occurring in the acyl chains in the hydrophobic
entry 1A8A (10)] and contains 10 G4, four type I, three core of the bilayer. We also considered the possibility that
AB’, and three DE sites. This crystal structure is shown in ANX12 binding to vesicles composed of PC and acidic
Figure 4 along with two additional Ca sites that were  phospholipids required the sequestration of the acidic phos-
modeled into the two remaining sites that were unoccupied. pholipids under the protein and that binding to vesicles
The matrix of circles superimposed over the protein model composed of saturated phospholipids did not occur at low
with the 12 C&" sites represents the phospholipids hexago- temperatures because the lack of lateral mobility prevented
nally packed at the density expected in a fluid phospholipid sequestration of the acidic phospholipids. However, ANX12
bilayer. Note that there appears to be a complementarity did not bind at low temperatures to vesicles containing only
between the spacing of the £asites and the spacing of the  satyrated PS and no PC (data not shown), so the lack of
phospholipids. Each of the 12 Easites is expected to form  pinging is not due to inhibition of lateral separation of
a high-affinity bridge that links the protein to the polar phogpholipids below the phase transition temperature.
headgroup of the lipid. The footprint of the ANX monomer . . . . .

The interactions of ANXs with bilayers previously have

covers approximately 26 phospholipids in a monolayer, so . ) .
approximately half of the lipid molecules would be anchored P€€n studied by several different methods, and it is worth-

to the protein via a G4 bridge. Previous studies showed while to review these observations in light qf the current
that ANX12 formed trimers on the surface of phospholipid Study of ANX12. A number of these studies observed
bilayers (L8). It is interesting to note that the complementarity 'estricted mobility of bilayer lipid in a manner that can be
between the spacing of the ANX12 €asites and the expla_lned by th_e extgnswe interactions be_twe_en ANX and
phospholipid translates across the trimer (not shown), athe bilayer depicted in the model shown in Figure 4. For
feature that could contribute to the high stability of the trimer. €xample, previous fluorescence recovery after photobleaching
Cooperativity in proteins typically requires an initial €xperiments showed that the phosphatidylserine was nearly
binding event resulting in a protein conformational change, laterally immobilized in the presence of ANX5 and“Ca
which in turn alters the affinity for subsequent ligand binding (12, and similar results were obtained with ANX4 interaction
events at other sites. It is possible that such a mechanismith phosphatidylglycerol-containing bilayer8@). In ad-
could at least in part be operative in ANX12. However, the dition, our site-directed spin labeling studies of ANX12
complementarity between the location of the?Chinding indicate strong immobilization of spin-labels placed on loop
sites in ANX12 and the phospholipid structure in bilayers residues at sites predicted by the model to project toward
provides an additional explanation for the high Hill constant the bilayer (J. M. Isas et al., unpublished results). Since a
(Figure 1). It is possible that the formation of a singleeCa  fluid bilayer should not cause immobilization of these spin-
bridge is unfavorable; however, once the bridge is formed, labels on the EPR time scale, it appears that the formation
the complementarity between the protein and the phospho-of the ternary protein Ca&*—phospholipid complex causes
lipid geometry would significantly facilitate the rapid oc- strong immobilization of the phospholipid headgroups. ITC
cupancy of the remaining sites. studies showed that €adependent binding of ANX12 to
The complementarity between phospholipid spacing and phospholipid bilayers was highly exothermic with an en-
the arrangement of the ANX12 €abinding sites noted in  thalpy of association of 75 + 5 kcal/mol of protein (Figure
Figure 4 has several implications for proteimembrane 2). Since there are-12 C&" sites per monomer (Figure 2
interaction. If the C#& interaction indeed requires the and Table 1), the average enthalpy associated with each Ca
regularly spaced phospholipids, the affinity of ANX12 for site is approximately-6 kcal. These data are consistent with
Ca™ in the absence of phospholipid should be weak. In fact, 5 high-affinity binding process with interactions that are
this is a well-known feature of ANXs1j. Also, ANX12 strong enough to account for the observed immobilization
should only have weak affinity for derivatives of phospho-  of pilayer lipids. However, the immobilization does not
lipids that lack the acyl chains. We indeed find this to be anpear to extend to acyl chains in the core of the bilayer.
Fhe case (J. M. Isas et' al., unpublished data). Perhaps mosh, gpRr spectroscopy study of spin-labels attached to the
|mppr_tantly, electrostatic effects w_ould be necessary, bu_t_not polar headgroup or at various depths in the acyl chains
sufficient, fo_r r_nembrqne interactions because, in addition showed ANX5-dependent membrane rigidity at the surface
to Coulombic interactions, the charges on the headgroupS ¢ e pilayer and at intermediate depths but insignificant
must be Ioca;ed.wnh spacing that cqrrectl_y matches that of effects on fluidity at the core of the bilaye3%). An absence
the ANX12 binding loops. To test this notion, we used PS¢ oo o5 of ANXS5 binding on the lipid acyl chain flexibility

and PG containing saturatgql acyl chains to make vesmlei]n membranes also was observed in studies using N8R (
that underwent phase transition near room temperature an

then evaluated ANX12 binding to these vesicles as a function ;nde t?]ue"r( fhlisees'tr&f(;?ef%fsﬁﬁ(ifjrf%ﬁ?(g;:thr%%eTZl\(,ienm h
of temperature. The rationale for this experiment is that at 9 ' yersp

higher temperatures the headgroup spacing of the phospho—Of information but still do not elucidate the exact nature of

lipid headgroups matches that of ANX12, whereas at lower the physical change th"?‘t oceurs during the phase transition
temperatures, the spacing decreases significa2@ly ANX12 that prevents ANX12 binding to the gel phase of bilayers.
bound to these vesicles efficiently only at temperatures above In summary, it appears that ANX12 has all of the features
the phase transition (Figure 3). Considering that th& Ca  required for rapid CH sensing and the unique ANX fold
dependent membrane interaction of ANXs involves little or appears to be optimized for interaction with phospholipid
no membrane penetratiod), we conclude that the tem- ~membranes. Additional studies are needed to determine
perature-dependent changes in binding affinity were largely whether these features are generally applicable to other
due to the altered headgroup arrangement or spacing ratheANXs.
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