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ABSTRACT: The fluidity of the hydrophobic interior of phospholipid vesicles after calcium-dependent binding
of human annexin V (AVH) was studied using EPR spectroscopy. Vesicles (SUVs) composed of PC or
PE and an acidic phospholipid (alternatively PS, PA, or CL) were probed at different bilayer depths by
either phosphatidylcholine, or the accompanying acidic phospholipid, bearing a spin label probe at position
C-5, C-12, or C-16 of thesn-2 acyl chain. Alternatively, the vesicle surface was probed with a polar
head spin labeled PE (PESL). The EPR spectra of annexin-bound bilayer domain(s) were obtained by
computer spectral subtraction. The order parameter values (S) from the resulting difference spectra revealed
that the bilayer hydrophobic interior has a greatly altered fluidity gradient, with an increased rigidity up
to the C-12 position. Thereafter, the rigidification progressively vanished. The effect is not linked to the
phospholipid class, since all the acidic phospholipid spectra, as well as phosphatidylcholine, shared the
same sensitivity to the bound protein. The observed membrane rigidification appears to parallel the
“crystallizing” tendency of vesicle-bound annexin V, but may not be involved in the calcium channeling
activity of this protein.

Membrane fluidity is a well-established feature of natural
biomembranes and is observed in artificial phospholipid
model membranes as well (1-4). Although this feature can
be predicted on a mere physicochemical basis, due to
conformer interchange of the hydrocarbon chain (5), it has
also been attributed a physiological role (6-11). From a
functional point of view, the variation of membrane fluidity
is considered key to understanding the action mechanism of
some intrinsic enzymes (12-14). It is also a prerequisite
for the definition of membrane effectors (15). The search
for effectors of membrane fluidity is still active, as is the
search for a better definition of the physiological role of this
property of membranes in the living cell.

The annexins, a recently discovered family of proteins
comprising more than thirteen members, bind to membranes
containing acidic phospholipids in response to calcium
concentrations as low as 0.1-0.01 µM, depending on the
phospholipid. Their physiological role in the living cell is
still unclear, even if many activities have been attributed to
them, including calcium channeling and anticoagulant and
antiinflammatory properties (16, 17). Since the onset of all
activities is triggered by calcium-dependent binding of
annexins to membranes, the various aspects of this interaction
are under continuous scrutiny.

From the structural point of view, human annexin V
(AVH)1 has been extensively studied, both in itself, and in
association with membranes. Its tertiary structure has been
defined (18) and, on this basis, calcium channeling properties
have been hypothesized (19) and successively proven in
liposomes (20). When bound to planar membranes, AVH
forms trimers (21) and tends to polymerize, forming a 2-D
crystal lattice (22). This tendency is so strong as to force
LUVs to take on a faceted shape (23). Although a clear
correlation between this behavior of AV and its functioning
does not exist as yet, it is unlikely that effects exerted on
the phospholipid bilayer are separate from the many hy-
pothesized activities of the annexins.

The present study is aimed at establishing the properties
of the phospholipid bilayer interior of various model
membranes after Ca-dependent AVH binding. The response
of the phospholipids involved in the interaction was studied
by use of phospholipids spin labeled at positions C-5, C-12,
and C-16 in thesn-2 fatty acid chain (24, 25). Computer-
aided spectral titration (26-31) allowed selective scrutiny
of the interacting membrane domains. It will be shown that
membrane-bound AVH shifts the bilayer fluidity gradient
in its vicinity to a more immobilized profile, independently
of the component phospholipid species, in a manner well
correlated with the crystallizing tendency of AVH. However,
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correlating this finding with the Ca-channeling activity of
the protein, though conceivable, is hazardous at this stage.

MATERIALS AND METHODS

Materials. Recombinant annexin V, in pure form, was
prepared as described in ref32. Before use, an aliquot was
taken from the stock and dialyzed three times against 1000
volumes of Hepes 20 mM, pH 7.4.

Egg yolk phosphatidylcholine (PC),sn-2-lysophosphatid-
ylcholine, phosphatidic acid (PA), and phosphatidylethanol-
amine (PE), bovine brain phosphatidylserine (PS), and bovine
heart cardiolipin (CL) were from the Sigma Chemical
Company (St. Louis).

Doxylstearic acid, spin labeled at positions (n) 5, 12, and
16 (nDSA), was from Aldrich. Phospholipase D (phospha-
tidylcholine phosphatidohydrolase, EC 3.1.4.4) was pur-
chased from Boehringer-Mannheim andTrimeresurus fla-
VoViridis venom (phospholipase A2, EC 3.1.1.4) from Sigma.

Preactivated silicic acid Unisil was from the Clarkson
Chemical Company (Williamsport, PA), and silica gel H
chromatoplates were from Merck. Microgranular preswollen
carboxymethylcellulose CM-52 was from Whatman.

Phospholipid Spin Labeling.Spin labeled phosphatidyl-
cholines,sn-2-(n-doxylstearoyl)phosphatidylcholine (nDSPC,
n ) 5, 12, 16), were obtained by acylation ofsn-2-
lysophosphatidylcholine with doxylstearoylimidazide as de-
scribed in ref33. Transphosphatidylation of the appropriate
spin labeled phosphatidylcholine by phospholipase D, in the
presence ofL-serine as described (34), yielded the corre-
spondingsn-2-(doxylstearoyl)phosphatidylserines (nDSPS).
In the same reaction, a convenient amount of the corre-
spondingsn-2-(n-doxylstearic)phosphatidic acid was also
formed. The two homologously spin labeled phospholipids
were purified in one step by CM-column chromatography
in methanol, as also described in ref34.

Monolysocardiolipin, the starting compound for cardiolipin
spin labeling, was prepared by stereospecific hydrolysis of
cardiolipin by phospholipase A2 with T. flaVoViridis venom
and purified by preparative thin-layer chromatography as
described in ref35. The product was acylated with the
proper fatty acid spin label as mentioned above (33), yielding
spin labeled cardiolipin, (nDSCL), which was purified as
above.

Polar head spin labeled phosphatidylethanolamine (PESL)
was prepared by reacting PE with 2,2,5,5-tetramethylpyrro-
line-N-oxide-3-carbonyl chloride (36, 37). Alternatively, the
corresponding carboxylic acid of the spin label was converted
to an activated form by the method outlined in (33), and
used in place of the carbonyl chloride.

Vesicle Preparation.Small unilamellar vesicles (SUVs)
were prepared by sonication of phospholipid mixtures
composed of PC/PS, PC/CL (1:1 by mole) or PC/PA (2:1
by mole). Either of the phospholipids in each mixture,
contained a percentage of its spin labeled homologue: 5 mol
% for the 5- and 12-DS species, 2.5 mol % for the 16-DS
label to avoid spin-spin exchange. Surface spin labeled
SUVs were prepared in the same way, with PESL in place
of 5 mol % PC. After suspending the dried lipids in 50 mM
KCl, 10 mM Hepes, 1 mM MgCl2, pH 7.4, sonication was
performed using a Branson metal-probe sonifier at 40 W
output, in an ice bath under a N2 stream, (six 2.5-min strokes

with 1-min cooling intervals). From this preparation, the
SUVs were selected in the following peak by Sepharose 4B
gel chromatography (38) with a buffer composed of 100 mM
KCl, 20 mM Hepes, 2 mM MgCl2, pH 7.4.

Phosphorus and Protein Assay.Phospholipid phosphorus
was assayed after digesting the lipids in concentrated HClO4

at 180°C, by the Nakamura method (40). Protein content
was determined by the Bradford method (41).

Sample Preparation.Some 100 nmol phospholipid vesicle
was mixed with annexin (1.06 mg/nmol protein:phospholipid)
in a microvial, and the solution was made 1 mM Ca2+, in a
final volume of 50 mL. Since annexin is known to bind
only to the outer membrane surface, the experimental protein:
phospholipid ratio was kept as high as possible in order to
completely coat the vesicles. Based on AVH molecular
dimensions (18) and vesicular radius (38, 39, 42, 43), the
protein amount is calculated to be enough to cover an area
twice as large as the one covered by 1 nmol SUV (0.53µg/
nmol). The sample was then transferred into a glass capillary
(30-35 mL volume) for EPR spectrometry. Blank samples
were prepared in the same way without annexin, or,
alternatively, by adding 10 mM EGTA (final concentration)
to the AVH-containing samples.

EPR Spectrometry.EPR spectra were recorded on a
9-GHz Varian E-9 Century Line spectrometer, and digitized
by means of an HP9835b desktop computer connected to
the spectrometer via a Varian data acquisition system.
Alternatively, an EPR data system from STELAR (Mede,
Italy) was used. Instrumental settings were 3396 G field
set with 200 G scan range; 2× 103, gain; 0.064-0.25 s,
time constant. The signal was modulated at a frequency of
100 kHz and 2 G amplitude; radiating field power and
frequency were 20 mW and 9.5 GHz, respectively; all spectra
were recorded at room temperature, unless otherwise stated.

The magnetic parameters of PESL were measured from
the spin labeled phospholipid immobilized onto silica gel.
After treating an ether solution of the lipid with silica gel
and evaporating the solvent, EPR spectra of PESL bound to
the dry silica were recorded with decreasing temperature.
No further change in the features of the outcoming strongly
immobilized spectrum were observed below-50 °C, and
reference spectra were recorded at-60 °C.

Spectral Analysis. The composite nature of the EPR
spectra of spin labeled vesicles was assessed by means of
spectral titration (26-31), using an interactive software
written by Stan Sykora (Stelar), following the method
outlined in ref31. To eliminate the contribution of nonin-
teracting membrane domains, the spectrum of vesicles in the
presence of Ca2+ alone, uninfluenced by annexin, was
subtracted from that obtained in the presence of AVH and
Ca2+ (raw spectrum) by carefully skimming the inversion
of EPR spectral bands to avoid oversubtraction. The final
difference spectra were matched to standard spectra by
superimposition, and optimal fitting was confirmed after
regression analysis (reducedø2 values ranged typically
between 10-4 and 10-6). To this aim, standard motionally
restricted spectra were obtained from spin labeled SUVs
scanned at various temperatures (44), and in a minority of
cases they were taken from a library. All EPR spectra of
spin labeled vesicles in the presence of AVH and Ca2+ (at
the indicated concentration) were obtained by this method,
and from each spectrum the corresponding value of the order
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parameterS was evaluated (24, 25). The increase in theS
value of difference spectra in the presence of AVH over that
of the spectra from SUVs without AVH,∆S, was taken as
the measure of the bound annexin related fluidity change at
a given acyl chain position. The ratio between the computed
second integral of the resulting spectrum and that of the raw
one yielded an estimate of the percentage of the annexin-
influenced phospholipid spin label (31). As a control,
addition of the estimated percentage of a titrated spectrum
to the complementary percentage of the corresponding
annexin-free one reproduced the raw spectrum, as judged
by its outer hyperfine splitting (2Amax), with an error in spin
quantitation ranging between 5 and 10%. The upper limit
of uncertainty inSand∆Swas estimated to be about 0.05;
in all figures, this is represented by figure symbols drawn
to scale with a 0.05-width inS units, instead of error bars.

Simulation of EPR spectra of strongly immobilized PESL
was performed using a software from Varian, and the closest
match with the experimental spectrum was obtained with
the following values:A| ) 36 G,A⊥ ) 6.5 G;g| ) 2.0029,
g⊥ ) 2.0081. These values were used for calculating the
order parameter of vesicles labeled with this phospholipid
spin label.

RESULTS

The effect of bound annexin on the EPR spectra of vesicles
spin labeled in the bilayer interior with 5DSPS, 12DSPS, or
16DSPS (PC/PS/nDSPS mole ratio: either 50:45:5 forn )
5 and 12, or 52.5:45:2.5 forn ) 16) is reported in Figure 1
and in Table 1. In the figure, direct comparison of spectra
a andb (n ) 5), d ande (n ) 12), andg andh (n ) 16) is
inadequate to reveal the effect of bound AVH (b, e, h) with
respect to those without protein (a, d, g). Nonetheless, in
Table 2 a reproducible and highly significant, though small,
increase of the maximum hyperfine splitting (2Amax) value
of spectrab, e, andh is clearly evident, especially when the
probe is placed at positions C-5 (b) and C-12 (e), with 2Amax

increasing from 53.4 to 55.4 G, and from 36.4 to 37.8 G,
respectively. The effect on the mobility of the 16DS probe
is better shown by the increase in theτc value from 1.3 to
1.4 ns, even if the significance level is far too low for such
a small difference. The feature strongly suggests the
presence of a more immobilized component in spectrab, e
and, possibly,h. By applying spectral titration to the putative
composite spectra (b, e, h), using the first member (a, d, g)
of each triplet as the one to be subtracted, nonvanishing
difference spectra were systematically obtained, shown in
Figure 1,c, f, i, confirming the presence of a motionally
restricted component in the raw spectra, as anticipated by
their 2Amax values. Inclusion of 10 mM EGTA in the
samples when AVH and 1 mM Ca2+ were present, zeroed
the difference spectra and the 2Amax increase as well, while
making no difference when only Ca2+ was present, demon-
strating the motionally restricted spectrum to be related to
AVH Ca-dependent binding and not to Ca ions. This
behavior allowed attribution of the nonzero final “im-
mobilized” spectra to the spin labeled membrane region
involved in annexin Ca-dependent binding. The difference
spectra in Figure 1,c, f, i, were matched to variously motion-
restricted standard spectra, obtained (in most cases) by
scanning the same phospholipid spin label SUV preparation
in the presence of Ca2+ at lower temperatures. Best fits were

sought by superimposing the spectra by trial and error (3,
26, 27, 31), and confirmed by a reduced-ø2 test. From the
difference spectra the order parameterS values were

FIGURE 1: EPR spectra of PC/PS (1:1 by moles) SUVs spin labeled
with nDSPS. Doxyl ring position on the fatty acyl chain: a- c:
C-5; d - f: C-12; g - i: C-16. In each triplet, the top spectrum
(a, d, g) is recorded in the absence of AVH (see also Table 2); the
middle spectrum (b, e, h) is the raw composite spectrum (see Table
2) in the presence of annexin; the bottom spectrum (c, f, i) is for
the rigid component, obtained by subtraction of a given percentage
of the top spectrum from the mid one (see Spectral Analysis). Total
scan width was 140 G; scaling factors of spectrac, f, i were
comprised between 5 and 8.

Table 1: Order Parameter (S) Values in Various SUV Typesa at
Various Acyl Phospholipid Chain Positions and Its Variation (∆S)
after Ca-Dependent Binding of AVH

nb

5 12 16

- + ∆S - + ∆S - + ∆S ∆%c

PC/PSa 0.62 0.91 0.29 0.31 0.58 0.27 0.14 0.21 0.07 22
PC/PS 0.62 0.87 0.25 0.34 0.60 0.26 0.14 0.20 0.06 19
PC/PA 0.66 0.84 0.18 0.31 0.49 0.18 0.14 0.18 0.04 21
PC/PA 0.62 0.82 0.20 0.30 0.50 0.20 0.14 0.21 0.07 20
PC/CL 0.64 0.91 0.27 0.33 0.59 0.26 0.13 0.17 0.04 22
PC/CL 0.61 0.86 0.25 0.35 0.60 0.25 0.14 0.21 0.07 20

a Vesicles were composed as described in Materials and Methods;
the species in bold was the phospholipid carrying the spin label at the
bcarbon atom number indicated. Figures are the order parameterSvalues
as calculated from (-) spectra recorded from samples without annexin,
and from (+) difference spectra obtained by subtraction of a given
percentage of the former (-) spectra from the composite spectra (S
not reported).c Percentage of immobilized phospholipid spin label
calculated by double integration of the rigid component spectrum (+)
at positions C-5 and C-12.
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calculated and reported in Table 1. In the case of nDSPS-
SUVs, the order parameter reflecting the mobility of the acyl
chain segments of the phospholipid molecules influenced by
annexin binding is seen to increase from 0.62 to 0.91, and
from 0.31 to 0.58, (forn ) 5 and 12, respectively) with a
net increment between 0.3 and 0.25 at both positions.
Position C-16 appears to be less affected, since theSvalue
for this spin label increases much less, from 0.14 to 0.21.
More properly, this is also confirmed by a small increase of
the rotational correlation time, fromτc ) 1.29 ns (g) to 1.88
ns (i). The percentage of the motionally restricted phos-
pholipid spin label building up the difference spectra is
estimated to be around 20% of the total vesicular phospho-
lipid (Table 1), based on the second integral values of spectra
c/b and f/e. The experimental annexin:phospholipid ratio,
chosen on the basis of vesicle geometry and protein dimen-
sions, was positively checked for maximum spin label
response. In fact, in nDSPC/CL SUVs, the dependence of
the percentage of the motionally restricted phospholipid spin
label upon the incubated AVH/SUV ratio was found to be
linear up to 0.26µg/nmol (resulting in 16-17% immobilized
phospholipid spin label). Thereafter the percentage of
motionally restricted spin label showed a saturation trend
with increasing AVH/SUV, and reached a limiting value of
23.2%( 2.1% (semisaturation AVH/SUV ratio 0.21( 0.042
µg/nmol). The AVH/SUV ratio adopted in our experiments,
namely 1.06µg/nmol (as calculated after geometrical con-
siderations), lies inside the saturation range, being thus
validated.

Very similar results, from an analogous set of spectra (not
shown) were obtained from similarly composed SUVs, in
which nDSPS was replaced by nDSPC in the same molar
ratio. In fact, from Table 1, the order parameter of this spin
label is seen to increase by 0.25-0.26 at positions C-5 and
C-12, with a negligible variation at position C-16. Table 1
also contains the order parameters of SUVs composed of
PC/PA/nDSPA/nDSPC, either 67:28:5:0 or 62:33:0:5 mole
ratio, and PC/CL/nDSCL/nDSPC vesicles, either 50:45:5:0
or 45:50:0:5 by mole, as calculated from sets of spectra
similar to those in Figure 1, analyzed in the same way. These
spectra are not shown, owing to their strong resemblance to
the reported ones (representative of all SUV spectra), while
the outcoming data are plotted in the figures to be described
next.

The resulting fluidity profile of free and of annexin-bound
PS-SUVs is plotted in Figure 2. In these vesicles, one can
see that the bilayer appears to be more rigid in the section
close to the phospholipid polar head region, where the protein
is known to bind. Panel B of Figure 2 shows the influence
of bound annexin on the bilayer fluidity, as sensed by the
acyl chain of nonbinding PC, which now bears the spin label

instead of PS. Interestingly, even if PC proved not to be
involved in annexin binding, the same variation in the fluidity
profile is observed. In fact, an increase of 0.25-0.26 in the
Svalue is estimated at positions C-5 and C-12, while a more
modest increase of about 0.06 is revealed at position C-16.
In each panel, the trend of DS is also shown, indicating a
similar rigidification of the acyl chain up to the C-12 position.

The results of experiments with PA-containing SUVs
(Table 1) are reported in Figure 3, panels A and B. A
different molar ratio was adopted since SUV formation was
difficult with a higher PA percentage, as revealed by the
absence of the following peak after Sepharose 4B chroma-
tography. The bilayer’s fluidity profile is influenced by
annexin binding also in these vesicles, and its trend reveals
a rigidification, similar to that observed in PS-SUVs. The
bilayer section in the vicinity of the polar heads appears to
be slightly less immobilized, with a slightly lower increase
in S (about 0.20) than for PS-SUVs, that is, from 0.66 to
0.84 at position C-5, and from 0.31 to 0.49 at position C-12
(see Table 1). Position C-16 remains almost unaffected,
showing an increase of only 0.04 in theSvalue. As in the
case of PS-containing SUVs, from Figure 3B, PC acyl chains

Table 2: Influence of AVH Binding on the EPR Spectral Parameters of nDSPS Labeled Small Unilamellar Vesiclesa

nb 2Amax
c (G) Pd τc

e(ns) P mf

-AVH +AVH -AVH +AVH

5 53.42( 0.93 55.40( 0.96 <0.005 (9)
12 36.44( 0.92 37.83( 0.82 <0.05 (5)
16 32.86( 0.89 33.02( 0.86 1.29( 0.11 1.39( 0.12 <0.1 (6)

a Vesicles composed of nDSPS/PS/PC as described in Material and Methods were incubated with (+AVH) or without (-AVH) annexin, in the
presence of 1 mM CaCl2. Figures are the mean of experimental values,( SD. b Spin label position.c Maximum spectral hyperfine splitting (first
maximum to last minimum).d Significance level.e Rotational correlation time.f Number of experiments.

FIGURE 2: Fluidity profile of PC/PS/nDSPS/nDSPC SUVs, with
molar composition A, 50:45:5:0; B, 45:50:0:5 (the 16 doxylstearoyl
phospholipid was 2.5%). Order parameter values (S) at the given
carbon atom number (Cn) of the (9) rigid component (from
difference spectra) in the presence of AVH, or of the (0) unaffected
spectrum in the absence of AVH. (s), trend of∆S, the increase of
the order parameter, upon AVH binding, with Cn.
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are seen to experience the same rigidification as those of
acidic PS, though not directly involved in annexin binding,
with S increasing by 0.20 (C-5, C-12) and 0.07 (C-16, Table
1). As in the previous cases, double integration of the
difference spectra yields an estimated amount of the phos-
pholipids affected by annexin binding of about 20% (Table
1).

Cardiolipin-containing SUVs also behaved similarly, as
shown in Figure 4. From this figure, the already familiar
shift to a more rigid profile appears. Again, rigidification
is prominent in the region close to the phospholipids’ polar
head (up to about the 12th carbon atom, as also shown from
the trend of∆S reported therein), and is sensed by both the
acidic phospholipid directly involved in the interaction (panel
A) and noninteracting phosphatidylcholine (panel B), to a
similar extent. In fact, in both panels, the order parameter
S is seen to increase by a similar amount of 0.25-0.27, both
at the C-5 and C-12 positions, with a minor jump of 0.04-
0.07 at position C-16 (Table 1). Also in this case, the
percentage of phospholipid molecules affected by the protein
the presence is estimated around 20%.

The effect exerted by the bound annexin on the vesicle
surface was monitored by using PE-SL, a phospholipid spin
label suited for probing the membrane surface (36, 37, 45).
Variously composed small unilamellar vesicles were made
of PC/X/PE-SL 45:50:5 by mole, with X being either PS or
CL, and of PC/PA/PE-SL 62:33:5 mole ratio. The spin label
order parameterSfrom the vesicles in the presence of 1 mM
Ca2+ and without protein, was close to 0.20, as shown in
Table 3. Controls showed that addition of AVH was
ineffective when 10 mM EGTA was already present. In the
presence of 1 mM Ca2+ and annexin (1.06µg/nmol P) theS

value, calculated from difference spectra, following the same
criteria and methods used with the nDS spin labels, is seen
to rise to about 0.50. In the same table, it is indicated that
the titration endpoint is reached by subtracting about 70%
of the unaffected spectrum, which yields an estimated 30%
of phospholipid molecules sensing the protein’s presence.

DISCUSSION

In the absence of calcium, annexins exhibit no phospho-
lipid binding affinity, their membrane binding capacity
relying uniquely on Ca ions, at least in the physiological
experimental conditions commonly adopted. From this
aspect, these proteins may not be included in the classifica-
tion of peripheral proteins recently made by Swamy and
Marsh (46). The annexin:phospholipid binding stoichiometry
is controlled by the number of Ca-binding sites, three to four
per protein molecule (47-49), so that the percentage of
directly bound phospholipids in a vesicle should be as small

FIGURE 3: Fluidity profile of PC/PA/nDSPA/nDSPC SUVs, with
molar composition A, 67:28:5:0; B, 62:33:0:5 (the 16 doxylstearoyl
phospholipid was 2.5%). Order parameter values (S) at the given
carbon atom number (Cn) of the (2) rigid component (from
difference spectra) in the presence of AVH, or of the (4) unaffected
spectrum in the absence of AVH. (s), trend of∆S, the increase of
the order parameter, upon AVH binding, with Cn.

FIGURE 4: Fluidity profile of PC/CL/nDSCL/nDSPC SUVs, with
molar composition A, 50:45:5:0; B, 45:50:0:5 (the 16 doxylstearoyl
phospholipid was 2.5%). Order parameter values (S) at the given
carbon atom number (Cn) of the (b) rigid component (from
difference spectra) in the presence of AVH, or of the (O) unaffected
spectrum in the absence of AVH. (s), trend of∆S, the increase of
the order parameter, upon AVH binding, with Cn.

Table 3: Interaction of AVH with Surface Spin Labeled
Phospholipid Vesiclesa

order parameter,S

vesicle composition -AVH c +AVH d ∆S Corr.e (%)

PC/PS/PESL 45:50:5b 0.22 0.51 +0.29 65
PC/CL/PESL 45:50:5 0.21 0.53 +0.32 68
PC/PA/PESL 62:33:5 0.24 0.51 +0.27 70

aSUVs, with the indicatedbmolar ratio composition, were surface
labeled by means of polar head spin labeled PE (PESL, see Materials
and Methods).S values calculated from spectra of vesiclescwithout
annexin, and fromddifference spectra, obtained by subtraction (see
Spectral Analysis) of the indicatedepercentages of the spectra without
annexin from raw spectra (S not reported) in the presence of AVH.
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as 3-4%, while the number of phospholipid molecules
indirectly involved should coincide with that covered by one
protein molecule, that is 26-28 per annexin (49, 50).
Additional interactions of annexins with the membrane
cannot be excluded (51), rendering difficult, if not impossible,
the definition of a binding parameter for these proteins, as
stated (52). Owing to multisite cooperativeness, despite
bound/free rapid Ca-ions and phospholipid exchange (53,
54), the annexin-Ca-membrane complex is quite stable
(55). Following these characteristics, it seems unlikely that
the annexin-Ca-phospholipid interaction could fit the
lipid-protein interaction model reviewed by Marsh (30).
Consequently, the present study is aimed at the overall effect
on phospholipid mobility in annexin-bound membrane
domains (51), and at its possible relationship with the protein
binding specificity for a particular acidic phospholipid class.

Spectral titration successfully shows the effect of bound
annexin on the phospholipid bilayer, even though the raw
spectra barely betrayed the presence of the bound protein.
No effect of calcium alone was detected, and Mg ions
(mimicking the effect of Ca2+ on membrane surface (56))
in the SUV buffer ensure cation balance across the vesicle
bilayer.

Our results clearly show that annexin binding to the
membrane affects the bilayer interior, resulting in a marked
rigidification of the hydrophobic part of the bilayer close to
the phospholipid polar head, and that the membrane fluidity
gradient is largely modified with respect to that of unbound
vesicles.

Remarkably, all kinds of SUVs labeled with doxyl-
stearoylphospholipids in the bilayer interior gave similar sets
of EPR spectra. The resulting membrane fluidity profiles
in the presence of AVH at the level of the binding acidic
phospholipid (Figures 2A-4A) are quite similar in the
differently composed SUVs. The observed large decrease
in membrane fluidity up to position 12 in the acyl chain is
noteworthy (shown by the∆S plot) and appears to be
independent of the acidic phospholipid class, thus excluding
any specificity of the rigidifying effect of the bound annexin
and confirming that negatively charged polar heads are the
only requirement for annexin binding, as previously sug-
gested (54). More notably, in panel B of each figure, spin
labeled phosphatidylcholine, though not directly involved in
annexin binding, is seen to experience a rigidification almost
identical to its acidic neighbor. This suggests that the
membrane site occupied by the protein is influenced as a
whole, with the annexin effect aspecifically extending along
and across the membrane plane until about the 12th carbon
atom and almost vanishing while approaching theω position.

The invariant amount of about 20% immobilized phos-
pholipid was unexpected, and considered too low in com-
parison with the number of phospholipid molecules in the
outer leaflet (60-70% by mol) (42). The expected outward
facing phospholipid spin labels do not appear to be com-
pletely involved, despite the fact that the annexin/vesicle ratio
was appropriate for maximum effect. An asymmetric,
mainly inward, transmembrane distribution of acidic phos-
pholipids, as occurring in many membrane types (57-61),
could explain this figure, since it might result in a lower
number of binding sites than expected on the outer surface.
Of course, the same applies also to nDSPC, the sensitivity
to AVH of which is dependent on the presence of its acidic

phospholipid companion. Alternatively, one might speculate
that despite the proper protein:phospholipid ratio, annexin
is unable to occupy all available binding sites, in agreement
with the observation that the high curvature of SUVs impedes
complete coating of the outer surface by the protein (23). In
any case, our results do indicate that membrane rigidification
occurs at the membrane site involved in annexin binding,
whatever its width.

Due to the average spherical shape of liposomes, the spin
labels in our SUV system should be viewed as a randomly
oriented sample, unable to reveal variations of the molecular
order. Thus, ascribing the observed order parameter increase
to some ordering effect of the annexin into the bilayer would
be misleading. On the other hand, it is known that
interactions involving the outer surface can extend their effect
into the bilayer, as happens with cations and cationic
polypeptides or proteins, whose rigidifying effect on the acyl
chains is linked to charge neutralization and consequent
condensing of phospholipid polar heads (56, 62). As a more
specific example, avidin binding to spin labeled biotin-PE
at the level of the polar head is reflected on the whole acyl
chain (46). We therefore favor the idea that the observed
membrane rigidification is due to surface AVH binding,
extending its effect into the bilayer, to a considerable extent
within intermediate depth (n ) 12) and fading in the long
range (n ) 16). This interpretation is in close agreement
with the observed tendency of AVH to form hexagonal 2-D
crystalline arrays of trimers on phospholipid surfaces (22),
since the formation of rigid patches on the membrane surface
should similarly extend its effect also into the bilayer interior.
In fact, strong hindrance from bound AVH at the vesicle
surface level is clearly reported by phosphatidylethanolamine
spin labeled at the polar group (Table 3). Binding of AV
(63) to these vesicles has been previously assessed (64, 65,
43). The appearance of a rigid component spectrum after
spectral titration, with a definite increase in the order
parameter of the label, reveals a rigidification of the
membrane surface similar to that experienced by the fatty
acyl chain at position C-5, independently of the composition
of the phospholipid vesicles. Other authors’ observations
also favor membrane rigidification independently of the
phospholipid polar head and vesicle composition, such as
the high exothermic∆Hassocof annexin V and VI with SUVs
similar to ours (66), and the 35-fold decreased phospholipid
lateral diffusion constant found by FRAP measurements after
annexin binding (67). Significantly, extreme impediment in
phospholipid freedom is also suggested by the hydrophobic
interaction of annexin with thesn-2-acyl chain (68).

Membrane rigidification after Ca-dependent binding of AV
is confirmed by these results and enriched with a more
detailed description of the bilayer fluidity gradient. Whether
and how modification of this membrane parameter will
influence the calcium channel activity of annexin V, though
beyond the scope of this study, remains an appealing issue,
deserving further and deeper consideration.

ACKNOWLEDGMENT

F. M. M. thanks Mr. Domenico Munno and Mr. Vito
Cataldo for their skillful technical assistance.

Annexing Binding and Membrane Fluidity Gradient Biochemistry, Vol. 37, No. 29, 199810545



REFERENCES

1. Hubbell, W. L., and McConnell, H. M. (1971)J. Am. Chem.
Soc. 93, 314-326.

2. Jost, P., Libertini, L. J., Hebert, V. C., and Griffith O. H. (1971)
J. Mol. Biol. 59, 77-98.

3. Gaffney, B. J., and McNamee, C. M. (1974)Methods Enzymol.
32B, 161-198.

4. McConnell, H. M. (1976) inSpin Labeling(Berliner, L. J.,
Ed.) Vol. 1, pp 525-560, Academic Press, New York.

5. Seelig, J. (1971)J. Am. Chem. Soc. 93, 5017-5022.
6. Sandermann, Jr. (1983)Trends Biochem. Sci. 8, 408-411.
7. Watts, A. (1989)Curr. Opin. Cell. Biol. 1, 691-700.
8. Bevan, J. A., Bevan, R. D., and Shreeve, S. M. (1989)FASEB

J. 3, 1696-1704.
9. Gershfeld, N. L. (1989)Biochim. Biophys. Acta 988, 335-

350.
10. Kinnunen, P. K. J. (1991)Chem. Phys. Lipids 57, 375-399.
11. Rietveld, A. G., Killian, J. A., Dowhan, W., and de Kruijff,

B. (1993)J. Biol. Chem. 268, 12427-12433.
12. Bloj, B., Morero, R. D., Farı`as, R. N., and Trucco, R. E. (1973)

Biochim. Biophys. Acta 311, 67-79.
13. Storch, J., and Schachter, D. (1984)Biochemistry 23, 1165-

1170.
14. Mutet, C., Duportail, G., Cre`mel, G., and Wakxman, A. (1984)

Biochem. Biophys. Res. Commun. 119, 854-859.
15. Kinnunen, P. K. J., Koˆiv, A., Lehtonen, J. Y. A., Ryto¨ma,

M., and Mustonen, P. (1994)Chem. Phys. Lipids 73, 181-
207.

16. Römisch, J., and Paˆques, E. P. (1991)Med. Microbiol.
Immunol. 180, 109-126.

17. Moss, S. E. (1992) inThe Annexins(Moss, S. E., Ed.) pp 1-7,
Portland Press, London.

18. Huber, R., Ro¨misch, J., and Paˆques, E. P. (1990)EMBO J. 9,
3867-3874.

19. Huber, R., Schneider, M., Mayr, I., Ro¨misch, J., and Paˆques,
E. P. (1990)FEBS Lett. 275, 15-21.

20. Berendes, R., Burger, A., Voges, D., Demange, P., and Huber,
R. (1993)FEBS Lett. 317, 131-134.

21. Concha, N. O., Head, J. F., Kaetzel, M. A., Dedman, J. R.,
and Seaton, B. A. (1992)FEBS Lett. 314, 159-162.

22. Voges, D., Berendes, R., Burger, A., Demange, P., Baumeister,
W., and Huber, R. (1994)J. Mol. Biol. 238, 199-213.

23. Andree, H. A. M., Stuart, M. C. A., Hermens, W. Th.,
Reutelingsperger, C. P. M., Hemker, H. C., Frederik, P. M.,
and Willems, G. M. (1992)J. Biol. Chem. 267, 17907-17912.

24. Griffith, O. H., and Jost, P. C. (1976) inSpin Labeling
(Berliner, L. J., Ed.) Vol. 1, pp 479-484, Academic Press,
New York.

25. Gaffney, B. J. (1976) inSpin Labeling(Berliner, L. J., Ed.)
Vol. 1, pp 567-571, Academic Press, New York.

26. Jost, P., and Griffith, O. H. (1976) inSpin Labeling(Berliner,
L. J., Ed.) Vol. 1, p 268, Academic Press, New York.

27. Jost, P., and Griffith, O. H. (1978)Methods Enzymol. 49, 369-
418.

28. Griffith, O. H., and Jost, P. C. (1976) inSpin Labeling
(Berliner, L. J., Ed.) Vol. 1, pp 505-506, Academic Press,
New York.

29. Marsh, D., and Watts, A. (1982)Methods Enzymol. 88, 762-
772.

30. Marsh D. (1990)FEBS Lett. 268, 371-375.
31. Esmann, M., Watts, A., and Marsh, D. (1985)Biochemistry

24, 1386-1393.
32. Burger, A., Berendes, R., Voges, D., Huber, R., and Demange,

P. (1993)FEBS Lett. 329, 25-28.
33. Boss, W. F., Kelley, C. J., and Landsberger, F. R. (1975)Anal.

Biochem. 64, 289-292.
34. Comfurius, P., and Zwaal, R. F. A. (1977)Biochim. Biophys.

Acta 488, 36-42.

35. Cable, M. B., Jacobus, J., and Powell, G. L. (1978)Proc. Natl.
Acad. Sci. U.S.A. 75, 1227-1231.

36. Landriscina, C., Megli, F. M., and Quagliariello, E. (1976)
Anal. Biochem. 76, 292-299.

37. Megli, F. M., Landriscina, C., Ruggiero, F. M., and Quaglia-
riello, E. (1978)Chem. Phys. Lipids 22, 89-96.

38. Huang, C. (1969)Biochemistry 8, 344-351.
39. Sheetz, M. P., and Chan, S. I. (1972)Biochemistry 11, 4573-

4581.
40. Nakamura, G. R. (1952)Anal. Chem. 24, 1372.
41. Bradford, M. M. (1976)Biochemistry 72, 248-254.
42. Huang, C., and Mason, J. T. (1978)Proc. Natl. Acad. Sci.

U.S.A. 75, 308-310.
43. Megli, F. M., Selvaggi, M., De Lisi, A., and Quagliariello, E.

(1995)Biochim. Biophys. Acta 1236, 273-278.
44. Peelen, S. J., Sanders, J. C., Hemminga, M. A., and Marsh,

D. (1992)Biochemistry 3, 2670-2677.
45. Megli, F. M., van Loon, D., Barbuti, A. A., Quagliariello, E.,

and Wirtz, K. W. A. (1985)Eur. J. Biochem. 149, 585-590.
46. Swamy, M. J., and Marsh, D. (1997)Biochemistry 36, 7403-

7407.
47. Concha, N. O., Head, J. F., Kaetzel, M. A., Dedman, J. R.,

and Seaton, B. A. (1993)Science 261, 1321-1324.
48. Evans, T. C., Jr., and Nelsestuen, G. L. (1994)Biochemistry

33, 13231-13238.
49. Huber, R., Berendes, R., Burger, A., Schneider, M., Karshikov,

A., and Luecke, H. (1992)J. Mol. Biol. 223, 683-704.
50. Ravanat, C., Torbet, J., and Freyssenet, J. (1992)J. Mol. Biol.

226, 1271-1278.
51. Meers, P., Daleke, D., Hong, K., and Papahadjopoulos, D.

(1991)Biochemistry 30, 2903-2908.
52. Hauptmann, R., and Ruetelingsperger, C. P. M. (1992) inThe

Annexins(Moss, S. E., Ed.) p 145, Portland Press, London.
53. Bazzi, M. D., and Nelsestuen, G. L. (1991)Biochemistry, 30,

7970.
54. Meers, P., and Mealy, T. (1993)Biochemistry 32, 11711-

11721.
55. Lu, Y., Bazzi, M. D., and Nelsestuen, G. L. (1995)Biochem-

istry 34, 10777-10785.
56. Smith, I. C. P., and Butler, K. W. (1976) inSpin Labeling

(Berliner, L. J., Ed.) Vol 1, pp 411-451, Academic Press,
New York.

57. Tait, J. F., and Gibson, D. (1994)J. Lab. Clin. Med. 123, 741-
748.

58. Zwaal, R. F., Bevers, E. M., Comfurius, P., Rosing, J., Tilly,
R. H., and Verhallen, P. F. (1989)Mol. Cell. Biochem. 91,
23-31.

59. Spreka-Gottlieb, C. D., Hermetter, A., Paltauf, F., and Daum,
G. (1988)Biochim. Biophys. Acta 946, 227-234.

60. Venien, C., and Le Grimellec, C. (1988)Biochim. Biophys.
Acta 942, 159-168.

61. De Kruijff, B., and Baken, P. (1978)Biochim. Biophys. Acta
507, 38-47.

62. Butler, K. W., Dugas, H., Smith, I. C. P., and Schneider, H.
(1970)Biochem. Biophys. Res. Commun. 40, 770-776.

63. Boustead, C. M., Walker, J. H., and Geisow, M. J. (1988)
FEBS Lett. 233, 233-238.

64. Megli, F. M., De Lisi, A., and Quagliariello, E. (1990)Anal.
Biochem. 188, 390-393.

65. Megli, F. M., Selvaggi, M., De Lisi, A., and Quagliariello, E.
(1993)Anal. Biochem. 214, 557-565.

66. Plager, D. A., and Nelsestuen, G. L. (1994)Biochemistry 33,
13239-13249.

67. Gilmanshin, R., Creutz, C. E., and Tamm, L. K. (1993)
Biochemistry 33, 8225-8232.

68. Meers, P., and Mealy, T. (1994)Biochemistry 33, 5829-5837.

BI9801255

10546 Biochemistry, Vol. 37, No. 29, 1998 Megli et al.


