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ABSTRACT: The modulation of the local structure and dynamics of domain III of annexin 2 (Anx2), in
both the monomeric (p36) and heterotetrameric forms (p90), by calcium and by membrane binding was
studied by time-resolved fluorescence intensity and anisotropy measurements of the single tryptophan
residue (W212). The results yield the same dominant excited-state lifetime (1.4 ns) in both p36 and p90,
suggesting that the conformation and environment of W212 are very similar. The fluorescence anisotropy
decay data were analyzed by associative (two-dimensional) as well as nonassociative (one-dimensional)
models. Although no statistical criterion is decisive for one model versus the other, only the associative
model allows recovery of a physically relevant value of the Brownian rotational correlation of the protein.
Using the associative model, a nanosecond flexibility is detectable in p90 but not in p36. When Ca2+

binds in the millimolar concentration range to both forms of Anx2, a conformational change takes place
leading to an increase of the major excited-state lifetime (2.6 ns) and to a suppression of the W212 local
flexibility of p90. Binding to membranes of either p36 or p90 in the presence of Ca2+ does not induce
any conformational change other than that provoked by Ca2+ binding alone. The W212 local flexibility
in both proteins increases significantly, however, in their membrane-bound forms. In the presence of
membranes, the conformation change of domain III in p90 displays a sensitivity to Ca2+ 2 orders of
magnitude higher than that of p36, reaching intracellular sub-micromolar concentration ranges. This higher
Ca2+ sensitivity correlates with the Ca2+-dependent membrane aggregation but not with their Ca2+-
dependent binding to membranes. The significance of these structural and dynamical changes for the
function of the protein is discussed.

Annexins constitute a family of water-soluble proteins,
which undergo reversible Ca2+-dependent binding to phos-
pholipid bilayers and specific cellular membranes (1-3).
Anx21 is a major cytoplasmic substrate of the pp60src tyrosine
kinase (4-6). This protein is found either as a monomer
(p36) or as a heterotetramer (p90) when two Anx2 molecules
are associated with a dimer of p11, an S100-like protein
devoid of tryptophan residues (7, 8). It is likely involved in
cellular events such as exo- and endocytosis (9-14). Like
the other members of the annexin family, it consists of two
parts: the highly variable N-terminal segment and the

conserved “core”. The N-terminal sequence of Anx2 contains
30 residues and has been shown to regulate the membrane
binding and aggregation capacities of the core (15, 16) (J.
Ayala-Sanmartin, unpublished results). The N-terminal tail
encompasses the site for p11 binding (1-14 residues) (17-
20) and the regions for phosphorylation by pp60src tyrosine
kinase (Tyr23) and by protein kinase C (residues 11-25)
(21-24). The core consists of four repeats, each about 70
residues in length as in the majority of annexins. It shares
important sequence and structural homologies with the other
members of the family. The crystal structure of Anx2 shows
that these repeats correspond to structural domains consisting
of five R-helices (A-E) (25). Two classes of Ca2+ binding
sites have been characterized in Anx2: high-affinity type II
and low-affinity type III sites (26, 27). Only one type III
Ca2+ binding site is present in domain I with a low affinity
(Kd ∼ 200µM). The other domains contain one high-affinity
type II Ca2+ binding site (Kd ∼ 10µM). The crystal structure
(25) and mutagenesis experiments (26, 28) have shown that
the type II sites are defined by the sequence GXGT(X)38D
for domains II and IV and RKGT(X)38E for domain III.
However, the calcium binding capacity of the protein in the
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presence of lipids is higher than expected on the basis of
crystallographic data. The p36 monomer and the p90 can
bind 10-11 and 12-15 Ca2+ ions, respectively (29).

Anx2 possesses a single tryptophan residue (W212) in
domain III, buried inside the protein and located in the middle
of R-helix IIIB, which allows detailed fluorescence studies
of this region (26, 28, 30-32). An H-bond interaction is
formed between the Nε atom of the indole ring and the
carbonyl group of L197 inR-helix IIIA ( 25). The conforma-
tion of Anx2 without Ca2+ ion in domain III is still unknown.
However, steady-state and time-resolved fluorescence studies
have shown that calcium binding induces a conformational
change in domain III (26, 28, 30-32). The RKGT loop of
the calcium-binding site in domain III becomes more resistant
to trypsin cleavage at R204 and K205 (26). The absorbance
of p90 between 270 and 290 nm is decreased in the presence
of Ca2+ (7). In the presence of negatively charged phospho-
lipid membranes, the apparent affinity of the protein for
calcium is increased (1, 15, 16, 29). This effect is more
pronounced for the heterotetramer than for the monomer (16).
The structural basis of this phenomenon remains obscure.
Additional conformational changes induced by Ca2+-depend-
ent binding at the membrane surface have been proposed to
explain this increased calcium sensitivity (31). An alternative
possibility could be that the assembly of a protein with eight
repeating units such as p90 to phospholipidic membranes
could reduce the calcium requirement for its binding with
respect to p36, which contains only four principal Ca2+

binding sites (29, 33, 34).
To gain more accurate insight into the local conformational

and dynamical changes provoked by calcium and membrane
binding of p36 and of p90, a detailed time-resolved fluo-
rescence intensity and anisotropy study of the single tryp-
tophan residue W212 was initiated. We show that Ca2+

binding modifies the local conformation of W212 but that
no further change is brought about upon binding to the
membrane surface for neither p36 nor p90. The local
dynamics sensed by W212 is, however, significantly en-
hanced at the membrane surface for both proteins, but more
for p90 than for p36. In addition, the observed conformational
change correlates with the aggregation capacity of the
proteins. We propose a model in which Ca2+ binding triggers
the observed conformational change of domain III at the
membrane surface. The reduction in the calcium level
required for aggregation of membranes could be related to
Ca2+-induced cooperativity effects instead of a membrane-
induced conformational change.

MATERIALS AND METHODS

Materials. Bovine brain type III-B PC and PS were
obtained from Sigma. All other chemicals were analytical
grade.

Protein Preparation.The human Anx2 heavy chain cDNA
generously provided by E. Solito and F. Russo-Marie (ICGM,
Hôpital Cochin, Paris, France) was subcloned in theSac-
charomyces cereVisiaevector pYeDP60 kindly provided by
D. Pompon (CNRS, Gif-sur-Yvette, France) by a strategy
to be published elsewhere (J. Ayala-Sanmartin et al.,
manuscript submitted for publication). A pET-23a vector
containing the human p11 cDNA (kind gift of V. Gerke,
Munster, Germany) was used for expression of p11 in

Escherichia colicells. Both recombinant human proteins
were expressed and purified by procedures described else-
where (J. Ayala-Sanmartin et al., manuscript submitted for
publication). The degree of purity (>98%) and the biochemi-
cal characterization (immunoreactivity, p36-p11 association)
of the proteins will be published elsewhere (J. Ayala-
Sanmartin et al., manuscript submitted for publication). The
Edman degradation assay of p36 indicated that the N-terminal
extremity is blocked, suggesting the acetylation of the first
serine in the yeast-produced protein as has been reported
for annexin 1 (35). The heterotetramer (p90) was obtained
by incubation of the p36 and p11 chains at a molar ratio of
1:1. The properties of the reconstituted recombinant p90 were
identical to those of the lung tetramer in the chromaffin
granule aggregation assay (not shown).

Phospholipid Vesicle Preparation.PC/PS (75/25) SUVs
were obtained by extrusion of large multilamellar vesicles
as previously described (36) in a calcium-buffered solution
containing 40 mM HEPES (pH 7), 30 mM KCl, and 1 mM
EGTA at a final lipid concentration of 2.5 mg/mL. Before
the fluorescence experiments, the SUV suspension was
sonicated for 5 min on ice.

Binding of the Proteins to Membrane Vesicles and
Aggregation of Liposomes.Anx2 binding to membranes and
SUV aggregation were performed in the same buffer as
described above. The free Ca2+ concentrations (pCa) colog-
[Ca2+]free) were calculated with the Calcv22 program (37).
The level of protein binding was measured by copelleting
the proteins with the liposomes after centrifugation at
170000g for 30 min. The pellets were solubilized in SDS,
and the amount of Anx2 was quantified (36). Liposome
aggregation was monitored by measuring the increase in
turbidity at 340 nm and 28°C (36).

Preparation of the Protein Samples for Fluorescence
Measurements.The fluorescence measurements were per-
formed at 20°C in 100 µL microcuvettes with an optical
path of 10 mm× 2 mm (Hellma, France). The free calcium
concentration was obtained by adding the CaCl2 quantities
calculated as described above (37). The protein concentration
values, obtained with the Coomassie assay reagent (Pierce)
using BSA as a standard, were corrected on the basis of the
specific absorbance at 280 nm (7). The final protein
concentrations in the assays were 10µM for the p36
monomer and 5µM for the p90 heterotetramer (10µM total
p36). When sonicated SUVs were present, the total phos-
pholipid concentration was 1 mM (125µM accessible PS).

Time-ResolVed Fluorescence Measurements.Fluorescence
intensity and anisotropy decays were obtained by the time-
correlated single-photon counting technique from the polar-
ized componentsIvv(t) and Ivh(t) on the experimental setup
installed on the SB1 window of the synchrotron radiation
machine Super-ACO (Anneau de Collision d’Orsay) (38).
The excitation wavelength was selected with a double-grating
monochromator (Jobin Yvon UV-DH10, bandwidth of 4 nm),
and the emission wavelength was selected with a single-
grating monochromator (Jobin Yvon UV-H10, bandwidth of
8 nm). Detection was performed with a MCP-PMT Hamamat-
su apparatus (model R3809U-02). The time resolution was
∼20 ps. The histograms were stored in 2048 channels.
Automatic sampling cycles, including an accumulation time
of 30 s for the instrument response function and an
acquisition time of 90 s for each polarized component, were
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carried out so that a total number of 2-4 × 106 counts was
reached in the fluorescence intensity decay.

Data Analysis of Fluorescence Intensity and Anisotropy
Decays.Analyses of fluorescence intensity decays as sums
of exponential terms were performed by the maximum
entropy method (MEM) (39-41). Analyses of the polarized
fluorescence decays were performed by two programs. The
first one is based on a one-dimensional model of the
anisotropy, in which each lifetimeτi is coupled to every
rotational correlation timeθi (41, 42). The second program
is based on a two-dimensional (τ andθ) model, which allows
us to describe the coupling between lifetimes and rotational
correlation times (41, 43-45). This latter model starts
without any a priori (τ andθ) coupling, the MEM program
being able to handle a considerable number of independent
variables. There is nevertheless an inherent limit to the
method since the parallel and perpendicular components of
the polarized decay involve in their expressions a harmonic
meanκi betweenτi andθi: 1/κi ) 1/τi + 1/θi, whereτi and
θi can be exchanged without any modification in theκi value,
leading to construction of iso-κ curves. These iso-κ contours
are visualized on the two-dimensional (τ and θ) maps by
dotted lines. This degeneracy is especially troublesome when
short lifetimes are coupled to long correlation times and
conversely as shown by simulations (41). Calculations with
double precision allows minimization of this problem to a
large degree.

Fluorescence intensity and one-dimensional anisotropy
decay analyses were performed on a DEC Vax station 4000/
90 computer. Sets of 150 and 100 independent variables,
equally spaced in log scale, were used for the fluorescence
intensity and anisotropy decays, respectively. The two-
dimensional analyses were carried out on a DEC alpha Vax
7620 computer. A set of 1600 independent variables (40τ
values and 40θ values) was used for this analysis. The
programs including the MEMSYS 5 subroutines (MEDC
Ltd., Cambridge, U.K.) were written in double-precision
FORTRAN 77.

RESULTS

Effect of Calcium Binding to p36 and p90 on the Excited-
State Lifetime Distribution: Local Conformation and Dy-
namics around W212.In the absence of calcium, the
fluorescence emission spectrum of the W212 residue in p36
exhibits a maximum at around 320 nm (26, 28, 30, 31). The
fluorescence decay of W212 at the maximum of emission is
not monoexponential (Figure 1). A major excited-state
lifetime population centered at 1.4 ns characterizes it, which
represents 70-80% of the distribution (Figure 2A and Table
1). Two minor peaks corresponding to shorter and longer
lifetimes are also detected. The same pattern is observed at
the emission wavelength of 340 nm (not shown). Binding
of calcium ion induces a blue shift in the fluorescence
emission spectrum (from 320 to∼312 nm) (26, 28, 30, 31),
which is accompanied by a significant change in the intensity
decay (Figure 1B). In the presence of Ca2+, the excited-state
lifetime distribution is characterized by a major component
of 2.6 ns, longer than in the absence of the ion (Figure 2B
and Table 1). It becomes largely dominant at calcium
concentrations in the millimolar range (Figure 3A, where
only the data for the 2.6 ns component are presented). The
midrange effect of Ca2+ takes place at∼0.7 mM.

Similar observations are obtained for the p90 complex.
Binding of p11 does not lead to any significant change in
the excited-state lifetime distribution of W212 (Figure 4A).
Ca2+ depresses the 1.4 ns lifetime proportion to the benefit
of the 2.6 ns lifetime population as in p36 (Figure 4B and
Table 1). Minor peaks with shorter and longer lifetime center
values are also present. The midrange effect of ion binding
on the respective lifetime amplitude values occurs in the same
range of calcium concentrations for both p90 and p36 (0.7
mM) (Figure 3).

FIGURE 1: Experimental fluorescence intensity decays of W212 in
p36. The excitation wavelength was 295 nm and the emission
wavelength 325 nm. (A) Instrumental response function. (B) p36
without Ca2+. (C) p36 in the presence of free 3 mM Ca2+ (pCa)
2.5).

FIGURE 2: Excited-state lifetime distributions (s) and intensity-
weighted contribution (‚‚‚) recovered by MEM of W212 in the Anx2
monomer (p36). MEM analysis as a sum of exponentials was
performed on the fluorescence intensityT(t) reconstructed from the
parallel and perpendicular polarized componentsIvv(t) andIvh(t) as
explained in the footnote of Table 1: (A) calcium-free buffer, (B)
2 mM free Ca2+ (pCa) 2.7), and (C) 1 mM free Ca2+ (pCa) 3)
in the presence of sonicated SUVs (lipid/protein molar ratio of 100).
The excitation wavelength was 295 nm and the emission wavelength
320 nm. The protein concentration was 10µM.
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Mobility of W212 in p36 and p90: Effect of Ca2+. The
experimental fluorescence anisotropy decay of p36 in the
absence of calcium indicates a fast depolarization process
in the time region where the instrument response function
affects the profile, followed by a much slower one (Figure
5A). To cast off the distortion of the decay curve by the

instrument response function, the impulse fluorescence anis-
otropy decayAimp(t) was calculated as [I imp,vv(t) - I imp,vh(t)]/
[I imp,vv(t) + 2I imp,vh(t)], where I imp,vv(t) and I imp,vh(t) are the
impulse decays for the vertical and horizontal components
obtained after separate deconvolution, respectively (Figure
5B). The impulse anisotropy decay does not likely follow a
simple multiexponential law. Indeed, the derivative of the
curve increases at short times and then exhibits a maximum
near 1 ns, whereafter it decreases (not shown). Such a pattern
is typical of a system in which short lifetimes are coupled
to fast rotations and long lifetimes to slow ones (46, 47), as
previously shown for different chromophores such as ethid-
ium bromide (41), parinaric acids (48, 49), tryptophan (43),
dansyl (50), and anthraniloyl nucleotide derivatives (unpub-
lished results). An analytical representation of the impulse
anisotropy decay like that shown in Figure 5B using a sum
of exponentials (classical model) is not relevant if the signs
of the amplitudes are strictly positive, a situation correspond-
ing to the particular case where each emitting population is
coupled to every rotational motion. The best fit is only
obtained when negative amplitudes (without physical mean-
ing) are allowed (Figure 5B).

To analyze these types of data, methods mainly based on
nonlinear least-squares regression have been developed in
the literature but involving imposedτ-θ associations (46,
48-51). On the contrary, MEM allows a non-a priori guess
with respect to theτ-θ associations using the two-
dimensional analysis of the fluorescence-polarized decays
(43-45, 52). It exhibits moreover the advantage of exploring
a wideτ-θ space. Both models (one- and two-dimensional)
will be discussed in this work along with their ability to
analyze the data.

Table 1: Effect of Ca2+ and SUVs on the Fluorescence Intensity
Decay Parameters Recovered by MEM of the W212 Emission in
Monomeric p36 and Heterotetrameric p90a

sample τ1 (ns),b C1,c I1
d τ2 (ns),C2, I2 τ3 (ns),C3, I3 〈t〉 (ns)e

p36 0.55( 0.03,
0.20( 0.03,
0.08

1.41( 0.01,
0.71( 0.06,
0.69

4.23( 0.29,
0.08( 0.01,
0.23

1.45

p36 (pCa) 3)f 0.17( 0.06,
0.15( 0.04,
0.01

0.74( 0.44,
0.12( 0.07,
0.04

2.58( 0.12,
0.73( 0.09,
0.95

1.99

p36 (pCa) 3)f
(L/P ) 100)

0.26( 0.17,
0.13( 0.01,
0.02

1.08( 0.34,
0.18( 0.01,
0.10

2.59( 0.01,
0.69( 0.01,
0.88

2.03

p90 0.51( 0.03,
0.22( 0.02,
0.08

1.47( 0.01,
0.71( 0.03,
0.70

4.76( 0.16,
0.07( 0.01,
0.22

1.49

p90 (pCa) 3)f - 0.60( 0.05,
0.17( 0.02,
0.05

2.56( 0.01,
0.82( 0.03,
0.95

2.20

p90 (pCa) 4.7)f
(L/P ) 100)

- 0.51( 0.05,
0.25( 0.02,
0.07

2.39( 0.02,
0.75 ( 0.03,
0.93

2.14

a MEM analysis was performed on the fluorescence intensityT(t)
reconstructed from the parallel and perpendicular polarized components
Ivv(t) and Ivh(t) such asT(t) ) Ivv(t) + 2âcorrIvh(t) ) ∫0

∞R(τ) exp(-t/τ)
dτ, whereτ is the excited-state lifetime,R(τ) is its amplitude,âcorr is
a correction factor accounting for the difference in transmission of the
Ivv(t) andIvh(t) components (66). Standard deviations for three measure-
ments are reported.b τi values are the centers of each lifetime peak.
c Ci values are the normalized amplitudes of each lifetime peak.d Ii

values are the values of the partial intensity of theith componentIi )
Ciτi. e The mean lifetime〈τ〉 is calculated as〈τ〉 ) ΣiRiτi. f Defined in
Materials and Methods.

FIGURE 3: Ca2+ dependence of conformational change, membrane
binding, and membrane aggregation properties of p36 and p90.
Amplitude of the major excited-state lifetime of 2.6 ns (C3 in Table
1): (2) in the absence of SUV, (b) in the presence of SUV (lipid/
protein molar ratio of 100), (]) membrane binding, and (0)
membrane aggregation. (A) p36 and (B) p90. Results are repre-
sented as percentages of the maximal response.

FIGURE 4: Excited-state lifetime distributions (s) and intensity-
weighted contribution (‚‚‚) of W212 obtained by MEM of the Anx2
tetramer (p90) in (A) Ca2+-free buffer, (B) 1 mM free Ca2+ (pCa
) 3), and (C) 20µM free Ca2+ (pCa ) 4.7) in the presence of
sonicated SUVs (lipid/protein molar ratio of 100). The excitation
wavelength was 295 nm and the emission wavelength 320 nm. The
protein concentration was 5µM (10 µM p36).
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Despite the shape of the impulse fluorescence decay of
W212 (Figure 5B), the analysis by the one-dimensional
model of anisotropy provides reasonably lowø2 values (∼1).
Only one long rotational correlation time, describing in
principle the Brownian rotation of the entire protein, is
observed (Table 2). Rotational motions faster than the
detection limit of the instrumentation are probably taking
place since the initial anisotropy is lower than expected for
an immobilized tryptophan residue (53). A semiangle of the
wobbling-in-cone motion (ωmax) can be calculated (54) (Table
2). The value of the Brownian rotational correlation time is,
however, larger than expected for a spherical particle of the
size of the protein with 40% (w/w) hydration, according to

the Perrin-Einstein expression (θ ) Vhη/RT, whereVh is
the hydrated volume of the particle,η the solvent viscosity,
R the molar gas constant, andT the absolute temperature).
Anx5, for instance, which displays the same shape of the
core and a similar molecular weight, exhibits the expected
Brownian rotational correlation time value of 14.5-15 ns,
in good agreement with its size (44, 55). This model-
dependent difference between the physical and the recovered
values of the Brownian rotational correlation time has been
observed by simulation calculations in which specific
couplings between lifetimes and correlation times were
modeled (M. Vincent et al., unpublished results). These
anomalously larger values probably occur because the one-
dimensional model cannot properly describe the anisotropy
decay curve when theâ values are all positive. The best fit
that can be achieved with these constraints is to make the
calculated curve very flat at long times, by making the
Brownian rotational correlation time very large, without
physical meaning (50). Conversely, the two-dimensional
analysis allowed us to recover all the parameters of the
simulation (M. Vincent et al., unpublished results).

In agreement with the observations on simulated data, the
two-dimensional analysis of the p36 data is also able to
recover a Brownian rotational correlation time value of∼15
ns similar to that of Anx5 (44, 45, 55) (Figure 6A) and,
therefore, physically significant. It also detects a fast
rotational motion (∼300 ps). This fast motion is strongly
coupled to the shortest lifetime, which is not at all coupled
to the Brownian rotational motion of the protein (Figure 6A).
It seems therefore that this minor short lifetime (<10%
fluorescence intensity, Table 1) corresponds to a mobile
conformer, which does not detect any rotational constraint
of the protein matrix. The major lifetime of 1.4 ns, on the
contrary, is coupled both to this fast motion and to the
Brownian rotational correlation time of the protein (Figure
6A). From the respective amplitudesΓ(τ,θ) of the cross-
correlation peaks in this lifetime population of 1.4 ns, a value
of the semiangle of the wobbling-in-cone motion (ωmax) of
28° can be calculated fromΓ(τ2,θ3)/Γ(τ2,θ2) + Γ(τ2,θ3) )
1/2[cosωmax(+ cosωmax)]2 (54). TheΓ(τ,θ) values are listed
in the legend of the Figure 6.

This two-dimensional analysis provides, however,ø2

values not significantly different from those obtained with
the one-dimensional model. This statistical parameter, as well
as other classical ones taking into account the number of
free parameters like theF test or reducedø2, cannot be used
as a criterion for choosing either alternate model in this
particular set of data. Both solutions are apparently in the
“feasible set” (39). However, the difference observed be-
tween the two Brownian rotational correlation time values
obtained with each model is unambiguous and more in favor
of the two-dimensional model.

The binding of Ca2+ to p36 affects the anisotropy decay
parameters obtained by the one-dimensional model. It
enhances theâ value, which leads to a decreased value of
ωmax, i.e., a more restrained W212 mobility (Table 2). The
Brownian rotational correlation time value remains ap-
proximately the same as in the absence of Ca2+. The two-
dimensional analysis shows that the shortest lifetime is
coupled only to the fast rotational motion, which displays a
rotational correlation time similar to that in the absence of
the divalent ion (Figure 6B). Therefore, as in the Ca2+-free

FIGURE 5: (A) Experimental anisotropy decay curvesA(t) of p36
calculated from the experimental polarized fluorescence decaysIvv(t)
and Ivh(t) (see the footnote of Table 2). (B) Impulse anisotropy
decay curves calculated after deconvolution ofIvv(t) andIvh(t) (curve
1 with empty points), the best fit with a quadruple exponential
without assumption of the amplitude signs (dotted curve 2), and
the best fit with a quadruple exponential with only positive pre-
exponents (dotted curve 3).

Table 2: Effect of Calcium Binding on the Fluorescence Anisotropy
Decay Parameters Recovered after MEM Analysis Using the
One-Dimensional Model of W212 in p36 and p90a

sample θ (ns)b âc ωmax (deg)d

p36 34( 2 0.151( 0.012 33( 4
p36 (pCa) 2.7) 28( 1 0.185( 0.011 25( 4
p90 45( 2 0.148( 0.011 33( 4
p90 (pCa) 3) 44( 3 0.178( 0.013 27( 5
a The fluorescence anisotropy is assumed to be described by a sum

of exponentials:A(t) ) Ivv(t) - âcorrIvh(t)/Ivv(t) + 2âcorrIvh(t) ) Σiâi

exp(-t/θi). âcorr is the correction factor defined in the legend of Table
1. b Values of the barycenter of the rotational correlation time peaks.
c Partial anisotropy.d The wobbling-in-cone angleωmax value was
calculated according toâ/A0 ) [1/2 cosωmax(1 + cosωmax)]2 (54). A
value of the intrinsic anisotropyA0 of 0.25 was used. The excitation
wavelength was 295 nm.

Ca2+-Dependent Conformational Changes of Annexin 2 Biochemistry, Vol. 39, No. 49, 200015183



FIGURE 6: Two-dimensional plot ofΓ(τ,θ) coefficients obtained by MEM analysis of the polarized fluorescence decays of W212 in monomeric annexin 2. The fit was performed on the polarized
fluorescence intensity decaysIvv(t) andIvh(t) using the classical expressionsIvv(t) ) 1/3∫0

∞∫0
∞Γ(τ,θ)e-t/τ(1 + 2A0e-t/θ) dτ dθ andIvh(t) ) 1/3∫0

∞∫0
∞Γ(τ,θ)e-t/τ(1 - A0e-t/θ) dτ dθ. Γ(τ,θ) is the relative

proportion of emittor with a lifetimeτ and a correlation timeθ andA0 is the intrinsic anisotropy taken as 0.25. (A) Ca2+-free buffer. Amplitude of the (τ,θ) peak corresponding toτ1 ) 0.66 ns:
Γ(τ1,θ1)0.35 ns)) 0.30; amplitudes of the (τ,θ) peaks corresponding toτ2 ) 1.47 ns: Γ(τ2,θ2)0.28 ns)) 0.19,Γ(τ2,θ3)15 ns)) 0.47; amplitudes of the (τ,θ) peaks corresponding toτ3 ) 4.15
ns: Γ(τ3,θ4)0.22 ns)) 0.02,Γ(τ3,θ5)30 ns)) 0.03. (B) Free Ca2+ at 1 mM (pCa) 3). Amplitude of the (τ,θ) peak corresponding toτ1 ) 0.99 ns: Γ(τ1,θ1)0.50 ns)) 0.24; amplitudes of the
(τ,θ) peaks corresponding toτ2 ) 2.57 ns: Γ(τ2,θ2)0.40 ns)) 0.20;Γ(τ2,θ3)45 ns)) 0.51. (C) Free Ca2+ at 0.5 mM (pCa) 3.3) and sonicated SUVs. Amplitude of the (τ,θ) peak corresponding
to τ1 ) 0.20 ns: Γ(τ1,θ1)0.30 ns)) 0.09; amplitude of the (τ,θ) peak corresponding toτ2 ) 0.84 ns:Γ(τ2,θ2)0.15 ns)) 0.18; amplitudes of the (τ,θ) peaks corresponding toτ3 ) 2.64 ns:
Γ(τ3,θ3)0.15 ns)) 0.28; Γ(τ3,θ4)1.5 ns)) 0.04; Γ(τ3,θ5)15 ns)) 0.26; Γ(τ3,∞) ) 0.15. Measurement conditions were as described in the legend of Figure 2.
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FIGURE 7: Two-dimensional plot ofΓ(τ,θ) coefficients obtained by MEM analysis of the polarized fluorescence decays of W212 in the tetrameric p90. (A) Ca2+-free buffer. Amplitude of the (τ,θ)
peak corresponding toτ1 ) 0.72 ns: Γ(τ1,θ1)0.60 ns)) 0.34; amplitudes of the (τ,θ) peaks corresponding toτ2 ) 1.55 ns: Γ(τ2,θ2)0.35 ns)) 0.14;Γ(τ2,θ3)15 ns)) 0.52. (B) Free Ca2+ at
1 mM (pCa) 3). Amplitude of the (τ,θ) peak corresponding toτ1 ) 0.87 ns: Γ(τ1,θ1)0.40 ns)) 0.21; amplitudes of the (τ,θ) peaks corresponding toτ2 ) 2.61 ns: Γ(τ2,θ2)0.30 ns)) 0.30;
Γ(τ2,θ3)8 ns)) 0.04;Γ(τ2,θ4)40 ns)) 0.45. (C) Free Ca2+ at 20µM (pCa ) 4.7) and sonicated SUVs. Amplitude of the (τ,θ) peak corresponding toτ1 ) 0.52 ns: Γ(τ1,θ1)0.10 ns)) 0.25;
amplitudes of the (τ,θ) peaks corresponding toτ2 ) 2.39 ns: Γ(τ2,θ2)0.10 ns)) 0.28;Γ(τ2,θ3)3 ns)) 0.14;Γ(τ2,θ4>100 ns)) 0.33. Conditions were as described in the legend of Figure 6.
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form of the protein, the short-lived excited-state population
corresponds to a freely rotating conformer. The major
lifetime is coupled both to this fast motion and to a long
rotational correlation time of∼40 ns, which describes the
Brownian rotation of the protein. It exhibits therefore a
partially hindered rotational motion, with a semiangle of the
wobbling-in-cone motionωmax of 26°, on the same order of
magnitude as in the apo form. This long rotational correlation
time of ∼40 ns is, however, larger than expected for the
Brownian motion of the p36 protein (∼15 ns). It is possible
that a self-association process occurs in the presence of Ca2+

like we also observed for Anx5 (55).
Like in p36, the one-dimensional model applied to the

polarized fluorescence decay of W212 in p90 shows only
one rotational correlation time distribution centered at∼45
ns (Table 2). This value is slightly larger than expected from
the size of the complex. The wobbling angle of rotation
displays a value similar to that in p36. The two-dimensional
analysis shows that the shortest lifetime is specifically
coupled with a sub-nanosecond rotational motion (∼500 ps)
(Figure 7A,B). The major lifetime population is mainly
associated with a long rotational correlation time, which
displays however a value (10-12 ns) significantly smaller
than that expected from the Brownian motion of a protein
of the size of the heterotetramer (94 kDa) (∼38 ns for a
sphere with a hydration ratio of 40% w/w). We might assume
that this motion could be due to a nanosecond flexibility.
This lifetime is also associated with a fast rotation. The value
of the semiangle of the wobbling-in-cone motion for this
fast rotation is 23°, lower than the value obtained for p36.
Ca2+ binding suppresses almost completely the peak corre-
sponding to the nanosecond flexibility observed in the
absence of calcium. A peak corresponding to the expected
Brownian rotational correlation time of the complex (∼40
ns) is then observed. The wobbling-in-cone angle of the sub-
nanosecond rotation in the p90-Ca2+ complex calculated
from theΓ(τ,θ) coefficients, listed in the legend of Figure
7, is increased (33°) with respect to p36 and to p90 in the
absence of Ca2+. As remarked previously, both the one- and
two-dimensional analyses provide similar lowø2 values.

Effect of Binding of p36 and p90 to NegatiVely Charged
Membranes on the Local Conformation and Dynamics
around W212: Excited-State Lifetime Distributions.The
excited-state lifetime distribution of W212 is modified upon
Ca2+-dependent binding of p36 and p90 to phospholipid
membranes (Figures 2C and 4C and Table 1). This change
is the same as that observed in the presence of Ca2+ alone.
The Ca2+ concentration for the half-effect on the amplitudes
of the major lifetime populations is, however, lower in the
presence of phospholipid membranes than in their absence
(see Figure 3, where only the data for the 2.6 ns component
are presented). The half-titration point for p36 is at 0.13 mM,
a concentration∼5 times lower than in the absence of
phospholipid membranes (∼0.7 mM). This concentration is
very close to that at which membrane aggregation takes place
(∼0.1 mM), whereas binding of p36 to phospholipid
membranes occurs in the micromolar range (∼3 µM) (Figure
3A).

The Ca2+-induced local conformational change in domain
III in the presence of membranes exhibits a much stronger
calcium sensibility for p90 than for p36 (Figure 3B). The
half-titration point for p90 occurs at sub-micromolar calcium

concentration (∼0.7 µM), lower by more than 2 orders of
magnitude than that for p36 (Figure 3B). The membrane
binding and aggregation efficiency are in the same sub-
micromolar Ca2+ concentration range (Figure 3B; J. Ayala-
Sanmartin, manuscript submitted for publication). Such a
higher sensitivity to calcium of p90 (which occurs in the
intracellular Ca2+ concentration range) could produce a
threshold response of the complex to calcium burst in the
cells.

Effect of Membrane Binding of p36 and p90 on the Local
Mobility of W212: Fluorescence Anisotropy Decays.The
pattern of the impulse fluorescence anisotropy decay of
W212 in the complex of either p36 or p90 with negatively
charged phospholipid membranes is similar to that presented
in Figure 5B. The same remarks about the model dependence
hold therefore for this set of data as for the previous ones.
The analysis of the polarized data by the one-dimensional
model provides optimalø2 values of∼1, like in the absence
of membranes. Only one significant rotational correlation
time is observed. The initial anisotropy value is much lower
than that expected for an immobilized tryptophan (53). No
infinite anisotropy is detected by this analysis, which is quite
surprising for a protein known to interact strongly with the
membranes.

The two-dimensional analysis of the polarized fluorescence
decays shows that in both p36 and p90, the short lifetimes
are coupled only to a fast sub-nanosecond rotational motion
(Figures 6C and 7C). This value is lower than that observed
in the absence of membranes, but a contribution of scattered
light by the aggregated vesicles cannot be excluded. The
major lifetime of 2.4-2.6 ns is coupled to this fast motion
and also to an intermediate nanosecond one and to a very
slow motion with an infinite time constant (as compared to
the excited-state lifetime). The presence of an infinite
anisotropy component is classically expected for a protein
firmly bound to membrane systems. This observation again
favors the two-dimensional analysis with respect to the one-
dimensional model. Each lifetime population likely corre-
sponds, therefore, to conformers with different mobilities.
The semiangle of the wobbling-in-cone sub-nanosecond
rotational motion, calculated for the major conformer, has a
value of 35° for p36 and a larger one for p90 (42°). They
are both significantly larger than that observed for the Ca2+-
free or Ca2+-bound proteins.

DISCUSSION

The binding of calcium to Anx2 is known to induce a local
conformational change leading to a significant blue shift of
the fluorescence emission spectrum of W212 (26, 28, 30,
31), but affecting poorly its quantum yield (56). Calcium
binding did not significantly alter the overall secondary
structure of the protein; the decrease in theR-helix content
induced by calcium was only 1-2% (7). In the work
presented here, the time-resolved fluorescence intensity decay
data clearly show that the conformational change of p36
induced by Ca2+ binding corresponds to a modification of
the local interactions of the indole ring with specific
proximate quenching moieties of the protein, which leads
to changes in the major lifetime value. Former time-resolved
fluorescence intensity studies have not been able to show
any large change in the excited-state lifetime values of the
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W212 emission as a function of calcium. This was probably
due to a lower time resolution of the instrumentation and a
lower accuracy of the analysis at the time of the measure-
ments (30, 56). Moreover, no fluorescence anisotropy decay
measurements were reported to describe the effects of
calcium and membrane binding to the protein on the W212
internal dynamics. Such measurements were performed in
this paper and analyzed using two models: associative and
nonassociative. It turns out that classical statistical criteria
cannot be used to distinguish the two. Using genuine
statistics, we cannot therefore rule out the simpler, nonas-
sociative models where each lifetime is correlated with every
rotational motion. The impulse fluorescence anisotropy
decays are nevertheless not described by a simple sum of
exponentials; negative pre-exponential factors are needed.
The two-dimensional analysis allows moreover recovery of
a physically meaning value of the Brownian rotational
correlation times of the proteins in the absence of membranes
and also an infinite anisotropy in their presence. This was
not the case with the simpler one-dimensional model. These
observations suggest that the two-dimensional analysis is
likely less biased by the fluorescence emission heterogeneity
than the two-dimensional one.

The three-dimensional structure of the protein, which has
been determined in the presence of bound Ca2+ (25), allows
interpretation of to some extent the spectroscopic charac-
teristics of W212. This residue belongs to theR-helix IIIB
and is encased betweenR-helices IIIA and IIIB with no polar
amino acid side chains in its neighborhood. The indole ring
undergoes a single polar contact involving its Nε atom, which
likely forms a H-bond bridge with the CO group of the L197
peptide bond (3.25 Å) inR-helix IIIA (Figure 8). No other
peptide bonds or polar quenching groups are present in the
vicinity of W212 in the p36-Ca2+ complex (within a sphere
of 4 Å drawn from each atom of the indole ring). This would
explain the relatively “long” lifetime value of W212 in the
p36-Ca2+ complex, since peptide bonds are efficient quench-
ers only when the indole ring interacts with two of them
(57). The extremely blue fluorescence emission of W212 at

∼312 nm in the presence of Ca2+ (27, 28, 30, 31) fully agrees
with the location of this aromatic residue in a hydrophobic
cavity in the three-dimensional structure. Moreover, the
orientation of the indole long axis (and approximately of its
dipole moment) (58) is roughly perpendicular to that of
R-helix IIIB (Figure 8). Such an orientation will also inhibit
the possible dipolar interaction of the indole excited state
with this macrodipole.

With the protein structure in the absence of Ca2+ still
unknown, the Ca2+-induced structural changes of the W212
environment accounting for the fluorescence changes can
only be supposed. No significant change in the accessibility
of the indole ring to the solvent has been evidenced either
by acrylamide or by iodide quenching experiments (31, 56).
A change in the relative orientation of the indole ring with
respect to theR-helix IIIB may lead to modification of
dipolar interactions. The possibility that the crystal confor-
mation of the protein is not replicated in detail in solution
and that other dipoles are present in the structure around
W212 should, however, remain open.

One important result reported in this work concerns the
absence of local structural disturbance of the W212 region
upon formation of the heterotetramer complex with the p11
dimer. The interaction of the p36 N-terminal distal part with
p11 to form the heterotetrameric complex does not appear
to affect the conformation of the convex face, situated at
the opposite side of the protein. Nevertheless, the p90
heterotetramer exhibits flexibility in the nanosecond range
detected by the two-dimensional analysis, which could not
be observed in the p36 monomer. This nanosecond flexibility
of p90 is likely large in amplitude since the Brownian
rotational correlation time of the protein cannot be detected.
It could correspond to hinge bending motions of domains in
the heterotetramer. Ca2+ binding suppresses this nanosecond
flexibility and rigidifies the protein. The interaction of the
N-terminal segment of p36 with p11 could therefore affect
the relative motions of domains in p90 by suppressing
existing interactions of this sequence with the concave face
of the core. Such interactions between an N-terminal
sequence and the core have recently been shown to exist in
the crystal structure of Anx3 (59). In this case, this interaction
occurs via the W5 residue, located in the hinge region of
the hydrophilic channel formed between domains II and IV.
Mutation of this residue has resulted in a change in the Ca2+-
dependent interaction of the mutated protein with negatively
charged phospholipid membranes (60). Therefore, although
the structures of both N-terminal domains are obviously
different, because of their differences in length and amino
acid composition, a role of the N-terminal domain of Anx2
in the modulation of the dynamics of the core is not excluded
and may help to explain the different behaviors of p36 and
p90.

The most striking result of this work concerns in fact the
large increase in the sensitivity to Ca2+ of the domain III
conformational change for p90 with respect to that of p36
in the presence of membranes. A shift by more than 2 orders
of magnitude of the midpoint effect of calcium concentration
needed for the conformational transition is observed for the
p90 tetramer with respect to the p36 monomer. To explain
these observations, a further conformational change of the
Ca2+ binding sites occurring on the membrane surface has
been proposed (31). Our results indicate, however, that the

FIGURE 8: Environment of W212 in the Anx2-Ca2+ three-
dimensional structure (25). This representation was rendered by
the Swiss-PdbViewer (67).

Ca2+-Dependent Conformational Changes of Annexin 2 Biochemistry, Vol. 39, No. 49, 200015187



conformational change provoked by the Ca2+-dependent
binding of the protein to the membranes is the same as the
change induced by Ca2+ alone. A significant increase in the
local dynamics around the W212 residue is, however,
observed in both p36 and more importantly for p90. A similar
observation was reported for Anx5 bound to negatively
charged phospholipid membranes (45). This phenomenon
might be related to the global conformational changes
observed by infrared measurements on this latter protein,
characterized by the appearance of nonhelical structures and
by the decrease in the structural order of the protein at the
membrane surface (61, 62).

Besides these differences in protein dynamics, the stronger
cooperativity of the conformational change of p90 with
respect to p36 in the presence of membranes may involve
other factors. The major difference between these two Anx2
forms obviously concerns their association states and there-
fore the number of their Ca2+-binding sites. The more
efficient membrane aggregation process of p90 can be related
to the existence of two surfaces of interaction with the
membranes according to its assumed heterotetrameric struc-
ture (63). A symmetric unit containing four Ca2+ sites on
each side will allow the apposition of two membranes,
resulting in a further increase in the local Ca2+ concentration
and a stronger reduction of dimensionality than with the
monomer. It has been shown that p90 binds∼1.5 times more
Ca2+ ions than p36 does (29). This increase in the number
of potential Ca2+ contact sites with the membrane surface
would decrease the apparent dissociation constant of p90 with
respect to p36. This would explain the difference in Ca2+

concentration for membrane binding of p36 and p90 (∼3
and 0.3µM, respectively). In contrast, as shown in this work,
the membrane aggregation processes occur at 0.1 mM and
0.2 µM Ca2+ for p36 and p90, respectively, in agreement
with previous reports (16, 29, 64). Thus, the higher sensitivity
to Ca2+ of the p90 conformational change is not associated
with a difference in the Ca2+-mediated binding of the proteins
to the membranes, but parallels the efficiency of their Ca2+-
dependent membrane aggregation.

Our results suggest a tendency of p36 to dimerize in
solution at high Ca2+ concentrations likely as a dimer, in
agreement with the former results (65). Moreover, a calcium-
dependent Anx2-Anx2 interaction also occurs at the mem-
brane surface (63). The observed Ca2+-induced local con-
formational change is not correlated with membrane binding
but with membrane aggregation. In the p90 form, in which
two p36 molecules are preassociated, the Ca2+ requirement
is low, whereas for the monomer, the conformational change
leading to the aggregation efficient form of the protein needs
higher calcium concentrations. This suggests that the dif-
ference in sensitivity of the Ca2+-dependent aggregation of
membranes mediated by p36 and by p90 could be due to
the difference in the mechanism of their autoassociation. We
have recently shown that modification of the N-terminal
sequence by site-directed mutagenesis decreases the Ca2+

sensitivity of the p36-mediated membrane aggregation (J.
Ayala-Sanmartin, unpublished results). The self-association
of p36 at the membrane surface, allowing membrane
aggregation, could be due to a folding of the N-terminal
segment in such a way that it does not interfere anymore
with the protein core.
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