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ABSTRACT. The modulation of the local structure and dynamics of domain Il 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. Whien Ca
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 &f Gaes not induce

any conformational change other than that provoked b3/ ®ading 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 Il in p90 displays a sensitivity’toZarders of
magnitude higher than that of p36, reaching intracellular sub-micromolar concentration ranges. This higher
C&* sensitivity correlates with the €adependent membrane aggregation but not with the#™Ca
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, conserved “core”. The N-terminal sequence of Anx2 contains
which undergo reversible €adependent binding to phos- 30 residues and has been shown to regulate the membrane
pholipid bilayers and specific cellular membrands-38). binding and aggregation capacities of the cd8, (L6) (J.
Anx2'is a major cytoplasmic substrate of the ppf@frosine  Ayala-Sanmartin, unpublished results). The N-terminal tail
kinase #—6). This protein is found either as a monomer encompasses the site for p11 binding-(% residues)¥{7—

(p36) or as a heterotetramer (p90) when two Anx2 molecules 20) and the regions for phosphorylation by pfi66yrosine

are associated with a dimer of pl1, an S100-like protein kinase (Tyr23) and by protein kinase C (residues-24)
devoid of tryptophan residueg,(8). It is likely i_nvolvec_i in (21—24). The core consists of four repeats, each about 70
cellular events such as exo- and endocyto8is1é). Like residues in length as in the majority of annexins. It shares
the other members of the annexin family, it consists of tWo i nortant sequence and structural homologies with the other
parts: the highly variable N-terminal segment and the \,empers of the family. The crystal structure of Anx2 shows
that these repeats correspond to structural domains consisting

T This work was supported by the Centre National de la Recherche of five a-helices (A-E) (25). Two classes of Ca binding
Scientifique (UPR 1929 and UMR 130). M.V. acknowledges the Institut  sjtes have been characterized in Anx2: high-affinity type Il
National de la Santet de la Recherche Meale for continuous support. and low-affinity type IIl sites 26, 27). Only one type Ill

* To whom correspondence should be addressed: LURE, Universite e s ; g > o
Paris-Sud, Biment 209D, BP 34, F-91898 Orsay Cedex, France. C&" binding site is present in domain | with a low affinity

Fax: 33 164 46 80 82. E-mail: gallay@lure.u-psud.fr. (Kg ~ 200uM). The other domains contain one high-affinity
institut de Biologie Physico-Chimique. type Il C&" binding site K4 ~ 10uM). The crystal structure
8 UniversiteParis-Sud. yp gs a~ 10uM). y
"UFR des Sciences Pharmaceutiques. (25) and mutagenesis experimen2$,(28) have shown that

1 Abbreviations: Anx2, annexin 2; Anx3, annexin 3; Anx5, annexin the type Il sites are defined by the sequence GXGI&D()

5; PC,L-a-phosphatidylcholine; P$;a-phosphatidylserine; p36, Anx2 . .
monomer; p90, (Anx2)-(plly heterotetramer, MEM, maximum for domains Il and IV and RKGT(&E for domain IIl.

entropy method; SUVs, small unilamellar vesicles. However, the calcium binding capacity of the protein in the
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presence of lipids is higher than expected on the basis ofEscherichia colicells. Both recombinant human proteins
crystallographic data. The p36 monomer and the p90 canwere expressed and purified by procedures described else-
bind 10-11 and 12-15 C&" ions, respectively49). where (J. Ayala-Sanmartin et al., manuscript submitted for

Anx2 possesses a single tryptophan residue (W212) inpublication). The degree of purity-08%) and the biochemi-
domain IlI, buried inside the protein and located in the middle cal characterization (immunoreactivity, p3611 association)
of a-helix 111B, which allows detailed fluorescence studies Of the proteins will be published elsewhere (J. Ayala-
of this region 26, 28, 30—32). An H-bond interaction is Sanmartin et al., manuscript submitted for publication). The
formed between the Natom of the indole ring and the Edman degradation assay of p36 indicated that the N-terminal
carbonyl group of L197 im-helix IlIA (25). The conforma- ~ €xtremity is blocked, suggesting the acetylation of the first
tion of Anx2 without C&" ion in domain Il is still unknown. ~ Serine in the yeast-produced protein as has been reported
However, steady-state and time-resolved fluorescence studie$or annexin 1 85). The heterotetramer (p90) was obtained
have shown that calcium binding induces a conformational by incubation of the p36 and p11 chains at a molar ratio of
change in domain 11126, 28, 30—32). The RKGT loop of 1:1. The properties of the reconstituted recombinant p90 were
the calcium-binding site in domain I1l becomes more resistant identical to those of the lung tetramer in the chromaffin
to trypsin cleavage at R204 and K2(5). The absorbance ~ granule aggregation assay (not shown).
of p90 between 270 and 290 nm is decreased in the presence Phospholipid Vesicle Preparatiof®C/PS (75/25) SUVs
of Ca* (7). In the presence of negatively charged phospho- Were obtained by extrusion of large multilamellar vesicles
lipid membranes, the apparent affinity of the protein for as previously describe®®) in a calcium-buffered solution
calcium is increasedi( 15, 16, 29). This effect is more  containing 40 mM HEPES (pH 7), 30 mM KCl, and 1 mM
pronounced for the heterotetramer than for the mono®r ( EGTA at a final lipid concentration of 2.5 mg/mL. Before
The structural basis of this phenomenon remains obscurethe fluorescence experiments, the SUV suspension was
Additional conformational changes induced by?Gdepend- ~ sonicated for 5 min on ice.
ent binding at the membrane surface have been proposed to Binding of the Proteins to Membrane Vesicles and
explain this increased calcium sensitiviB). An alternative ~ Aggregation of LiposomeAnx2 binding to membranes and
possibility could be that the assembly of a protein with eight SUV aggregation were performed in the same buffer as
repeating units such as p90 to phospholipidic membranesdescribed above. The free Caoncentrations (pCa colog-
could reduce the calcium requirement for its binding with [C&]ree) Were calculated with the Calcv22 prograBiy.
respect to p36, which contains only four principal2Ca  The level of protein binding was measured by copelleting
binding sites 29, 33, 34). the proteins with the liposomes after centrifugation at

To gain more accurate insight into the local conformational 17000@ for 30 min. The pellets were solubilized in SDS,
and dynamical changes provoked by calcium and membrane®nd the amount of Anx2 was quantifie8€]. Liposome
binding of p36 and of p90, a detailed time-resolved fluo- 299regation was monitored by measuring the increase in
rescence intensity and anisotropy study of the single tryp- turbidity at 340 nm and 28C (36).
tophan residue W212 was initiated. We show that*Ca Preparation of the Protein Samples for Fluorescence
binding modifies the local conformation of W212 but that MeasurementsThe fluorescence measurements were per-
no further change is brought about upon binding to the formed at 20°C in 100uL microcuvettes with an optical
membrane surface for neither p36 nor p90. The local Path of 10 mmx 2 mm (Helima, France). The free calcium
dynamics sensed by W212 is, however, significantly en- concentration was obtained by adding the Gafllantities
hanced at the membrane surface for both proteins, but morec@lculated as described abod) The protein concentration
for p90 than for p36. In addition, the observed conformational Values, obtained with the Coomassie assay reagent (Pierce)
change correlates with the aggregation capacity of the USINg BSAasa standard, were corrected on the ba5|s_ of the
proteins. We propose a model in which®Cainding triggers ~ SPecific absorbance at 280 nn7).( The final protein
the observed conformational change of domain Il at the concentrations in the assays were AB for the p36
membrane surface. The reduction in the calcium level Monomer and wM for the p90 heterotetramer (1M total
required for aggregation of membranes could be related toP36). When sonicated SUVs were present, the total phos-
Ca*-induced cooperativity effects instead of a membrane- Pholipid concentration was 1 mM (128M accessible PS).

induced conformational change. Time-Resaled Fluorescence Measuremeritiiorescence
intensity and anisotropy decays were obtained by the time-
MATERIALS AND METHODS correlated single-photon counting technique from the polar-

ized components,(t) andly(t) on the experimental setup

Materials. Bovine brain type Ill-B PC and PS were installed on the SB1 window of the synchrotron radiation
obtained from Sigma. All other chemicals were analytical machine Super-ACO (Anneau de Collision d’Orsa$P)(
grade. The excitation wavelength was selected with a double-grating

Protein PreparationThe human Anx2 heavy chain cONA  monochromator (Jobin Yvon UV-DH10, bandwidth of 4 nm),
generously provided by E. Solito and F. Russo-Marie (ICGM, and the emission wavelength was selected with a single-
Hopital Cochin, Paris, France) was subcloned in Sse- grating monochromator (Jobin Yvon UV-H10, bandwidth of
charomyces cetgsiae vector pYeDP60 kindly provided by 8 nm). Detection was performed with a MCP-PMT Hamamat-
D. Pompon (CNRS, Gif-sur-Yvette, France) by a strategy su apparatus (model R3809U-02). The time resolution was
to be published elsewhere (J. Ayala-Sanmartin et al.,, ~20 ps. The histograms were stored in 2048 channels.
manuscript submitted for publication). A pET-23a vector Automatic sampling cycles, including an accumulation time
containing the human p11 cDNA (kind gift of V. Gerke, of 30 s for the instrument response function and an
Munster, Germany) was used for expression of pll in acquisition time of 90 s for each polarized component, were
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carried out so that a total number of-2 x 10° 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 lifetime; is coupled to every
rotational correlation timé; (41, 42). The second program
is based on a two-dimensionalgnd6&) model, which allows
us to describe the coupling between lifetimes and rotational — : —
correlation times 41, 43—45). This latter model starts 500 1000 1500 2000
without any a priori £ and6) coupling, the MEM program channel (0.022 ns/channel)
belhg able to handle a considerable m.meer of Ind.ependentFIGURE 1: Experimental fluorescence intensity decays of W212 in
variables. There is nevertheless an inherent limit to the p3g The excitation wavelength was 295 nm and the emission
method since the parallel and perpendicular components ofwavelength 325 nm. (A) Instrumental response function. (B) p36
the polarized decay involve in their expressions a harmonic without C&*. (C) p36 in the presence of free 3 mMTqpCa=
meank; betweenr; and6;: 1/ = 1/t + 1/6;, wherer; and
6; can be exchanged without any modification in thealue, , —
leading to construction of ise-curves. These isp-contours A
are visualized on the two-dimensional énd 6) maps by
dotted lines. This degeneracy is especially troublesome when
short lifetimes are coupled to long correlation times and
conversely as shown by simulation&l). 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/ B
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 variablesz(40 :
values and 4® values) was used for this analysis. The '
programs including the MEMSYS 5 subroutines (MEDC C
Ltd., Cambridge, U.K.) were written in double-precision
FORTRAN 77.

RESULTS

Effect of Calcium Binding to p36 and p90 on the Excited- AN /oo
State Lifetime Distribution: Local Conformation and Dy- 01 1 10
namics around W212In the absence of calcium, the lifetime (ns)
fluorescence emission spectrum of the W212 residue in p36Ficure 2: Excited-state lifetime distributions=) and intensity-
exhibits a maximum at around 320 n26( 28, 30, 31). The weighted contribution-{-) recovered by MEM of W212 in the Anx2

fluorescence decay of W212 at the maximum of emission is monomer (p36). MEM analysis as a sum of exponentials was

: : : .y performed on the fluorescence intensify) reconstructed from the
r_10t. monoexponentlal (Figure 1). A major e_XC|tgd sta_te parallel and perpendicular polarized componépts) andl,n(t) as
lifetime population centered at 1.4 ns characterizes it, which explained in the footnote of Table 1: (A) calcium-free buffer, (B)

represents 7080% of the distribution (Figure 2A and Table 2 mM free C&" (pCa= 2.7), and (C) 1 mM free Ca (pCa= 3)

1). Two minor peaks corresponding to shorter and longer in the presence of sonicated SUVs (lipid/protein molar ratio of 100).
lifetimes are also detected. The same pattern is observed aghe excitation wavelength was 295 nm and the emission wavelength
the emission wavelength of 340 nm (not shown). Binding 20 nm. The protein concentration was 4.

of calcium ion induces a blue shift in the fluorescence  Similar observations are obtained for the p90 complex.
emission spectrum (from 320 te312 nm) @6, 28, 30, 31), Binding of p11 does not lead to any significant change in
which is accompanied by a significant change in the intensity the excited-state lifetime distribution of W212 (Figure 4A).
decay (Figure 1B). In the presence offCahe excited-state ~ Ca&" depresses the 1.4 ns lifetime proportion to the benefit
lifetime distribution is characterized by a major component of the 2.6 ns lifetime population as in p36 (Figure 4B and
of 2.6 ns, longer than in the absence of the ion (Figure 2B Table 1). Minor peaks with shorter and longer lifetime center
and Table 1). It becomes largely dominant at calcium values are also present. The midrange effect of ion binding
concentrations in the millimolar range (Figure 3A, where on the respective lifetime amplitude values occurs in the same
only the data for the 2.6 ns component are presented). Therange of calcium concentrations for both p90 and p36 (0.7
midrange effect of Ca takes place at0.7 mM. mM) (Figure 3).

counts

amplitude
('n ") Ausuajuy
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Table 1: Effect of C& and SUVs on the Fluorescence Intensity
Decay Parameters Recovered by MEM of the W212 Emission in
Monomeric p36 and Heterotetrameric P90

sample 71 (ns)PC,C 1% 72(ns),Ca 12 T3(nS),Cs, I3 E(nSf
p36 0.55+0.03, 1.41+0.01, 4.234+0.29, 1.45
0.204+0.03, 0.71+0.06, 0.084+0.01,
0.08 0.69 0.23
p36 (pCa=3) 0.17+0.06, 0.74+0.44, 2.58+0.12, 1.99
0.15+0.04, 0.124+0.07, 0.73£0.09,
0.01 0.04 0.95
p36 (pCa=3) 0.26+0.17, 1.08+0.34, 2.59+0.01, 2.03
(L/P =100) 0.13+£0.01, 0.184+0.01, 0.69+40.01,
0.02 0.10 0.88
p90 0.514+0.03, 1.47+0.01, 4.76+0.16, 1.49
0.22+0.02, 0.714+0.03, 0.07+0.01,
0.08 0.70 0.22
p90 (pCa=3) — 0.60+0.05, 2.56+0.01, 2.20
0.174+0.02, 0.82+0.03,
0.05 0.95
p90 (pCa= 4.7) — 0.51+0.05 2.39+0.02, 2.14
(L/P = 100) 0.25+ 0.02, 0.75+ 0.03,
0.07 0.93

aMEM analysis was performed on the fluorescence intenB(ty

reconstructed from the parallel and perpendicular polarized components

lw(t) andlun(t) such asT(t) = lw(t) + 2Bcordn(t) = Spa(r) exp(t/7)

dr, wherer is the excited-state lifetimey(z) is its amplitude Scor is

a correction factor accounting for the difference in transmission of the
Iw(t) andly(t) components@6). Standard deviations for three measure-
ments are reported.r; values are the centers of each lifetime peak.
¢C; values are the normalized amplitudes of each lifetime pehk.
values are the values of the partial intensity of ithecomponent;
Citi. ¢ The mean lifetimeéz(is calculated ast(= Zioi7i. f Defined in
Materials and Methods.
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Ficure 3: C&" dependence of conformational change, membrane
binding, and membrane aggregation properties of p36 and p90.
Amplitude of the major excited-state lifetime of 2.6 ng{€Table

1): (a) in the absence of SUV@) in the presence of SUV (lipid/
protein molar ratio of 100), ¢) membrane binding, andj
membrane aggregation. (A) p36 and (B) p90. Results are repre-
sented as percentages of the maximal response.

Mobility of W212 in p36 and p90: Effect of €a The
experimental fluorescence anisotropy decay of p36 in the

Ayala-Sanmartin et al.

T T
A
1.
:
5
[}
3 £
g 5
© c
£
.
]
C
e
0.1

lifetime  (ns)

FIGURE 4: Excited-state lifetime distributions—) and intensity-
weighted contribution-¢-) of W212 obtained by MEM of the Anx2
tetramer (p90) in (A) C&-free buffer, (B) 1 mM free Cd (pCa

= 3), and (C) 20uM free C&" (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 /&V (10 uM p36).

instrument response function, the impulse fluorescence anis-
otropy decayAimp(t) was calculated asifipw(t) — limpyr(t)])/
[limpwn() + 2limpy(t)], Where limpw(t) and limpur(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 ond$,(47), as
previously shown for different chromophores such as ethid-
ium bromide ¢1), parinaric acids48, 49), tryptophan 43),
dansyl 60), 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 imposed—60 associations4g,
48—51). On the contrary, MEM allows a non-a priori guess
with respect to ther—6 associations using the two-
dimensional analysis of the fluorescence-polarized decays

absence of calcium indicates a fast depolarization process(43—45, 52). It exhibits moreover the advantage of exploring

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

a widet—0 space. Both models (one- and two-dimensional)
will be discussed in this work along with their ability to
analyze the data.
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Ficure 5: (A) Experimental anisotropy decay curvag) of p36
calculated from the experimental polarized fluorescence deg#t)s
and I,(t) (see the footnote of Table 2). (B) Impulse anisotropy
decay curves calculated after deconvolutioh,gf) andl,x(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 90

sample 0 (nsp pe wmax (deg)y
p36 34+ 2 0.151+ 0.012 33t 4
p36 (pCa=2.7)  28+1  0.185+0.011 25+ 4
p90 454 2 0.148+ 0.011 33+ 4
p90 (pCa= 3) 44+3  0.178+0.013 27+ 5

2 The fluorescence anisotropy is assumed to be described by a sum

of exponentials:A(t) = Iw(t) — Beordwn(D)/lw(t) + 2Bcordvn(t) = Zifi
exp(=t/6)). Beor is the correction factor defined in the legend of Table
1. ®Values of the barycenter of the rotational correlation time peaks.
¢ Partial anisotropy? The wobbling-in-cone anglevmax value was
calculated according t8/A; = [%2 COSwmal1 + COS wmay]? (54). A
value of the intrinsic anisotropg of 0.25 was used. The excitation
wavelength was 295 nm.
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the Perrin-Einstein expressiond(= Viy/RT, whereV, is

the hydrated volume of the particlg,the solvent viscosity,

R the molar gas constant, afdthe 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 1455 ns,

in good agreement with its sized4, 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 thg 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~df5
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 lifetime10%
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 amplitudd¥z,0) of the cross-
correlation peaks in this lifetime population of 1.4 ns, a value
of the semiangle of the wobbling-in-cone motian.{,) of

28° can be calculated from(z2,03)/T'(t2,62) + I'(72,03) =
Y5[cOS Wmai+ COSwmay]? (54). Thel'(z,0) values are listed

in the legend of the Figure 6.

This two-dimensional analysis provides, howevegf,
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 thié test or reduceg?, 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” 89). However, the difference observed be-

Despite the shape of the impulse fluorescence decay oftween the two Brownian rotational correlation time values

W212 (Figure 5B), the analysis by the one-dimensional
model of anisotropy provides reasonably Igiwalues ¢1).
Only one long rotational correlation time, describing in

obtained with each model is unambiguous and more in favor
of the two-dimensional model.
The binding of C&" to p36 affects the anisotropy decay

principle the Brownian rotation of the entire protein, is parameters obtained by the one-dimensional model. It
observed (Table 2). Rotational motions faster than the enhances thg value, which leads to a decreased value of
detection limit of the instrumentation are probably taking wmax i.€., @ more restrained W212 mobility (Table 2). The
place since the initial anisotropy is lower than expected for Brownian rotational correlation time value remains ap-
an immobilized tryptophan residuB3). A semiangle of the  proximately the same as in the absence of'Cahe two-
wobbling-in-cone motiondmay can be calculatedd) (Table dimensional analysis shows that the shortest lifetime is
2). The value of the Brownian rotational correlation time is, coupled only to the fast rotational motion, which displays a
however, larger than expected for a spherical particle of the rotational correlation time similar to that in the absence of
size of the protein with 40% (w/w) hydration, according to the divalent ion (Figure 6B). Therefore, as in theGhee
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Ficure 6: Two-dimensional plot of (z,0) coefficients obtained by MEM analysis of the polarized fluorescence decays of W212 in monomeric annexin 2. The fit was performed on the polarized
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ns: I'(73,04=0.22 ns)= 0.02,I'(13,05s=30 ns)= 0.03. (B) Free CH at 1 mM (pCa= 3). Amplitude of the £,0) peak corresponding toy = 0.99 ns: I'(z1,6:=0.50 ns)= 0.24; amplitudes of the

(z,0) peaks corresponding t@ = 2.57 ns: I'(z2,6,=0.40 ns)= 0.20;T(z,,6;=45 ns)= 0.51. (C) Free Cd at 0.5 mM (pCa= 3.3) and sonicated SUVs. Amplitude of thef{) peak corresponding

to 71 = 0.20 ns: I'(71,6:=0.30 ns)= 0.09; amplitude of ther(d) peak corresponding to, = 0.84 ns:I'(72,6,=0.15 ns)= 0.18; amplitudes of ther(9) peaks corresponding tg = 2.64 ns:
I'(73,05=0.15 ns)= 0.28;I(z3,0,=1.5 ns)= 0.04;T'(r3,05=15 ns)= 0.26;I'(r3,) = 0.15. Measurement conditions were as described in the legend of Figure 2.
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G8TSD0O0Z ‘6 ON ‘6E OA ‘Aiisiwaydolg



15186 Biochemistry, Vol. 39, No. 49, 2000

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 motiommax 0f 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(5 ns). It is possible
that a self-association process occurs in the presence’df Ca
like we also observed for Anx5b).

Like in p36, the one-dimensional model applied to the

Ayala-Sanmartin et al.

concentration £0.7 uM), 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 C&" concentration range (Figure 3B; J. Ayala-
Sanmartin, manuscript submitted for publication). Such a
higher sensitivity to calcium of p90 (which occurs in the
intracellular C&" 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 Decay$e
pattern of the impulse fluorescence anisotropy decay of
W212 in the complex of either p36 or p90 with negatively

polarized fluorescence decay of W212 in p90 shows only charged phospholipid membranes is similar to that presented

one rotational correlation time distribution centered-db

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 motieB8@0 ps)
(Figure 7A,B). The major lifetime population is mainly
associated with a long rotational correlation time, which
displays however a value (312 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.

C&" 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 complex40

ns) is then observed. The wobbling-in-cone angle of the sub-

nanosecond rotation in the p9Ca&" complex calculated
from theI'(7,0) coefficients, listed in the legend of Figure
7, is increased (33 with respect to p36 and to p90 in the
absence of Gd. As remarked previously, both the one- and
two-dimensional analyses provide similar Ig#/values.
Effect of Binding of p36 and p90 to Negadly Charged
Membranes on the Local Conformation and Dynamics
around W212: Excited-State Lifetime DistributionEhe
excited-state lifetime distribution of W212 is modified upon
Ca*-dependent binding of p36 and p90 to phospholipid

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 optimaf? 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 tryptoph&s8)( 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 hanosecond 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 38 for p36 and a larger one for p90 (32 They
are both significantly larger than that observed for thé"€a
free or C&"-bound proteins.

membranes (Figures 2C and 4C and Table 1). This changep|scussioN

is the same as that observed in the presence of @lane.
The C&" concentration for the half-effect on the amplitudes
of the major lifetime populations is, however, lower in the

The binding of calcium to Anx2 is known to induce a local
conformational change leading to a significant blue shift of

presence of phospholipid membranes than in their absencehe fluorescence emission spectrum of W228, 28, 30,
(see Figure 3, where only the data for the 2.6 ns component31), but affecting poorly its quantum yieldb§). Calcium

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

binding did not significantly alter the overall secondary
structure of the protein; the decrease in thbelix content
induced by calcium was only 12% (7). In the work

very close to that at which membrane aggregation takes placepresented here, the time-resolved fluorescence intensity decay

(~0.1 mM), whereas binding of p36 to phospholipid
membranes occurs in the micromolar rang& t/M) (Figure
3A).

The C&*'-induced local conformational change in domain

data clearly show that the conformational change of p36
induced by C#& binding corresponds to a modification of
the local interactions of the indole ring with specific
proximate quenching moieties of the protein, which leads

Il in the presence of membranes exhibits a much strongerto changes in the major lifetime value. Former time-resolved
calcium sensibility for p90 than for p36 (Figure 3B). The fluorescence intensity studies have not been able to show
half-titration point for p90 occurs at sub-micromolar calcium any large change in the excited-state lifetime values of the
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~312 nm in the presence of €427, 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) %8) is roughly perpendicular to that of
o-helix 111B (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?Catill
unknown, the C&-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 experimerds, £6).
a-Helix ITIA A change in the relative orientation of the indole ring with
respect to theo-helix 11IB 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.

FIGURE 8: Environment of W212 in the Anx2Ca&* three- One important result reported in this work concerns the
dimensional structure2f). This representation was rendered by apsence of local structural disturbance of the W212 region
the Swiss-PdbViewers(). upon formation of the heterotetramer complex with the p11
W212 emission as a function of calcium. This was probably dimer. The interaction of the p36 N-terminal distal part with
due to a lower time resolution of the instrumentation and a p11 to form the heterotetrameric complex does not appear
lower accuracy of the analysis at the time of the measure-to affect the conformation of the convex face, situated at
ments B0, 56). Moreover, no fluorescence anisotropy decay the opposite side of the protein. Nevertheless, the p90
measurements were reported to describe the effects ofheterotetramer exhibits flexibility in the nanosecond range
calcium and membrane binding to the protein on the W212 detected by the two-dimensional analysis, which could not
internal dynamics. Such measurements were performed inbe observed in the p36 monomer. This nanosecond flexibility
this paper and analyzed using two models: associative andof p90 is likely large in amplitude since the Brownian
nonassociative. It turns out that classical statistical criteria rotational correlation time of the protein cannot be detected.
cannot be used to distinguish the two. Using genuine It could correspond to hinge bending motions of domains in
statistics, we cannot therefore rule out the simpler, nonas-the heterotetramer. €abinding suppresses this nanosecond
sociative models where each lifetime is correlated with every flexibility and rigidifies the protein. The interaction of the
rotational motion. The impulse fluorescence anisotropy N-terminal segment of p36 with p11 could therefore affect
decays are nevertheless not described by a simple sum ofhe relative motions of domains in p90 by suppressing
exponentials; negative pre-exponential factors are neededexisting interactions of this sequence with the concave face
The two-dimensional analysis allows moreover recovery of of the core. Such interactions between an N-terminal
a physically meaning value of the Brownian rotational sequence and the core have recently been shown to exist in
correlation times of the proteins in the absence of membranesthe crystal structure of Anx30). In this case, this interaction
and also an infinite anisotropy in their presence. This was occurs via the W5 residue, located in the hinge region of
not the case with the simpler one-dimensional model. Thesethe hydrophilic channel formed between domains Il and IV.
observations suggest that the two-dimensional analysis isMutation of this residue has resulted in a change in theé-Ca
likely less biased by the fluorescence emission heterogeneitydependent interaction of the mutated protein with negatively
than the two-dimensional one. charged phospholipid membran&®); Therefore, although

The three-dimensional structure of the protein, which has the structures of both N-terminal domains are obviously
been determined in the presence of bound¢2a5), allows different, because of their differences in length and amino
interpretation of to some extent the spectroscopic charac-acid composition, a role of the N-terminal domain of Anx2
teristics of W212. This residue belongs to tielix 111B in the modulation of the dynamics of the core is not excluded
and is encased betweearhelices Il1A and I1IB with no polar and may help to explain the different behaviors of p36 and
amino acid side chains in its neighborhood. The indole ring p90.
undergoes a single polar contact involving itsdtbm, which The most striking result of this work concerns in fact the
likely forms a H-bond bridge with the CO group of the L197 large increase in the sensitivity to €aof the domain Il
peptide bond (3.25 A) im-helix A (Figure 8). No other conformational change for p90 with respect to that of p36
peptide bonds or polar quenching groups are present in thein the presence of membranes. A shift by more than 2 orders
vicinity of W212 in the p36-Ca* complex (within a sphere  of magnitude of the midpoint effect of calcium concentration
of 4 A drawn from each atom of the indole ring). This would needed for the conformational transition is observed for the
explain the relatively “long” lifetime value of W212 in the  p90 tetramer with respect to the p36 monomer. To explain
p36—-Ca&" complex, since peptide bonds are efficient quench- these observations, a further conformational change of the
ers only when the indole ring interacts with two of them C&" binding sites occurring on the membrane surface has
(57). The extremely blue fluorescence emission of W212 at been proposed3(). Our results indicate, however, that the
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change induced by Gaalone. 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 membranets). This phenomenon
might be related to the global conformational changes REFERENCES

observed by infrared measurements on this latter protein, S
characterized by the appearance of nonhelical structures and - 5153’;‘&6"3_'353&”0' Pollard, H. B. (1998jochim. Biophys. Acta
by the decrease in the structural order of the protein at the Gerk'e, a and Moss, S. E. (199Bjochim. Biophys. Acta

membrane surfaces{, 62). 1357 129-154.
Besides these differences in protein dynamics, the stronger g,""a"j?’s'vt'- A't’ aé%dlggftz()l% B. A. (199Ahnu. Re. Biophys.
cooperativity of the conformational change of p90 with fomol. Struct. ;

3.
) , 4. Glenney, J. (1985FEBS Lett. 19279-82.
respect to p36 in the presence of membranes may involve 5 Radke, V.: Gilmore, T., and Martin, G. S. (198Ckll 21,
6.
7.

The technical staff of LURE is acknowledged for running
the synchrotron ring during the beam sessions. J.A.-S.
acknowledges J. P. Henry and P. Gouache for helpful
discussions and support. We thank Dr. Andreas Hofmann
(MPI, Martinsried, Germany) for Anx2 coordinates.

other factors. The major difference between these two Anx2 821-828.

forms obviously concerns their association states and there- 6. Erikson, K., and Erikson, R. L. (198@ell 21, 829-836.
fore the number of their Ca-binding sites. The more fég'ge’ V., and Weber, K. (1983) Biol. Chem. 2601688~
efficient membrane aggregation process of p90 can be related g Gerké, V., and Weber, K. (198EMBO J. 3 227-233.

to the existence of two surfaces of interaction with the 9. Ali, S. M., Geisow, M. J., and Burgoyne, R. D. (198@ture

membranes according to its assumed heterotetrameric struc- 340, 313-315.

ture 63). A symmetric unit containing four Ga sites on 1O'aa?fi?1%9T1')’JPrédﬁl'|3L' Ip\ll’ﬂe??gsilpiz’l?mnis’ D., and Bader,

H : g .. . Ce 101. .
each .SIde will a"o"‘.’ the apposmon of two membr_anes, 11. Emans, N., Gorvel, J. P., Walter, C., Gerke, V., Kellner, R.,
resulting in a further increase in the Io_caIQC_aoncentra_Uon Griffiths, G., and Gruenberg, J. (199R)Cell Biol. 120 1357
and a stronger reduction of dimensionality than with the 1369.
monomer. It has been shown that p90 binds5 times more 12. Hargtzer, T., and Gerke, V. (1993) Cell Biol. 123 1119~
Ca* ions than p36 doe<20). This increase in the number 11132.

. | . . 13. Mayorga, L. S., Beron, W., Sarrouf, M. N., Colombo, M. 1.,

of potential C&" contact sites with the membrane surface Creutz, C., and Stahl, P. D. (199%)Biol. Chem. 26930927~

would decrease the apparent dissociation constant of p90 with  30934.
respect to p36. This would explain the difference iF'Ca  14. Kénig, J., Prenen, J., Nilius, B., and Gerke, V. (1998Biol.
concentration for membrane binding of p36 and p9@ ( 15 %Tem- 27§1?169736J19B§8l“rbh 26172477252

; ; ; . Glenney, J. . Biol. Chem. — .
and 0.3uM, respecuvely)._ln contrast, as shown in this work, 16. Powell M. A.. and Glenney, J. R. (198BJochem. J. 247
the membrane aggregation processes occur at 0.1 mM and ™ 351 _35g
0.2 uM Ca&?* for p36 and p90, respectively, in agreement  17. Glenney, J. R. J., Boudreau, M., Galyean, R., Hunter, T., and
with previous reportsl(, 29, 64). Thus, the higher sensitivity Tack, B. (1986)J. Biol. Chem. 26,110485-10488.

to C&" of the p90 conformational change is not associated 18. Johnsson, N., Marriott, G., and Weber, K. (1988)BO J. 7

: : - - S : 2435-2442.
with a difference in the Ca-mediated bln_d|_ng of the proteins 19. Becker, T., Weber, K., and Johnsson, N. (198980 J. 9
to the membranes, but parallels the efficiency of the#'€a 4207-4213.
dependent membrane aggregation. 20. Ray, S., Sopkova, J., Renouard, M., Osterloh, D., Gerke, V.,

; PR Tabaries, S., Russo-Marie, F., and Lewit-Bentley, A. (1999)
Our results suggest a tendency of p36 to dimerize in Nat. Struct. Biol. 689-95.

solution at high C& concentrations likely as a dimer, in 51 Jost, M., and Gerke, V. (199Bjochim. Biophys. Acta 1313

agreement with the former resul&5}. Moreover, a calcium- 283-280.
dependent Anx2Anx2 interaction also occurs at the mem-  22. Glenney, J. R., and Tack, B. F. (198&pc. Natl. Acad. Sci.
brane surface6@). The observed Ca-induced local con- U.S.A. 82 7884-7888.

formational change is not correlated with membrane binding 23'(‘]1%%%53?&’8%"legggh;%‘l’gdmg’ H.-D., and Weber, K.

but with membrane aggregation. In the p90 form, in which 24 Gould, K. L., Woodgett, J. R., Isacke, C. M., and Hunter, T.
two p36 molecules are preassociated, thé"Gaquirement (1986) Mol. Cell. Biol. § 2738-2744.
is low, whereas for the monomer, the conformational change 25. Burger, A., Berendes, R., Liemann, S., Benz, J., Hofmann,
leading to the aggregation efficient form of the protein needs A GAtig, P., Huber, R., Gerke, V., Thiel, C.,"Rusch, J.,
high lci trati Thi ts that the dif- and Weber, K. (1996). Mol. Biol. 257 839-847.

Igher calcium concentrations. This suggests that the dit~ 56 jost, M., Thiel, C., Weber, K., and Gerke, V. (19€2jr. J.
ference in sensitivity of the C&dependent aggregation of Biochem. 207923-930.
membranes mediated by p36 and by p90 could be due to 27. Jost, M., Weber, K., and Gerke, V. (19%ipchem. J. 298
the difference in the mechanism of their autoassociation. We _ 553-559. _
have recently shown that modification of the N-terminal 28'2Tgéeli4%'3’2\fvff7egé K., and Gerke, V. (1991) Biol. Chem.
sequence by site-directed mutagenesis decreases the Ca 29 Evans T. C. J., and Nelsestuen, G. L. (19B#)chemistry
sensitivity of the p36-mediated membrane aggregation (J. 33, 13231+-13238.
Ayala-Sanmartin, unpublished results). The self-association 30. Marriott, G., Kirk, W. R., Johnsson, N., and Weber, K. (1990)
of p36 at the membrane surface, allowing membrane __Biochemistry 297004-7011.

aggregation, could be due to a folding of the N-terminal 31‘E{g?ﬁf%_céiggﬂ?ﬁg_s;\\’g?;‘ibéibgfﬁia”d Gard, D. (1990)

segment in such a way that it does not interfere anymore 32 Follenius-Wund, A., Pigault, C., and Gerard, D. (1993)
with the protein core. Biochem. Mol. Biol. Int. 29653—660.



C&"-Dependent Conformational Changes of Annexin 2

33.
34.
35.

36.
37.
38.
39.
40.

41.
42.

43.
44,
45.

46.

47.

48.

49.

Bazzi, M. D., and Nelsestuen, G. L. (19®ipchemistry 30
971-979.

Bandorowicz, J., Pikula, S., and Sobota, A. (198®)chim.
Biophys. Acta 1105201—-206.

Giga-Hama, Y., Tohda, H., Okada, H., Owada, M. K.,
Okayama, H., and Kumagai, H. (199B)o/Technology 12
400-404.

Ayala-Sanmartin, J., Henry, J. P., and Pradel, L. A. (2000)
Biochim. Biophys. Actéin press).

Fdr, K. J., Warchol, W., and Gratzl, M. (1993)jethods
Enzymol. 221149-157.

Vincent, M., Gallay, J., and Demchenko, A. D. (1995pPhys.
Chem. 9914931-14941.

Livesey, A. K., and Brochon, J.-C. (198ipphys. J. 52693~
706.

Vincent, M., Brochon, J. C., Merola, F., Jordi, W., and Gallay,
J. (1988)Biochemistry 278752-8761.

Brochon, J.-C. (1994Ylethods Enzymol. 24@62-311.
Vincent, M., and Gallay, J. (199Eur. Biophys. J. 20183~
191.

Rouviee, N., Vincent, M., Craescu, C. T., and Gallay, J. (1997)
Biochemistry 367339-7352.

Sopkova, J., Vincent, M., Takahashi, M., Lewit-Bentley, A.,
and Gallay, J. (1998Biochemistry 3711962-11970.
Sopkova, J., Vincent, M., Takahashi, M., Lewit-Bentley, A.,
and Gallay, J. (1999Biochemistry 385447-5458.

Brand, L., Knutson, J. R., Davenport, L., Beechem, J. M., Dale,
R. E., Walbridge, D. G., and Kowalczyk, A. A. (1985) in
Spectroscopy and the Dynamics of Molecular Biological
SystemgBayley, P., and Dale, R. E., Eds.) pp 25805,
Academic Press, London.

Lakowicz, J. R. (1999) ifrinciples of Fluorescence Spec-
troscopy(Lakowicz, J. R., Ed.) pp 362365, Kluwer Academ-
ics/Plenum Publishers, New York.

Ruggiero, A., and Hudson, B. (198Bjophys. J. 551125~
1135.

Ludescher, R. D., Peting, L., Hudson, S., and Hudson, B.
(1987)Biophys. Chem. 28&9-75.

50.

51.

52.

53.

54.

55.

56.

57.

58
59

62.

63.

64.
65.
66.
67.

Biochemistry, Vol. 39, No. 49, 2005189

Guest, C. R., Hochstrasser, R. A., Dupuy, C. G., Allen, D. J.,
Benkovic, S. J., and Millar, D. P. (199Biochemistry 30
8759-8770.

Bialik, C. N., Wolf, B., Rachojski, E. L., Ross, J. B. A., and
Laws, W. R. (1998Biophys. J. 752564-2573.

Vincent, M., Rouviee, N., and Gallay, J. (200@}ell. Mol.
Biol. 46, 1113-1131.

Valeur, B., and Weber, G. (197Photochem. Photobiol. 25
441-444,

Kinosita, K. J., Kawato, S., and lkegami, A. (19Bipphys.

J. 20 289-305.

Sopkova, J., Gallay, J., Vincent, M., Pancoska, P., and Lewit-
Bentley, A. (1994)Biochemistry 334490-4499.

Pigault, C., Follenius-Wund, A., and f(ed, D. (1990)
Biochem. Soc. Trans. 18229-1230.

Chen, Y., and Barkley, M. D. (1998jochemistry 379976—
9982.

. Callis, P. (1997Methods Enzymol. 27813-150.
. Favier-Perron, B., Lewit-Bentley, A., and Russo-Marie, F.

(1996) Biochemistry 351740-1744.

. Hofmann, A., Ragues-Nicol, C., Favier-Perron, B., Meson-

ero, J., Huber, R., Russo-Marie, F., and Lewit-Bentley, A.
(2000) Biochemistry 397712-7721.

. Silvestro, L., and Axelsen, P. H. (19®ipchemistry 38113~

121.
Wu, F., Flach, C. R., Seaton, B. A., Mealy, T. R., and
Mendelsohn, R. (1999Biochemistry 38792—799.

Lambert, O., Gerke, V., Bader, M. F., Porte, F., and Brisson,
A. (1997)J. Mol. Biol. 272 42—-55.

Drust, D. S., and Creutz, C. E. (1988ature 331 88-91.
Liu, L. (1999)Cell. Signalling 11 317—324.

Wahl, P. (1979Biophys. Chem. 101-104.

Guex, N., Diemand, A., and Peitsch, M. C. (199%&nds
Biochem. Sci. 24364—367.

BI000501X



