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ABSTRACT. The crystal structure of annexin A3 (human annexin 1) solved recently revealed a well-
ordered folding of its N-terminus with the side chain of tryptophan 5 interacting with residues at the
extremity of the central pore. Since the pore of annexins has been suggested as the ion pathway involved
in membrane permeabilization by these proteins, we investigated the effect of the N-terminal tryptophan
on the channel activity of annexin A3 by a comparative study of the wild-type and the W5A mutant in
structural and functional aspects. Calcium influx and patdbmp recordings revealed that the mutant
exhibited an enhanced membrane permeabilization activity as compared to the wild-type protein. Analysis
of the phospholipid binding behavior of wild-type and mutant protein was carried out by cosedimentation
with lipids and inhibition of PLA activity. Both methods reveal a much stronger binding of the mutant

to phospholipids. The structure is very similar for the wild-type and the mutant protein. The exchange of
the tryptophan for an alanine results in a disordered N-terminal segment. Urea-induced denaturation of
the wild-type and mutant monitored by intrinsic fluorescence indicates a separate unfolding of the N-terminal
region which occurs at lower urea concentrations than unfolding of the protein core. We therefore conclude
that the N-terminal domain of annexin A3, and especially tryptophan 5, is involved in the modulation of
membrane binding and permeabilization by annexin A3.

Annexins are soluble proteins that bind to membranes in inhibition of phospholipase A Some annexins interact with
a calcium-dependent mannet, (2). All members of the cytoskeletal proteins6j. It has also been shown that
annexin family possess a conserved core formed by four members of the annexin family are expressed in a growth-
homologous repeats and an N-terminal part which is variable dependent manne) and are targets for cellular kinases.
in length and sequences,(4). The conserved core binds These results suggest that annexins are involved in cell
calcium and phospholipids, while the N-terminal sequence proliferation and differentiation.

is considered to impart SpeCifiC functions to different Furthermore’ some members of the annexin fam"y have
annexins. In several annexins, it contains phosphorylation heen shown to possess membrane permeabilizing activity.
sites and in some, such as annexins A1, A2, and A9 (annexinannexin A7 (synexin) was reported to be a calcium channel
Xl), the site of interaction with other proteins. Modifications with a conductance of about 10 p8.(Annexin A5 allows
of the N-terminus have in some cases been shown todjvalent cations to cross membrane bilayers with a slight
influence the membrane-binding properties of the conserved preference for calcium (Conductance of about 30 pS) over
core @). Although the physiological role of the annexins is  parijum and magnesium. An annexin A5-treated membrane
still unclear, they are most likely involved in membrane s also permeable to monovalent cations such as lithium,
traffiCking and fusion 5) They have in vitro anticoagulant cesium, sodium, and potassiu@_(Annexin Al forms an
effects, as well as an antiinflammatory activity through the jon channel which conducts both magnesium and potassium
ions. Permeabilizing activity has also been reported for
t This work was supported by the Fonds der Chemischen Industrie PNexin A6 (0). Recently, Arispe and co-workerd1)
(A.H.), by a fellowship from the Institut de Formation Suiegrre investigated the fusion of matrix vesicles with planar lipid
Biomeédicale (B.F.-P.), by the Association Claude Bernard, Ligue contre pjlayers and observed multiconductance ion channel activity.
le Cancer (C.R.-N.), and by European Union Grant ERBBIO4CT960083 As matrix vesicles are highly enriched with annexin A5, they

Biotechnology). - g -
( N Corresp(%ing author. compared this channel activity to that of annexin A5-treated
*Max Planck Institut fu Biochemie. liposomes fused with planar lipid bilayers. They conclude

§ Present address: NEFCRDC, Macromolecular Crystallography imilari i i
Laboratory, Program in Structural Biology, Frederick, MD 21702 from the similarity of electrophysiological data that the

Tel.: +01-301-846-5033, Fax:01-301-846-7101, email: hofmanna@ ~Channel activity of the former is due to annexin AS.
nC:Tcrf-QOV- Three structural hypotheses have been put forward to
(ICGM, U332 INSERM. explain this activity in the case of annexins. Pollard and co-
Centre Universitaire Paris-Sud. .
#Present address: I'Oreal KII, 8-12 Impasse Barbier, F-92117 Workers (2) proposed that the annexin molecule would

Clichy, France. completely integrate in the membrane through a structural

10.1021/bi992359+ CCC: $19.00 © 2000 American Chemical Society
Published on Web 06/09/2000



Membrane Activity of Annexin A3 Biochemistry, Vol. 39, No. 26, 20000713
rearrangement that would lead to a “TIM-barrel” structure. MATERIALS AND METHODS

This hypothesis is, however, incompatible with electron . . . .
'S yp S wever, | paivie W Preparation of ProteinsAnnexin A3 cDNA was obtained

microscopy data, which show that the shape of annexin A5 . : .
attached to phospholipids is essentially the same as in thefrom a pUC plasmid (BIOGEN, Cambridge, MA) using the

crystal and that it is peripherally bound by its convex face EcoRl restriction enzyme. Aiter digestion wited, oligo-
where the calcium sites are locatet), Perpendicular to nucleotides were linked to complete the cDNA sequence

this face lies a central pore, lined with charged residues encoding annexin A3 and to createBanHi cloning site.

suggested to be the ion pathwabd). Several mutagenesis Th? .Clt:.)NA sequence v&/a}stthgn Clét.Btﬁm_” éEiEZCTOQI ‘
experiments were carried out to confirm this hypothesis. The rgi e |0n_enlz:ymes atn In rdo uce C;g'(l)' ? P ; ; vector
mutation of glutamic acid 95 of annexin A5, located in the (Pharmacia, France) to produce a usion protein.

. The W5A mutant of annexin A3 was prepared by site-
central pore, was shown to have effects on the permeabilizing . .
activity (15). It was suggested that the interfacial location dirécted mutagenesis. TrganHI/EccRI fragment of the

of annexins between the cytosol and the membrane and the/€ctor PGEX-2T containing the complete annexin A3 cCDNA

electrostatic potential of the protein could provoke a local was cloned into the coqespondmg site of the Bluescript Il
electroporation phenomenori€). A third, more recent KS+ vector. The desired mutation was introduced by

: . ; ligonucleotide-directed mutagenesis using the procedure of
hypothesis was proposed by écke et al. 17). It is based 0 )
on the three-dimensional structure of annexin B12 (annexin Kunkel (21). The mutant W5A was produced with the

XI1) which forms a hexamer in the crystal, composed of two SYNthetic oligonucleotide’GGA TCC GCA TCT ATC

stacked planar trimers. The authors proposed a new mode>CCG GTT GGA CAC CGAp-3 The mutated annexin A3

of insertion of the annexins in a phospholipid bilayer. The CDNA inser? was purified by agarose gel electrophoresis and
double trimer of annexins might be fully integrated into the C¢loned again into the pGEX-2T vector. The cDNA of the
membrane in a calcium-dependent manner by locally rear- mutant was sequence_d in its full Iengt_h to verity _the presence
ranging phospholipid molecules. The hexamer possesses f t_h_e de_swed mutation. Both proteins were |so|a_ted and
central hydrophilic pore of abo8 A diameter that was ~ Purified (including removal of the GST moiety) using the
suggested as a putative ion pathway. This model has not beeffrotocol for the wild-type protein20).

confirmed by experiment so far. Nevertheless, based on very Ph(l)spho_lipase AACtivity Measurement (PLAAssay).
recent experiments with annexin B12 at low pH, where PLA! activity was measured as described in2&fVesicles

membrane permeabilization activity was also found for this ©f 1-hexadecanoyl-2-(1-pyrenedecanasijglycero-3-phos-
annexin (8), penetration of the phospholipid bilayer was Phoglycerol ammonium salf{py-C10-PG, Molecular Probes,
proposed again, this time by an annexin monomer only, The Ne_therlands) were prepared at 2 mM in 1 mL of buffer
however. For this kind of insertion, the protein is supposed ¢ontaining 50 mM TRIS-HCI (pH 7.5), 0.5 M NaCl, and 1
to undergo a complete structural rearrangeméa8y. ( mM EGTA. The reaction was carried out by adding

The three-dimensional structure of annexin A3 has recently Sequentially 0.1% fatty acid free BSA (Sigma), 0 of
been solvedd0). The conserved core is similar to the annexin (e Protein to be tested, and g of bee venom PLA
A5 structure, with four domains composed of fiwehelices ~ (S19Ma), yielding a final concentration of 70 nM enzyme,
each. The N-terminal part of the protein, three amino acids @"d 10 MM CaGl The proteins tested were annexin A3 wild-

longer compared to annexin A5, has a well-defined structure. YP€ @nd mutant W5A at final concentrations of 3, 15, 30,
Indeed, the first amino acids of annexin A3 are located at @hd 150 nM, 3uM, and 154M. The activity was recorded

the cytosolic extremity of the central pore of the protein, 2S the monomer emission of pyrene, using a spectrofluo-
with the side chain of tryptophan 5 inserting into it and rometer (Jobin-Yvon, France). Fluorescence emission was

forming hydrogen bonds and hydrophobic contacts with measured for each condition in six independent experiments.
residues within the pore. To test whether the values obtained for each group are

If this pore is the ion pathway, a difference in channel significantly different, while allowing for experimental error,
activity should be expected between wild-type annexin A3 the probability of differences between experimental groups,

and its W5A mutant. We therefore studied the permeabilizing P> WaS determined by a two-tailed Studertttest.p < 0.05
activity of both proteins by calcium-influx measurements and Indicates a significant difference betwien two groups.

by electrophysiological methods using patcfamp experi- Phospholipid Binding Measuremef@z*-dependent phos-
ments. The stability and membrane binding of both proteins Phelipid binding properties of annexin A3 were measured
were investigated to try to understand the mechanism of USINg a liposome-pelleting ass&#. Phosphatidylserine and
membrane permeabilization. We also analyzed the three-Phosphatidylcholine (Avanti Polar Lipids, reference numbers

dimensional structure of the mutant W5A for comparison 830034 and 850375, respectively) in chloroform were mixed
with the wild-type annexin A3. in a 1:4 ratio, dried under nitrogen, then resuspended in 10

Here we report that although neither protein exhibited a MM PIPES, pH 6.8, at 2 mg/mL, and sonicated to form
true channel activity, the mutant showed an enhanced iPosomes. Calcium buffers with a free Laconcentration
A . 8 3 i
membrane permeabilization activity correlated to a stronger ©f 10°° or 10° M were prepared using the software
binding to phospholipids. Even though the structure is very CHELATE (24) with dissociation constants from2§).
similar for the wild-type and the mutant protein, the exchange ANN€Xin binding to liposomes was carried out by incubating
of the tryptophan for an alanine results in a disordered
N-terminal segment. We propose that the N-terminal domain  * Abbreviations: PE, phosphatidylethanolamine; PIPES, 1,4-pipera-
of annexin A3, and within it tryptophan 5, is involved in Znediethanesulfonic acid; PlAphospholipase A PS, phosphati-
L A ! ..__..  dylserine; TRIS, tris(hydroxymethyl)aminomethane. Annexin nomen-
the modu_latlon of membrane binding and permeabilization ¢jature in the present work follows the recommendations by Morgan
by annexin A3. et al. @8).
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100ug of protein with 10QuL of liposomes in a final volume
of 200uL of PIPES (10 mM, pH 6.8) for 20 min at different
calcium concentrations. After a 47Q9@entrifugation for
15 min, the supernatant was washed in 2Q0of calcium

Hofmann et al.

software (Jandel Scientific). All experiments were carried
out independently 3 times.

Annexin-Induced Calcium-Influx Assay (FURA-2 Assay).
The calcium influx into liposomes was monitored using the

buffer. After a second centrifugation step, the pellet was calcium-sensitive dye FURA-2Y), using the FURA-assay

resuspended in 5L of PIPES (10 mM, pH 6.8) containing
5 mM EDTA and 1% Triton X-100. Then 20L of the first

protocol described in re28. Phospholipid vesicles were
prepared according to Reeves and Dowligs) by mixing

supernatant and of the pellet was loaded on 12% -SDS phosphatidylserine and phosphatidylethanolamine (Avanti
PAGE and then silver stained. Densitometric analysis with Polar Lipids) in a molar ratio of 3:1 in choloroform (total
ImageQuant 1.2 was performed to quantify annexin bound lipid amount approximately Zmol). The solution was dried

to the PS/PC liposomes. Data points in figures represent aunder a stream of nitrogen for 30 min and then exposed to
mean of 3-5 experiments. As mentioned above, the prob- a stream of water-saturated nitrogen for another 30 min. The
ability of differences between various conditions was deter- lipid film was covered with 2 mL of buffer F1 (10@M

mined by a two-tailed Studenttgest, anch < 0.05 indicates
a significant difference between two groups.
Estimation of Lipid-to-Protein RaticA geometric estima-

tion of lipid and protein surface was done. Taking the

numbers from Reeves and Dowbetb), one obtains for a
lipid concentration ot(lipid) = 84 uM a vesicle concentra-
tion of IN(ves)= 5.9 x 10 mL~. The lipid amount per
vesicle,v(lipid), can be calculated according to

N(lipid) _ c(lipid)* N,
N(ves)  IN(ves)

v(lipid) = (1)

with N being the actual numbeNs Avogadro’s constant,
and!N the vesicle concentration.

The total accessible lipid surfaca, is dependent on the
amount of lipid present in the sample:

a*n(lipid)* N,
v(lipid)

where a is the specific (molar) surface am the molar
amount;N, v, andN, are as above.

For n(lipid) = 0.4 umol (assuming 20@g of lipids with
an average molecular mass ™ = 530 g/mol), this
expression yields a surface Aflipid) = 33 x 1072 m? with

A= a*N(ves)=

2

a(lipid) = 11.7 um?. On the other hand, assuming a spe-

cific surface ofa(anx)= 28.9 x 10° m?mol, an amount of

n(anx) = 2.8 nmol (corresponding to a concentration of

c(anx) = 14 uM) results in a total protein surface of
A(anx)= 81 x 103 m?

FURA-2, 180 uM EDTA, 162 mM saccharose, 5 mM
HEPES, pH 7.4) and incubated f» h at 37°C. The vesicles
were separated by centrifugation at 12§@8 30 min. After
resuspension in 200L of buffer F2 (200uM EDTA, 180

mM sucrose, 10 mM HEPES, pH 7.4), they were centrifuged
again, resuspended in buffer F2, and applied to an S200 spin
column (Pharmacia). After two additional centrifugation
steps, the liposome pellet was finally resuspended in 200
uL of F2. The final collection step was done by centrifugation
at 1200@ for 30 min.

To increase the stability of the FURAiposomes, all
solutions were saturated with argon. A 20 aliquot of the
FURA-loaded liposome suspension was mixed with 45
of buffer F2, and %L of a 50 mM CaC} solution was added,
bringing the final concentration of calcium to 5. The
fluorescence intensity was measured at 510 nm with the
sample excited at 340 and 380 nm in time intervals of 1
min. After an equilibration time of 4 min, the protein was
added from a concentrated stock solution (final concentra-
tion: 1 uM). Fluorescence measurements were performed
on a Perkin-Elmer 650-40 fluorescence spectrophotometer
with a spectral bandwidth of 5 nm for the excitation and
emission slits, respectively. The shutter was closed between
the measurements to avoid photobleaching effects. Intensity
measurements were carried out at 1 min intervald.-AB6
min, 3 uL of a solution of Br-A23187 (0.1 mg/mL) was
added to achieve the maximal possible calcium signal.
Fluorescence monitoring was continued uiti# 40 min.
Each experiment was carried out independently 3 times.

Data analysis was performed by normalizing the fluores-

If we assume a monolayer of protein on the liposome cence ratioF(340 nm)F(380 nm) with respect to the
surface, this means a 2.5-fold excess of annexin with respectmaximal possible fluorescence ratio obtained from the values
to the total accessible lipid surface. The lipidic component from 36—40 min. The normalized fluorescence ratioas
in the phospholipid binding assays is thus expected to beplotted vs time, thereby yielding an influx curve. These

limiting.
Urea-Induced UnfoldingDetermination of the folding

curves were further analyzed by calculating the slopef
the time interval 1535 min as an activity parameter (“steady

stability of wild-type and mutant protein was carried out by state”), and the initial slopg att = 4—5 min.

recording fluorescence spectra of the proteins in the absence Electrophysiological Measurementdlembrane perme-
and in the presence of varying concentrations of urea. Theabilization activity of annexin A3 wild-type and the mutant
samples consisted of 10 mM TRIS-HCI (pH 7.5) and the W5A was investigated using single channel recordira@. (
desired amount of urea added from a 10 M stock solution. Seals were formed from PS/PE (molar ratio 4:1) on patch
Both proteins were added from a stock solution (final pipets (quartz, outer diameter 1.0 mm) with an opening

concentration: 4Qug/mL) 15 min prior to fluorescence

diameter of about km using the double-dip metho8(@).

measurements. The total sample volume was in each cas@hen 3.5uL of lipid mixture in a pentane/chloroform/ethanol
300uL. Fluorescence emission spectra were recorded on asolution (0.25«g/mL) was spread onto the surface of a 150
Perkin-Elmer LS 50B luminescence spectrometer using two 4L drop of the sealing solution (50 mM Mg&120 uM

excitation wavelengths, atx— 280 nm andlex— 295 nm,

CaCb, 10 mM HEPES, pH 7.4). The seals had resistances

respectively. All fluorescence spectra were corrected againstof 5—10 GQ. The pipet solution contained 50 mM Mg£l
buffer-only samples and analyzed off-line with the PeakFit 10 mM HEPES, pH 7.4, in every experiment. Magnesium
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Table 1: Diffraction Data Statistics

Table 2: Refinement Statistits

parameter
resolution (A) 1.8
total no. of observations 70749
no. of unique reflections 25932
Reyn? 0.049
completeness of data 96.1%
completeness in last bin 95.2%
I > 20(1) 97.0%
| > 20(]) in the last bin 63.2%

aRsym = (I — OO/ZI; for equivalent reflections, wherk is the
intensity of an individual measurement aiilis the mean value.

was chosen because of its indifferent effect on the binding
behavior of annexins3({) and the stabilizing properties of
this cation on acidic phospholipid bilayer membranes. After
testing the seal over the whole voltage range and correcting
the offset potential, protein was added to a final concentration
of 2 fM. If binding was observed (resistance increased), the
bath solution was exchanged for the appropriate cation
solution, i.e., either 100 mM chloride salt of a monovalent
cation or 50 mM chloride salt of a divalent cation, in 10
mM HEPES, pH 7.4.

Currents were recorded using an EPC-7 amplifier (List
Medical, Darmstadt, Germany) and sampled at 10 kHz after
filtering at 3 kHz with a sample duration of 12.7 s. All
recordings were made at 2@. Data analysis was performed
after refiltering at 500 Hz with the pClamp software package
(V5, Axon Instruments) and the Strathclyde Electrophysi-
ology Software (WCP V1.2/PAT v 7.0, J. Dempster, Glas-
gow, Scotland), respectively, and all-points-amplitude his-
tograms were generated.

Crystal Structure of the Annexin A3 W5A MutaRaral-
lelepipedic crystals were obtained by vapor diffusion using
ammonium sulfate as a precipitant. The drop oful
contained 15.5 mg/mL protein, 20 mM CaChnd 20%
(NH2)2SO, in 50 mM TRIS-HCI buffer at pH 7.5. The well
contained 50% (NSO, in the same buffer. The crystals
were monoclinic, space group2;, with cell dimensions
a=42.82 A b=6886A,c=5087A,3=096.12, and
one molecule per asymmetric unit.

Data were measured on the DW32 station on the DCI
synchrotron ring at LURE, Orsay, which is equipped with a
MARresearch imaging plate detect@?], using a wave-
length of 0.99 A and a crystal-to-detector distance of 120
mm. The data reduction was performed using the MarXDS
program 83) and the CCP4 program suit84). The data
quality is summarized in Table 1. Crystals were isomorphous
to those of wild-type annexin A32().

Starting from the annexin A3 wild-type structure, refine-
ment was initiated with XPLOR 35), using conjugate
gradient minimization. A B, — 2F. map was calculated and
used for a manual reconstruction on a graphics terminal with
FRODO @6). Further rounds of refinement consisting of
simulated annealing were finally completed with PROLSQ
(37) to obtain good geometry. Table 2 summarizes the
refinement results.

RESULTS

The Crystal Structure of Annexin A3-W5FRe structure
of the annexin A3-W5A mutant is nearly identical to that of

parameter

total no. of non-hydrogen atoms 2510
no. of solvent molecules 227
no. of calcium ions 6
amplitude cutoff 1o(F)
no. of reflections used 25287
R-factor 0.198
Rree 0.207
meanB-factor (A% 19.5
rms deviations from standard values

bonds (A) 0.005

planes (A) 0.013

angles (deg) 2.359

chiral volumes (&) 0.072
B-factor on main chain bonds gj 3.57
Ramachandran plot

residues in most favored regions 96.2%

residues in further allowed regions 3.8%

arms, root-mean-squar-factor = X||F,| — |F¢||/Z|Fo|, whereF,
andF. are the observed and calculated structure factors, respectively.
Riree defined in @6).

the wild-type protein. The only difference concerns the
N-terminal part, where in the new structure residue93
are not defined in the electron density map, therefore
indicating considerable flexibility of that region. The wild-
type structure, on the other hand, reveals hydrogen bonding
of Trp-5 with Glu-127 and hydrophobic interactions of the
aromatic residue with lle-282(). Nevertheless, the absence
of interactions at the level of residue 5 does not affect the
conformation of the hydrophilic pore formed by helices IIA,
1B, IVA, and IVB (Figure 1). A detailed comparison of the
wild-type and the mutant structure shows differences in the
Ca. positions of 0.2-0.3 A in the region close to Trp-5: the
extended chain connecting domains Il and Ill, and in the
loops between helices B and C of all four domains.
Surprisingly, the calcium loops in all domains are also
displaced by 0.30.4 A. Both structures display comparable
B-factors. The first two visible residues in the mutant
structure have naturally a highBtfactor than the equivalent
residues in the wild-type strucure.

The calcium-binding loop in domain Il is somewhat more
disordered in the mutant compared to the wild-type structure.
Domain 1l has several calcium sites: one principle site in
the calcium-binding loop itself and two secondary sites with
only two to three protein ligands. We had observed the
binding of a small molecule, that we interpreted as ethanol-
amine, to one of these secondary calcium i@8).(In this
domain, we observe the same number of calcium ions bound
to the wild-type and to the W5A mutant of annexin A3, as
well as the molecule of ethanolamine. In the mutant structure,
however, the ethanolamine is better defined and the calcium
interacting with it has full occupancy, while it had been
refined with only 0.5 occupancy in the wild-type structure.

Inhibition of PLA Activity. The inhibition of PLA activity
by annexin is most likely due to competition for phospholipid
binding. Both the annexin A3 wild-type and the W5A mutant
decrease PLAactivity in a dose-dependent manner (Figure
2). Surprisingly, the extent of PLAnNhibition is significantly
enhanced with the W5A mutant when compared to the wild-
type protein. The doseresponse curves (Figure 2A) show
that at low concentrations (0-b ug/mL) annexin A3-W5A
is a stronger inhibitor of PLAactivity than annexin A3 wild-
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Ficure 1: Superposition of the N-terminal region and the helices lining the central pore (helices A, B, and C of domain Il, helices A and
B of domain IV) of annexin A3 wild-type (blue) and its W5A mutant (red). Amino acid side chains mentioned in the text (Arg-120,
Glu-127, Arg-127, lle-282) are highlighted, as well as Trp-5 (wild-type) and the first visible amino acid in the mutant structure (Ala-9).
Figure prepared with MOLSCRIPHY).

type. The initial slopes are significantly different, having spectrum, while there are two tryptophans in wild-type
values ofo; = —6.1% (mL{g) for the wild-type and annexin A3, Trp-5 and Trp-190. A comparison of the
o, = —14.9% (mLkg) for the mutant protein. At steady- fluorescence behavior of the two proteins in the native state
state (50ug/mL), annexin A3 and its mutant inhibit about can help to distinguish the contribution of the two tryp-
50% of PLA activity, and the difference between the two tophans. The unfolding curves for annexin A3 wild-type and
proteins is no longer significant (Figure 2B). the W5A mutant differ in both the change of intensity at the
Binding of Annexin A3 to PS/PC Liposomé&ar both maximum emission wavelength, as well as the change of
wild-type and mutant annexin A3, the binding to PS/PC the wavelength at maximum emission (Figure 4) A&k =
liposomes is dependent on free calcium concentration in the295 nm, only tryptophan residues are selectively excited,
range tested (0.0&M to 1 mM). In the presence of low  while at Aexe = 280 nm there is a contribution from
concentrations of calcium (i.e., at 0.giM Ca*'), we tryptophan and tyrosine residues. When comparing the two
observed some binding for the two proteins:-6% of the excitation wavelengths, we see an increase in the maximum
total protein is found co-pelleted with lipids. In the presence of the fluorescence emission of the mutant from 328 to 348
of 10 uM calcium, differences persist between the W5A nm when the excitation wavelength is tuned to either 280 or
mutant and the wild-type protein that become significant at 295 nm, respectively. The tyrosine emission is therefore far
100 uM calcium (14% for W5A, versus 8% for the wild- from negligible at 280 nm. On the contrary, the maximum
type proteins, bind to liposomes). At 1 mM calcium of the fluorescence emission of the wild-type protein is the
concentration, binding to lipids increases sharply: 45% of same at both excitation wavelengths and is characteristic of
WH5A and 40% of wild-type protein associate with liposomes tryptophan emission (341 nm afx. = 280 nm and 342 nm
(Figure 3). This behavior merits attention since testing of a atlex. = 295 nm). This means that the fluorescence emission
variety of other single mutants with the site of mutation at of the wild-type annexin A3 is dominated by Trp-5 whatever
potentially important amino acids shows no statistically the excitation wavelength.
significant difference in phospholipid binding when com- The different behavior seen for the wild-type and the
pared to the wild-type protein (data not shown). It is mutant proteins in urea denaturation experiments is due to
noteworthy that even in the absence of calcium there is different regions of the protein being observed in the two
binding to the liposomes which is significantly different for cases. When selectively exciting the unique Trp-190 residue
both proteins: 6.3% of the W5A mutant and 3.8% of the in the W5A mutant, we see an increase to 133% (Figure
wild-type are bound to the vesicles, respectively. As men- 4A), while the emission maximum undergoes a red-shift of
tioned under Materials and Methods, the estimation of lipid- about 10 nm upon urea-induced unfolding (Figure 4B). When
to-annexin ratio reveals that the amount of lipids present in using an excitation wavelength of 280 nm, when both
the assay is the limiting component accounting for the tryptophan and tyrosine residues contribute to the fluores-
observed saturation at ca. 45%. cence, we observe an increase in the emission intensity to
Urea-Induced Unfoldingn the W5A mutant thereisonly  120% (Figure 4C) and a large red-shift of 26 nm with
one tryptophan residue (Trp-190) which contributes to the increasing urea concentration (Figure 4D).
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> A3 at different calcium concentrations quantified after silver-stained
2 60 SDS-PAGE of proteins bound to liposomes. (A) Silver-stained
8 SDS-PAGE of liposome-bound annexin A3 wild-type or W5A
< 40 - with different free calcium concentrations. (B) Quantification of
a the plots showing the significance of differences between the two
20 - proteins. The wild-type annexin A3 is represented as circles and
the W5A mutant as squares. All data are presented as rtean
0 standard deviation of-35 experiments [significance: (*{) < 0.01].

0.1 05 50 50 100500 only moderate accuracy. For the purpose of comparison, the

annexin dose in pg/mi influx curves were analyzed with respect to the two slopes,
FIGURE 2: Inhibition of PLA, activity by annexin A3 wild-type @ andp, as described under Materials and Methods (Figure
and mutant W5A. (A) Doseresponse curves of annexin inhibition  5D). The steady-state slopereveals a 3-fold higher calcium
of PLA; activity. Wild-type annexin A3 is represented as circles influx rate, while the initial slopg shows an approximately

and the W5A mutant as squares. Initial slopes of the curvesare _ i ; ;
= —6.1% (mLig) ando = —14.9% (mLlg) for wild-type and 5-fold higher calcium influx rate for the W5A mutant

mutant, respectively. (B) Histograms representing the numeric compared to the wild-type protein.
values of the curves (white boxes, wild-type; hatched boxes, W5A  Investigation of Membrane Permeabilization by Electro-
mutant). Significance of differences between the two proteins is physiological Methods/Vhen tested in patehclamp experi-
e e i st e & e o s dopendenf TS, O he mutant WBA lsplays membrane permeab-
measurements. P P P ﬁizing activity due to a cation flux through the membrane.
No changes in membrane permeabilizing activity are ob-
The situation is strikingly different for the wild-type served with different anions (chloride, sulfate; data not
protein. The emission intensity decreases upon unfolding of shown). A simple system with symmetrical ionic conditions
the protein for both excitation wavelengths (Figure 4E,G), was chosen: bath and pipet each contained 50 mM MgCl
while the red-shift of the emission maximum for tryptophan with an extra 2Q«M CaCl, present in the bath to allow the
is larger (13 nmaex. = 295 nm; Figure 4F) than for both  binding of annexin to the membrane. After clamping a
tryptophan and tyrosine (11 niex. = 280 nm; Figure 4H). negative potential over the membrane, the appearance of
The intensity and wavelength curves k. = 295 nm show different opening levels rather than a single predominant level
a two-step behavior: one transition at about 0.7 M urea andis frequently observed, as illustrated by Figure 6A. Although
a second one at about 3:8 M urea. If we assume that the the current recordings look very similar to those from
two tryptophan residues in the wild-type protein will have intrinsic ion channels, the activity displayed by annexin-
the same environment when the protein is completely treated patches does not occur with a regular amplitude as
unfolded, we can compare the relative intensity change atone would expect for an ion channel. Furthermore, while
Aexe = 295 nm for the two proteins. The latter part of the the wild-type protein does not display any activity (Figure
intensity curve for the wild-type protein resembles that of 6B), the mutant shows an increased activity in permeabilizing
the mutant, with a similar transition region. We can therefore the membrane under symmetrical Mg€bnditions (Figure
conclude that the first step of the unfolding curve for the 6A). We also studied sodium and potassium as the conduct-
wild-type protein corresponds to the release of the N-terminal ing cation in the bath and found Ohmic currenbltage
domain (Trp-5), followed by the unfolding of the rest of the relations with nearly no shift in the reversal potential for all
protein (Trp-190). cations tested (data not shown). Data analyses carried out
Calcium-Influx AssayThe W5A mutant shows differences by all-points-amplitude histograms, generated for each cur-
in the calcium-influx assay with FURA-2-loaded liposomes rent recording, confirm the difference between the wild-type
(Figure 5) when compared to the wild-type annexin A3. The protein (6D) and the mutant (6C) as far as provoking a
calcium-influx curves are shown in Figure 5&. They show different membrane permeabilization activity. This dif-
a higher influx activity for the W5A mutant, though with  ferential behavior was observed for all batches of wild-type
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A 508 B 353 ! is enhanced when the N-terminal tryptophan is exchanged
£ 05 s for alanine. The crystal structures of both proteins are very
g 04 £ 8 J“ﬁ!{/'* similar, with only small differences in atomic positions and
g 03+ o~ x5 thermal parameters. The calcium ions seem better defined
g 927 o~ < zzz: in the mutant structure, which could be due to a higher
5 17 apa 3 concentration of calcium used in the crystal preparation (20
I A A A T e . mM vs 10 mM for the wild-type protein, both with

° 2 4, ¢ ° ° 2 . ammonium sulfate as a precipitant). The most interesting
c{urea) in M c(urea) in M diff . . R
s 360 ifference is in the way the ethanolamine molecule is bound.

C 3 114 D ey ] | Its density, and even more that of the adjacent calcium ion,
; ;g: = °y £ 48 3 * is much better defined in the mutant structure. One can argue
5 08 s 242 that this molecule is mimicking one of the possible phos-
S 074 Z s 3 pholipid headgroups, which it resembl@8). This structural
¢ g;g: 330 detail might therefore be suggesting that the removal of the
2 0.4 P Y N-terminal tryptophan, which blocks the central pore of

0 2 4 & 8 0o 2 4 86 8 annexin A3, could facilitate interactions of the protein at its
c(urea) in M c(urea) in M opposite surface.
5 06 Urea unfolding studies in the present work further support

E S 05 - =y gl F the hypothesis of allosteric regulation of the membrane
Z 04 - H £ activity of annexin A3. The unfolding displays a two-step
é -03 'E§ process; in the first step, the N-terminal tryptophan residue
g 024 < is released, after which the unfolding proceeds in a similar
g o1 manner for both the wild-type and the mutant protein. This
T 00 0' ' ; ' "‘ ' ('5 ' 'B result emphasizes the important role of this residue for the

orea) M overall conformational flexibility of annexin A3.
The results from the FURA-assay describe the macroscopic

G 3 04 H behavior of annexins interacting with membrane bilayers,
5. 03 3 c since the effective membrane surface is much larger in the
g 02 4 { { < calcium-influx assay compared with electrophysiological
£ i experiments. The influx assay might therefore serve as a
g 0.1 7 general tool for comparative studies of the membrane
AP L~ 1= 4 S— permeabilization activity of annexins, as shown recently for

annexins Al, A2, A5, and A639). While the wild-type A3
clurea) in M c(urea) in M protein displays only small calcium-influx rates in the FURA-
FiGURE 4: Urea-induced unfolding as monitored by intrinsic @ssay, the rates obtained with its WSA mutant are signifi-
fluorescence. Unfolding curves are plotted as the intensity at the cantly higher. This difference is clearly due to the loss of
emission maximum and as the maximum emission wavelength asthe N-terminal tryptophan side chain. If the central pore of
a function of urea concentration. The data shown represent thethe prote|n |S the |0n pathway, the enlarged aCt'V'ty Of the

iverigggog tgrrfe( Andg)pg?]g;m e:xp;ggnﬁg]ts(.cAnS;axanﬁg;(\i/x%gwnh mutant could be explained by the occluding effect of the
\,\fﬁa_type With ey = 295 nnefC(E, F) andiex = 280 nm (G, H). Trp-5 residue at the pore entrance, this side chain being

involved in hydrogen bonds with Glu-127 and in hydropho-
and mutant proteins tested in a large number of experimentsPic interactions with Ile-282 (Figure 1). The absence of these

(10-15 independent setups for an individual ion condition constraints might influence the conformation or ensemble
and protein). of conformations of the protein core both in solution and in

Taken together, our data do not allow us to conclude Ephe membrane_-br?ur?d statle, asdvxélell _a;)s_l_thelrrl:_ltﬁrconvefrfsmns.
reliably that the annexin A3-W5SA mutant behaves as a | "€ mutant might have altered flexibility which can aftect

conventional channel, but rather that it induces an increased''S bmdmg b(_ahawor, ar_1d this in turn affects membrane
nonspecific cationic pemeabilization activity permeabilization. In their recent study, Arbolades and co-

workers @0) correlate the presence/absence of an N-terminal
DISCUSSION part of annexin A5 with several parameters influencing
protein stability and membrane interaction. Similar results
When the N-terminal Trp residue of annexin A3 is mutated were obtained with annexin A5 truncation mutants where
(W5A mutant), the interaction of the protein with membranes the N-terminal part is successively truncated)( Taken
is modified significantly. The membrane permeabilization together, our data on annexin A3 and its W5A mutant using
activity of the mutant is enhanced as revealed by the influx the calcium-influx experiments, rather than arguing for
rates obtained from the calcium-influx assay and the elec- annexin A3 W5A mutant acting as a specific ion channel,
trophysiological recordings. The inhibitory effect on PLA  favor another hypothesis: calcium influx may stimulate the
activity is also significantly enhanced for the mutant. Since formation of new annexin-induced nonspecific cationic
the inhibition of PLA is most likely a consequence of channels, which in turn stimulate further calcium influx, a
competition for phospholipid binding, this parameter was process that takes place on a time scale of minutes. The
investigated using a liposome-binding assay. Both resultsdifference in the calcium influx may be a consequence of
indicate that the membrane-binding capacity of annexin A3 the difference in the flexibility of the protein, and therefore
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Ficure 5: Results from the calcium-influx assay for annexin A3 wild-type and the W5A mutantCEach panel shows calcium-influx
curves for wild-type (white circles) and W5A mutant (black triangles) from one experiment. (D) Analysis of calcium-influx curves for
wild-type (white) and W5A mutant (striped)a is the “steady-state” and the initial slope. Error bars were calculated from the three
independent measurements presented @A

in their attachment to the membrane surface, which in turn show that the resistance change represents the voltage-
alters the permeability of the lipid bilayer. dependent binding of annexins to the membrad). (As

We tested the electrophysiological activity of annexin A3 this binding is calcium-mediated, the calcium concentration
wild-type and mutant with di- and monovalent cations and also plays an important role in the adsorption process. When
found the conductances for all ions to be in the same range.studying different annexins with the preparation procedure
Exchanging the anion chloride for sulfate revealed the samedescribed in our paper, the success quota for measurable
electrophysiological parameters, which leads to the conclu- active annexin seals is 10-fold higher than with the high-
sion that the charge is carried by the cations as already knowncalcium protocol of earlier reporté4). Thus, it is the ratio
for other annexins42—44). Estimation of ion selectivity ~ Of annexin and calcium concentration and the effective
based on the reversal potential was not attempted sincemembrane area available for annexin binding which are the
currents around 0 mV are small and precise determinationcritical parameters in electrophysiological experiments on
of the reversal potential proves difficult. The interpretation annexins.
of electrophysiological results with annexins is not at all  In conclusion, we show that annexin A3, and especially
simple, therefore preventing straightforward explanations. its mutant W5A, displays membrane permeabilizing activity
The current recordings for annexin A3 mutant protein at under appropriate conditions. The activity is due to an
constant transmembrane potentials clearly show higherannexin-induced cation flow through the membrane, but it
membrane permeabilizing activity in comparison with wild- is highly sensitive to the ratio of protein, calcium, and
type protein. membrane surface area. As revealed by the calcium-influx

A genera| pr0b|em with e|ectrophysio|ogica| experiments assay, the abl'lty of the mutant to cause calcium influx into
using annexins is the rare frequency of permeabi”zing PS/PE |ip030mes is hlgher than that of the Wlld-type annexin
activity. Rojas and co-workerg4) reported a success quota A3. Furthermore, the inhibitory effect of the W5A mutant
of about 6% at high calcium concentrations (50 mM). A very On phospholipase Aactivity is significantly higher than that
important observation in this respect is the fact that inactive Of the wild-type. The enhanced influx activity of the mutant
preparations have a significantly higher seal resistance thanmay therefore be due to better membrane binding inducing
active ones. Furthermore, the seal resistance changes t#igher ion permeability.
higher values when annexin and calcium are added to a The crystal structure of the mutant shows that in the
membrane seal. Since at high protein and calcium concentra-absence of Trp-5 the N-terminal segment is disordered, while
tions annexin molecules form two-dimensional crysta,( our urea-induced unfolding study reveals the importance of
we can assume that the high-seal conditions correspond tahe N-terminal tryptophan for the stability of the entire
the formation of a relatively rigid, perhaps semicrystalline, protein. Both the structural and the functional data suggest
layer of annexin molecules. Recently, we have been able tothat the N-terminal region of annexin A3 is indeed involved
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Ficure 6: Comparison of current recordings from PS/PE (4:1) seals

with annexin A3 wild-type and the W5A mutant. The clamped
transmembrane potential s120 mV; the ionic conditions are 100
mM NacCl in the bath and 50 mM Mggin the pipet; the buffer is

10 mM HEPES, pH 7.4. Refiltering was done at 500 Hz. Sections

from current recordings with the mutant (A) and the wild-type (B).

Typical all-points-amplitude histograms for both proteins (C,

mutant; D, wild-type).

in the modulation of membrane permeabilization activity,
but it remains to be elucidated what changes take place at
the molecular level. It is quite clear that the N-terminal region
is a major regulatory element within annexins and it is
possible that the various functions of these proteins are

modulated via allosteric effects.
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