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Abstract: Annexins are calcium-dependent phospholipid-binding proteins involved in calcium
signaling and intracellular membrane trafficking among other functions. Vesicle aggregation is a
crucial event to make possible the membrane remodeling but this process is energetically
unfavorable, and phospholipid membranes do not aggregate and fuse spontaneously. This issue
can be circumvented by the presence of different agents such as divalent cations and/or proteins,
among them some annexins. Although human annexin A5 lacks the ability to aggregate vesicles,
here we demonstrate that its highly similar chicken ortholog induces aggregation of vesicles
containing acidic phospholipids even at low protein and/or calcium concentration by establishment
of protein dimers. Our experiments show that the ability to aggregate vesicles mainly resides in
the N-terminus as truncation of the N-terminus of chicken annexin A5 significantly decreases this
process and replacement of the N-terminus of human annexin A5 by that of chicken switches on
aggregation; in both cases, there are no changes in the overall protein structure and only minor
changes in phospholipid binding. Electrostatic repulsions between negatively charged residues in
the concave face of the molecule, mainly in the N-terminus, seem to be responsible for the
impairment of dimer formation in human annexin A5. Taking into account that chicken annexin A5
presents a high sequence and structural similarity with mammalian annexins absent in birds, as
annexins A3 and A4, some of the physiological functions exerted by these proteins may be carried
out by chicken annexin A5, even those that could require calcium-dependent membrane

aggregation.
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Introduction

Annexins constitute a superfamily of calcium-depend-
ent membrane-binding proteins that are mainly intra-
cellular and are involved in a wide variety of intra-
and extracellular functions."® The ability to interact
with acidic phospholipids lies in a highly conserved
protein core composed of four homologous domains
(eight in annexin A6); each conserved domain within
the protein core is folded into five o helices and these,
in turn, are wound into a right-handed super-helix.
The four domains are packed into a disc-shaped struc-
ture with a slightly convex face where the type-2 cal-
cium and phospholipid binding loops are located. The
concave face, which is opposite to the membrane-
binding surface, is mainly formed by the “C” helices of
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each domain together with the N-terminal extension
that closes the structure by bringing together domains
I and IV. The N-terminal domain shows the greatest
variability within annexins both in length and amino
acid composition, ranging from a few residues, as in
annexin A5, to 200 or more residues (i.e., annexin
A11). Although this extension is markedly smaller than
the protein core, it greatly influences the overall pro-
tein stability and determines the structural arrange-
ment of protein regions located in the opposite side of
the molecule.* In addition, specific functions of each
annexin and their regulation are mainly dependent on
this variable extension.*®

Annexins are involved in several physiological
functions, among them membrane trafficking, endo
and exocytosis, and in the interaction between mem-
branes and the cytoskeleton; for several of these func-
tions, annexins not only require their binding to mem-
branes but they must also show an ability to act as
protein bridges between membranes. Several verte-
brate annexins, including annexins A1, A2, A4, and A7y,
are able to aggregate phospholipid-containing vesicles
when bound to membranes,®™© whereas others as
annexins A3, A5, A6, A11, and nonmyristoylated A13b
do not promote aggregation.®'*2 This process is nega-
tively regulated by phosphorylation of the N-terminal
domain at serine/threonine and tyrosine residues®'?
or by proteolysis of the N-terminal extension.'4

A prerequisite for aggregation is that annexins
must bind first to the vesicles. In a second step, it has
been described that aggregation is induced by two dif-
ferent potential mechanisms. The first model assumes
that vesicle aggregation results from the interaction of
annexin molecules bound to different vesicles via pro-
tein—protein interaction (dimer formation or establish-
ment of heterotetramers with proteins from the S100
family).”*47® The second model proposes that annex-
ins may reveal a secondary phospholipid binding site
in their N-terminus after binding to a vesicle through
the primary binding site, thus establishing a single
annexin protein bridge.>''+7

Human annexin A5 (hAs) has been used as a
model of nonmembrane aggregating annexin and used
to construct chimeras to verify that the vesicle aggre-
gation ability of annexin A1 (one of the most exten-
sively studied aggregation-inducing annexins) lies in
its N-terminal domain.*#'®' However, during the pu-
rification and characterization of chicken annexin As
(cAs) and its truncated mutant lacking eight amino
acids from the N-terminus (dnt-cA5), we found some
experimental evidences that suggested that this
annexin, in contrast to its mammal orthologs, did
induce vesicle aggregation.”°™>* In view of the rele-
vance that vesicle aggregation has for membrane traf-
ficking, we decided to confirm the anomalous behavior
of cA5 and to further investigate the structural deter-
minant of the vesicle aggregation activity of cAs. As
the N-terminus of annexins is their major regulatory
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domain, we have centred this study mainly in this
region; thus, we have studied the effect of a partial
truncation of the N-terminus and constructed a chi-
mera comprising the N-terminus of cA5 and the pro-
tein core of hA5 (cNt-hA5). In addition, we discuss
whether cA5 may assume functions exerted in mam-
malians by annexins with a high degree of sequence
similarity with cA5 but whose genes are absent in
birds (e.g., annexins A4 and to a lower extent A3).

Results

Cloning, purification and structural
characterization of the recombinant proteins

We have previously obtained and characterized cAs
and a mutant with a deletion of eight amino acids
from the N-terminus (dnt-cAs), as well as hAg.2°7>*
Here, we have cloned a chimera comprising the N-ter-
minus of cA5 and the protein core of hAj
[(Fig. 1(A,B)]. This chimera, as well as recombinant
cAs5, hA5, and dnt-cAs, were purified from JA221
E. Coli cultures transformed with the corresponding
constructs after induction with 1 mM IPTG. The final
protein preparations obtained after DEAE-cellulose
chromatography were free of any detectable contami-
nations after analysis by SDS-PAGE followed by silver
nitrate staining. Figure 1(C) shows the electrophoretic
analysis of the material from different steps in the pu-
rification of cNt-hA5 after Coomassie blue staining or
Western blot using anti-hAs5 antibodies. The reversible
interaction of cNt-hA5 with phosphatidylserine (PS)
vesicles indicates that the chimera is functional regard-
ing its ability to bind to acidic phospholipids. More-
over, CD spectroscopy reveals the correct folding of
the proteins and that the secondary structure of cNt-
hAs5 is almost identical to hA5 (see Fig. 2). On the
other hand, cAs5 and its truncated form show slightly
higher negative ellipticity values mainly at the 222 nm
minimum. In any case, analysis of the spectra using
the algorithm described by Perczel et al.*® does not
reveal significant variations in the overall o-helical
content and only minor variations in the B-sheet and
random coil percentages (cA5 and dnt-cA5: 80-81%
a-helix, 0-1% B-sheet, 5% B-turns, and 14% random
coil; hA5 and cNt-hA5: 77-78% o-helix, 0% B-sheet,
11% B-turns, and 11—-12% random coil). More signifi-
cant changes are observed when thermal unfolding is
considered (Fig. 2, Inset). The most stable protein is
cAs5 with a melting temperature (T,,) of 59.2 + 0.4°C;
truncation of the N-terminus is accompanied by a
highly significant decrease in T, (around 7°C). hAs5
and the chimeric protein cNt-hA5 show a quite similar
thermal unfolding (T}, 50.2°C) that surprisingly is
even lower than that of truncated dnt-cAs. The final
heat-unfolded state seems to differ from chicken to
human annexins, although in all of the cases the
process is irreversible; hAs5 and cNt-hA5 show an
apparent intermediate state at around 60°C with high
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Figure 1. Construction and expression of the cNt-hA5 chimera. (A) Scheme of the splicing by overlap extension technique

used for the construction of cNt-hA5; primers sequences are i

ndicated. (B) Sequences of the N-terminal domains are given in

the one letter code; reverse shading indicates residues that differ between cA5 and hA5. (C) Purification steps during cNt-hA5
purification followed by SDS-PAGE and Coomassie blue staining (upper panel) and Western blot using polyclonal antibodies
against hA5. Exponentially growing pcNt-cA5.E transformed JA221 E. coli cultures were induced for 16 h with 1 mM IPTG,

centrifuged and homogenized by sonication in the presence 2

.5 mM EGTA (H); after centrifugation for 1 h at 35,000g and

4°C, the supernatant (S) was decanted and PS-enriched liposomes (1 mg/mL) and CaCl, (2 mM final concentration) were
added. Interaction with liposomes was allowed for 30 min at 4°C and the vesicles were sedimented by centrifugation, washed
with buffer containing 1 mM CaCl, and finally, the recombinant protein was extracted from the vesicles by resuspension in
buffer containing 5 mM EGTA and centrifugation (E). A final ion-exchange chromatographic purification step in DEAE-cellulose

yielded the cNt-hA5 preparation (Ch).

B-sheet content (>50%), whereas cA5 and dnt-cAs5 do
not. This is probably due to a faster macroscopical
aggregation of denatured chicken annexins, whereas
this process is slower in the human counterparts.

Interaction with acidic phospholipid vesicles
Binding of the recombinant annexins to PS liposomes
was studied by ultracentrifugation using 400 nm
vesicles (600:1 lipid:protein molar ratio) and increas-
ing CaCl, concentration (see Fig. 3). Calcium depend-
ence for binding was quite similar between chicken
and human intact proteins (around 45-50 puM CaCl,
for 50% binding) with slightly higher calcium require-
ments for truncated dnt-cA5 and for the chimera
(around 70 pM). In all of the cases, the behavior was
highly cooperative and annexins were completely
bound at 100-150 uM CaCl, under these experimental
conditions.

In addition, binding was analyzed by fluorescence
emission spectroscopy using unilamellar 50 nm PS-
vesicles. Figure 4 shows the spectra obtained for the
four recombinant proteins in the absence of calcium
and PS (dashed lines) and in the presence of 200 uM
CaCl, and increasing PS to protein molar ratios. cAs
and dnt-cA5 spectra are unaffected by addition of
200 pM Ca®", but hAs spectrum shows a 7-nm shift
in its maximum; cNt-hA5 shows an intermediate
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Figure 2. Far-UV circular dichroism spectra and thermal
stability of purified recombinant proteins. Spectra were
registered at 20°C in 20 mM Hepes, pH 7.4, containing
0.1M NaCl, and using protein preparations around

0.3 mg/mL. Inset: Thermal unfolding curves determined by
monitorization of ellipticity changes at 208 nm between

20 and 80°C and increasing temperature at 60°C/h. Melting
temperatures (T,,) are shown and correspond to mean
values (+SD) of at least three independent determinations.
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Figure 3. Liposome sedimentation assay comparing
calcium dependence of the binding of recombinant proteins
to PS unilamellar vesicles. Binding of recombinant proteins
to 400 nm unilamellar PS vesicles was analyzed by
ultracentrifugation in the presence of calcium
concentrations ranging from 0 (1 mM EGTA) to 200 uM.
Pellets were analyzed by SDS-PAGE followed by
Coomassie blue staining and densitometry. Data represent
means (+SD) of at least three independent experiments.

behavior showing only a 2-nm shift in the spectrum. A
more significant shift in the maximum towards higher
wavelengths, together with an increase in the quantum
yield (higher in cA5 and dnt-cA5 when compared with
proteins with the human core), was observed in the

Fluorescence emission (a.u.)

380
Wavelength (nm)

320 340 360

Figure 4. Fluorescence emission spectra of recombinant
annexins bound to PS unilamellar vesicles. The influence of
the lipid to protein molar ratio in the binding of the
recombinant proteins to 50 nm PS unilamellar vesicles was
analyzed by fluorescence emission spectroscopy. Spectra
of the unique Trp residue present in the four recombinant
proteins in the absence of calcium and PS (dashed lines) or
in the presence of 200 uM CaCl, at increasing lipid to
protein molar ratio (thicker lines represent [L]/[P] = 0 and
120) are shown. The wavelengths corresponding to the
maxima of the most significant spectra are shown.
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four recombinant proteins when PS-vesicles are added
in the presence of 200 uM Ca®*". This confirms that

the conformational rearrangement that exposes Trp

187

after binding to phospholipid vesicles takes place not
only in the intact proteins but also in dnt-cA5 and

cNt-hA5.

Fluorescence emission spectra were analyzed and
the ratio between fluorescence intensities at wave-
lengths corresponding to the emission maxima of com-
pletely bound or free annexin was plotted vs. the PS to
protein molar ratio (see Fig. 5). This analysis reveals
that half-maximal binding to 50-nm PS vesicles in the
presence of 200 pM Ca*" is achieved at PS to protein
molar ratios ranging from 20 (cA5) to 45 (cNt-hAs5). A
more profound analysis of the binding data (Fig. 5
insets) reveals that the number of phospholipid mole-
cules in the bilayers involved in binding of one mole-
cule of annexin is quite similar for all the recombinant
proteins (around 20) and that apparent dissociation
constants are in the low micromolar range, being
lowest for cA5 (1.2 uM) and highest for the chimera

(5.3 uM).

Induction of vesicle aggregation
Once we had verified that all the recombinant proteins
were able to bind to acidic phospholipid bilayers, we
analyzed the ability to induce vesicle aggregation
under different conditions (see Fig. 6). We have found
that hA5 does not induce aggregation even at high
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Figure 5. Analysis of the fluorescence emission spectra of

recombinant annexins bound to

Spectra from Figure 4 were analyzed and the main plots

PS unilamellar vesicles.

show the ratio between fluorescence intensities at
wavelengths corresponding to the emission maxima of
completely bound or free annexin in the presence of
200 pM CaCl,. The ratio required for 50% binding ([L]/
[Plso%) under these experimental conditions is indicated.
Insets: plots of [L]i/[P], vs. 1/[P]; for each recombinant
protein showing the values obtained for apparent K4 and n.
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Figure 6. Annexin-induced vesicle aggregation. (A-C)
Aggregation of 100 nm unilamellar PS vesicles was studied
as a function of protein concentration in the presence of
200 pM CaCl,. Aggregation was initiated by adding Ca* to
a suspension of vesicles at the indicated protein
concentration in 20 mM Hepes, pH 7.4, 0.1M NaCl, and
was followed by continuously monitoring absorbance at
360 nm in a thermostatized cuvette at 20°C. hA5 did not
induce aggregation even at high protein concentration (2
uM) and CaCl, up to 1 mM. (D, E) Aggregation curves in
A-C were analyzed to determine the values of final AA%°
and apparent initial aggregation velocity (V). The former
parameter was determined from the non-linear regression
to a hyperbola of the aggregation curve up to 15 min,
whereas apparent V, was determined from the analysis of
the data up to only 1 min. (F) Calcium dependence of
annexin-induced vesicle aggregation was carried out as
previously described but maintaining constant protein
concentration (100 nM for cA5 and 200 nM for dnt-cA5 and
cNt-hA5) and inducing aggregation by adding Ca®>" to
achieve different final concentrations (up to 200 pM).
Maximum AA®° was determined as described above. Data
in D-F correspond to mean values (+SD) of three different
experiments.

protein or calcium concentrations in accordance with
previous reports®; on the other hand, cA5 induces this
process even at very low protein concentration [above
15 nM; Fig. 6(A)]. Moreover, calcium requirements for
aggregation are even lower than those required for
maximal binding under identical lipid:protein molar
ratio [[Ca®**],0e, = 36 + 1 pM; Fig. 6(F) when com-
pared with Fig. 3], indicating that the aggregation pro-
cess can be triggered by the binding of a small number
of annexin molecules to the vesicles. The relevance of
the N-terminal extension of chicken annexin A5 for
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the induction of vesicle aggregation is put forward by
the fact that truncation of this extension significantly
decreases the vesicle aggregation ability of cAs. Figure
6(B) shows that, under identical experimental condi-
tions, dnt-cA5 requires 10 times higher protein con-
centration than cAs to be able to detect vesicle aggre-
gation. The analysis of maximal AA3% and apparent
initial velocity of aggregation [Fig. 6(D,E)] also clearly
show that the removal of eight amino acids from the
N-terminus impairs aggregation induced by the
chicken annexin. More interestingly, the cNt-hA5 chi-
mera, where the N-terminus of hA5 is replaced by that
of cAs, gains the ability to induce vesicle aggregation
[Fig. 6(C)] although to a lower extent than cAs [lower
final AA3%° values at low protein concentration and
lower apparent initial velocity; Fig. 6(D,E)]. Calcium
requirements for aggregation are higher than those
required by cAs5 or dnt-cAs5 in good agreement with
the higher requirements also detected for binding to
phospholipid vesicles.

The physiological relevance of the vesicle aggrega-
tion ability of cA5 was confirmed at the normal body
temperature of the chicken (around 42°C). Figure 7(A)
shows the PS aggregation curves at 42°C; time scale is
expanded as the aggregation process showed higher
apparent initial velocity rates at this temperature when
compared with 20°C [Fig. 7(B)]. Calcium dependence
for aggregation shows a more cooperative behavior at
42°C [Fig. 7(C)] than at 20°C [Fig. 6(F)] and a higher
value of [Ca®"] 09 (94 + 2 pM); in any case, maximal
induction of aggregation is induced in vitro at similar
concentrations (over 100 WM Ca®*"). Although it is not
physiologically relevant, dnt-cA5 and cNt-hAs5 also
induced vesicle aggregation at 42°C and, as expected,
hA5 did not either at 37 or at 42°C (data not shown).

The analysis of the initial aggregation rates is de-
pendent on cAs concentration at 20 and 42°C [Figs.
6(E) and 7(B)]. Double logarithmic plots of the values
obtained at high lipid to protein molar ratios (over
1000-fold, where free lipid concentration can be con-
sidered constant), yield linear representations with
slopes close to 2 [1.86 and 1.82 at 20 and 42°C,
respectively; Fig. 7(B) inset]. Therefore, the aggrega-
tion process produced by cAs is second order in pro-
tein concentration under these conditions indicating
that the aggregation of PS vesicles by cA5 proceeds via
formation of a protein dimer at the initial step.

Crosslinking of vesicle associated annexins

An experimental approach to detect protein to protein
interactions was designed by inducing lysine crosslink-
ing using BS® under conditions of low and high occu-
pancy of the outer layers of the vesicle membranes
varying the lipid:protein molar ratio (600:1 and 100:1,
respectively) (see Fig. 8). First, we verified that no
intermolecular crosslinking was detected in the four
recombinant proteins in solution (No PS) or in the
presence of PS vesicles but in the absence of calcium
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Figure 7. cA5-induced vesicle aggregation at chicken
physiological temperature. Experiments were carried out as
in Figure 6 but in a thermostatized cuvette at 42°C.

(A) Aggregation curves at different cA5 concentrations.
(B) Analysis of the apparent initial aggregation rates; the
Inset shows the double logarithmic plot of initial
aggregation rates vs. cA5 concentration at lipid to protein
molar ratios larger than 1000 (below 100 nM cAb5).

(C) Calcium dependence of cA5-induced vesicle
aggregation was carried out maintaining constant protein
concentration (100 nM) and inducing aggregation by
adding Ca®* to achieve different final concentrations (up
to 200 pM). Data in B and C correspond to mean values
(+SD) of three different experiments.

(1 mM EGTA). In some cases, mainly in hA5 and cNt-
hAs, intramolecular crosslinking occurred and a dou-
ble monomer band could be observed as a conse-
quence of an improper unfolding by SDS.?#*> When
crosslinking was carried out at a 100:1 lipid:protein
molar ratio, lateral interactions among annexin mole-
cules bound to the same vesicle are detected. Dimers,
trimers, and higher molecular weight oligomers can be
observed in the four proteins bound to PS vesicles, as
it is shown for cA5 and hAs5 in Figure 8. This observa-
tion is in good agreement with the well described abil-
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ity of annexin A5 from different origins to oligomerize
and form 2D crystals of trimers on the bilayer sur-
face2®73° through an interfacial basic cluster in which
at least one lysine residue is involved (Lys®®) and sev-
eral other are at crosslinking distance.?®

When the crosslinking experiments are carried out
at low membrane occupancy (600:1 lipid:protein
molar ratio; 0.5 uM protein; 200 uM CaCl,), under
conditions equivalent to the aggregation assays, hAs5
does not induce vesicle aggregation and interestingly,
no oligomerization is observed (see Fig. 8). On the
contrary, cA5 shows a strong band corresponding to a
protein dimer and almost no higher molecular weight
oligomers are observed (see Fig. 8). Dimer formation
is also observed in the other two recombinant proteins
that induce vesicle aggregation, the N-terminally trun-
cated mutant dnt-cA5 and in the chimera c¢Nt-hA5.

Inhibition of vesicle aggregation by heparin
tetrasaccharide

Heparin tetrasaccharide [HTS; AUA,2S(1—4)-o-D-
GlceNS,6S(1—4)-0-L-IdoUA,2S(1—4)-a-p-GleNS,6S] has
been reported to bind with high affinity to rat annexin
As53' at two basic amino acid clusters located in the
concave face of the molecule, and with lower affinity
to an additional site in the convex side. These sites are
highly conserved in cAs; thus, we assayed the influ-
ence of binding of HTS to cAs5 in vesicle aggregation,
as HTS would bind to the exposed concave faces of
the vesicle bound annexin molecules. As binding
of HTS requires high calcium concentrations (around

PS:annexin (molar ratio)

wis 100:1 600:1 ¢ 100 N
O T T T 1 0
PS EGTA! <00 g Cal, | EGTA PS
kDa
«115
— ~97.4
| — t—— 1§ aez® = 662
«45
-.—--—n—-q-1__31
dnt- cNt-
: cAS 'cA5 hAS' hAS5 '

Figure 8. Crosslinking of annexins bound to PS unilamellar
vesicles. Crosslinking of recombinant annexins was carried
out at 100:1 and 600:1 phospholipid to annexin molar ratio
in the presence of 200 uM Ca®* using BS®; after stopping
the crosslinking reaction, samples were centrifuged and the
vesicle-bound annexin was analyzed. Controls were carried
out in the presence of PS but without calcium (1 mM EGTA)
or in the presence of calcium but without liposomes; in
these cases, almost no annexin was sedimented and
crosslinking was evaluated in aliquots from the
supernatnats (“EGTA” and “No PS”).
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5 mM), we changed the phospholipid liposome compo-
sition from PS to an equimolecular mixture of phos-
phatidylglycerol and phosphatidylcholine (PG:PC) as
these liposomes do not self-aggregate at 5 mM calcium
[Fig. 9(B)]. Binding of cA5 (100 nM) to 100 nm
PG:PC vesicles (~130 uM) in the presence of 5 mM
CaCl, was complete and not affected by the presence
of a 500-fold molar excess of HTS [Fig. 9(A)]. On the
other hand, preincubation of cAs5 with HTS in the
presence of 5 mM CaCl, induced an HTS concentra-
tion-dependent inhibition of aggregation with around
a 50% decrease in the initial aggregation rates and
final AA3%° values [Fig. 9(B,C)].

Discussion

Human annexin A5 has been reported as one of the
members of this family of proteins that does not
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induce vesicle aggregation. However, we have previ-
ously described the cloning and structural-functional
characterization of its chicken counterpart and our ex-
perimental data suggested that cAs5 does induce this
process.”°">* The N-terminus of these proteins is con-
sidered as their major regulatory domain and several
relevant differences are found in this extension
between cAs and hAs. Therefore, we decided to ana-
lyze whether the N-terminus of annexin A5 was re-
sponsible for the on/off switch of the vesicle aggregat-
ing activity. For this purpose, we purified recombinant
cA5 and hA5 as well as a truncated mutant of the for-
mer that lacks residues 3—10 located in the N-termi-
nus (dnt-cAs). In addition, we have cloned, expressed,
and purified a chimera with the N-terminus of cAs
and the protein core of hA5. The comparative analysis
of the secondary structure of the four recombinant
proteins reveals that they are correctly folded and that
the secondary structure and the thermal stability of
the chimera are quite similar to those of hAs.
Although the alteration of the N-terminus of annexin
A5 does not significantly affect its secondary structure,
some slight differences can be found in the binding
capacity of the mutated annexins to PS vesicles. Cal-
cium dependence for PS-binding is lower for the non-
mutated proteins (45-50 uM Ca®*" for half-maximal
binding), being around 20 pM higher for truncated
dnt-cA5 and for the chimera cNt-hAs. Thus, altera-
tions in the N-terminus are translated into subtle
structural changes that affect the calcium and phos-
pholipid binding sites located in the protein core on
the opposite side of the molecule, as we have
previously reported.>*** Calcium concentrations over

Figure 9. Inhibition of cA5-induced vesicle aggregation by
heparin tetrasaccharide. The effect of HTS binding in
cA5-induced vesicle aggregation was assayed after
preincubation of cA5 with increasing concentrations of HTS
in the presence of 5 mM CaCl, at 20°C. Afterwards,
aggregation was triggered by addition of a concentrated
stock of unilamellar 100 nm PG:PC liposomes. (A) Influence
of HTS in the binding of cA5 to PG:PC vesicles was
analyzed under identical experimental conditions to those
used for the aggregation studies. 100 nm cA5-containing
unilamellar vesicles were centrifuged in a Beckman Coulter
Optima MAX-XP ultracentrifuge at 150,000g for 1 h at 4°C
and the sediment and supernatants were analyzed by
SDS-PAGE followed by Coomassie blue staining and
densitometric analysis of the protein bands. A negative
control without calcium (1 mM EGTA) was included. Total
cA5 sedimentation was achieved in the absence of HTS
and only a minor reduction in sedimentation (<7%) was
observed at the highest HTS concentration used.

(B) cA5-induced aggregation curves at increasing HTS
concentration; no aggregation of PG:PC vesicles at 5 mM
CaCl, was observed in the absence of cA5 either in the
absence or presence of HTS. (C) Analysis of the apparent
initial aggregation velocity and AA%®° after 15 min as a
function of HTS concentration.
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100 pM induce total binding of the four proteins to
PS-vesicles; these are the conditions used throughout
the experiments herein reported.

The fluorescence emission spectra of Trp'® in the
absence of calcium and phospholipids correspond, in
the four proteins, to a completely buried residue with
emission maxima ranging from 316 to 319 nm. Addi-
tion of 200 pM CaCl, only affects hA5 spectrum with
a red shift in the tryptophan emission maximum of
7 nm and an increase in the quantum yield. This effect
is due to calcium-induced structural rearrangements in
the protein core after calcium binding that increase
the exposure of Trp'®. Lower calcium affinity of
chicken annexins is likely responsible for the absence
of this effect in cA5 and dnt-cA5.>* The cNt-hA5 chi-
mera does not present such a significant shift as the
intact hA5, what confirms the influence of the N-ter-
minal extension on the protein core. Calcium affinity
is strongly increased when ternary complexes with
phospholipids are formed'® and this is reflected in im-
mediate changes in the fluorescence spectra of all
recombinant proteins. After addition of PS-vesicles,
the Trp'®” emission maxima shift towards 340 nm and
an increase in the quantum yield is observed, as has
been already described for hA5.3* The increase in the
quantum yield is due to the loss of the strong quench-
ing of Trp*®” through hydrogen bonding to Thr?24 that
takes place in the calcium-free conformation. Upon
calcium binding, mild acidification or interaction with
acidic phospholipids, the loop connecting helices A
and B in domain III changes its conformation
exposing Trp*®” to the solvent or to the polar heads of
the phospholipids breaking the interaction with
Thr224.22’33

cA5 binds to PS-vesicles in the presence of 200
uM Ca®** with an apparent higher affinity than hAs,
reflected in a lower value of the lipid to protein molar
ratio for half maximal binding (20 for cAs vs. 33 for
hAs5) and in a lower apparent dissociation constant
(1.2 uM for cAs vs. 4.1 pM for hA5). As in the sedi-
mentation assays, fluorescence spectra confirm that
alteration of the N-terminal domain modifies the affin-
ity of the resulting annexin molecule for PS-vesicles.
dnt-cA5 and the chimera show a higher apparent dis-
sociation constant than cAs5 and hAs, respectively.
However, these changes do not modify the number of
phospholipid molecules required in both leaflets for
binding to the liposomes (around 20 in the four
proteins).

Once we verified the correct folding of the
recombinant proteins and their calcium-dependent
binding to PS-vesicles, we checked their potential abil-
ity to induce vesicle aggregation. The data demonstrate
that chicken annexin A5, in contrast to its human
ortholog, is able to induce this process even at low
protein and calcium concentrations, either at 20°C or
at the normal body temperature of the chicken
(around 42°C). Moreover, the results obtained with
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the N-terminally truncated mutant and the chimera
with the N-terminus of cAj5 reveal that the short N-ter-
minal extension of cA5 is essential for the induction of
vesicle aggregation. However, additional regions of the
protein core must be involved in this process, as trun-
cation of the N-terminus does not completely abolish
aggregation and replacement of the N-terminus of hA5
by that of cA5 does not yield a protein with the same
aggregation ability as cAs.

As the apparent initial velocity values do not
decrease at high protein concentration [Fig. 6(E)], the
aggregation is probably triggered by the interaction
between two proteins bound to different vesicles
rather than by a single protein bridge. The kinetic
analysis of the initial aggregation rates at high lipid to
protein molar ratio indicates that this process is sec-
ond order in protein concentration, which strongly
supports this hypothesis. These data, together with
cross-linking experiments show that cA5-induced
membrane aggregation is most likely mediated by the
dimerization of cA5 molcules on different vesicles.
Taking into account that HTS binding to the concave
exposed surface of annexin A5 strongly impairs vesicle
aggregation, it could be suggested that dimerization
takes place via these surfaces. HTS does not com-
pletely impair aggregation as it is not covalently bound
to cAs; moreover, a high molar HTS excess over cAj5
is required to observe inhibition of vesicle aggregation
which indicates that the interaction between annexin
molecules in opposing vesicles presents a lower disso-
ciation constant than that of HTS binding to the con-
cave face of cAs.

Cryo-electron microscopy of aggregated lipid
vesicles in the presence of wild-type annexin A4,
which is structurally and evolutionary similar to
annexin A5,>3* shows a separation compatible with
two layers of membrane-bound annexin A4.” In con-
trast, annexins A1 and A2 seem to be able to induce
membrane aggregation via different mechanisms in
which the N-terminal domain plays an important role:
membrane bridging through heterotetramers with pro-
teins of the S100 family,"” formation of dimers via
interaction through the N-terminal domains of mono-
meric annexins, as suggested for annexin A4 and by us
for chicken annexin A5, or interaction of one molecule
with two adjacent membranes simultaneously.”'*"”

Why does cAs5 induce membrane aggregation,
whereas hAs does not? The N-terminal extension
seems to be the major responsible for this different
behavior as the chimera with the protein core of hAs
and the N-terminus of cAs5 recovers the ability to ag-
gregate membranes. In addition, deletion of eight
amino acids from the N-terminus of cAs strongly
impairs its membrane bridging ability. One of the
main differences between the N-terminus of both
annexins is the higher negative charge in hA5 due to
the substitution of Ala' and Ala'” in cA5 by Asp" and
Glu'7 accompanied by the replacement of Lys® by Gln3
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(see Fig. 10). Comparison with the N-terminus of
mammalian annexin A4, which induces vesicle aggre-
gation,” reveals the absence of negatively charged resi-
dues and the presence of alanines in positions equiva-
lent to those in cAs5. An increase in the negative
charge in the N-terminus of bovine annexin A4 (bA4)
due to phosphorylation of Thr” (or simulated by point
mutation Thr” to Asp) has been reported to induce the
release of the N-terminus from the protein core and
impair the ability of this annexin to promote mem-
brane aggregation.” A similar observation has been
reported for annexin A2, where the replacement of
Ser® or Ser®® in the N-terminal extension by glutamic
acid blocks the Ca®*-dependent vesicle aggregation
ability of annexin A2 by impairment of protein—pro-
tein contacts through the concave face of the annexin
A2 monomers.”® Thus, the lack of acidic residues
(Asp™ and Glu') and the presence of Lys® and Arg® in
cAs5 N-terminal extension may be, at least partially, re-
sponsible for the membrane-aggregation ability
detected in this protein and not present in the human
ortholog. In fact, in dnt-cA5, where these two basic
residues are not present, the ability to aggregate
vesicles is significantly reduced. Additional regions of
the protein may be involved in the lack of ability of
hA5 to induce aggregation, as dnt-cAs5 is still able to
induce aggregation at high concentration and the chi-
mera cNt-hA5 shows lower aggregation ability than
the wild type chicken annexin. cAs-induced vesicle
aggregation is probably dependent on the interaction
between cAs5 molecules through their concave faces.
This region includes the N-terminal extension, the
loop between domains II and III, and the C-helices
from each domain of the annexin core. Interestingly,
helix C from domain II shows significant charge differ-
ences between cA5 and hAj, with several acidic resi-
dues in hA5 not present in cA5 (hAs: Glu'*°, Glu'°,
Glu'3'; cAs: Ala'2°, Met'3°, GIn'3'), and Gly'®® replac-
ing Arg'®® in cA5 (Fig. 10). In bA4, that induces vesicle
aggregation,” residues equivalent to 130-132 in hAj5
do not present negative charge (GIn'*°, Leu'°, and
GIn'"). These additional negatively charged residues
in the hA5 could further impair the interaction
between the concave faces of hA5 due to electrostatic
repulsions. The ability of hA5 to induce Ca®"-depend-
ent aggregation of PS-vesicles at mild acidic pH (in
which acid lateral chains from aspartic or glutamic
acid residues do not present negative charge)3®
strongly supports this model.

It is quite surprising that the two annexin Aj
orthologs in human and chicken, which present a 78.1
identity and 86.9% similarity in their sequence, show
a completely different behavior regarding such an im-
portant function as membrane aggregation. It has
been previously reported that chicken annexin As
resembles mammalian annexin A4 in some of its
immunological and physicochemical properties, such
as its apparent molecular mass and isoelectric point
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Figure 10. Three-dimensional structure of human and
chicken annexin A5 and bovine annexin A4. X-Ray
crystallography co-ordinates were obtained from the
Protein Data Bank (hA5: 1ANX, residues 3-319; cA5: 1ALA,
residues 3-320; bA4: 1ANN, residues 5-319). Molecules are
viewed from the concave face and the lateral chains from
the most significant residue changes between hA5 and cA5
are shown in a ball-and-stick style (Asp'® and Glu'®? are
also shown). Sequences corresponding to the N-terminal
extensions and to helices IIC are shown; differences with
hA5 are underlined and residues represented in a ball-and-
stick style are gray-shaded. The sequences corresponding
to the N-terminus and helix 1IC of human annexin A4 are
aligned with those from bA4. Residue numbers are
assigned according to cDNA translation and thus,
N-terminal methionine is Met' even though it is not present
in the wild-type proteins. The figure was prepared using the
MOLMOL program.®®

(5.6 and 5.7 in cA5 and human annexin A4, respec-
tively, versus 4.7 in hA5).%” In fact, cA5 was initially
misidentified as the chicken ortholog of annexin A4.38
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In addition, annexin A4 as well as A3 and A9 genes
are absent in birds (build 2.1 of the chicken genome
assembly; Washington University School of Medicine
in St. Louis). cA5 presents a high sequence similarity
with annexins A4 and A3 (57.3% identity and 68.5%
similarity with hA4, and 49.5% identity and 63.5%
similarity with hA3). Thus, one could speculate that
chicken annexin A5 may have evolved to gain func-
tions that these annexins exert in other vertebrates.
Calcium-dependent membrane aggregation ability may
be one of this evolutionary gained functions, as this
property is not present in the most ancient member of
vertebrate annexins, annexin A13.">3°

Methods

Construction of chimeric cNt-hA5

expression vector

The ¢cDNA from the N-terminus of chicken annexin A5
was fused to that from the core of human annexin A5
using three PCR reactions (Taq Advantage2 kit; Clon-
tech, Mountain View, CA) according to the splicing by
overlap extension technique*® illustrated in Figure
1(A). Constructs pACILE*>*! and pHA5.E** were used
as initial cA5 and hA5 cDNA templates, respectively.
The final amplified fragment was first cloned into
pCR2.1 (TA cloning kit; Clontech) and then into the
Ncol/Hind 1II sites of the pTrc99A expression vector
(Pharmacia; Buckinghamshire, UK). Constructs were
sequenced in both directions to verify the absence of
artifacts.

Protein expression and purification

Recombinant plasmids pACILE (cAs), pdntACILE
(dnt-cA5), pHA5.E (hA5), and pcNt-hA5.E (cNt-hA5)
were transformed into JA221 E. coli strain. Protein
production and purification was essentially performed
as previously described'**" using the ability of the four
recombinant proteins to reversibly interact with PS-
enriched liposomes and a final chromatographic step
in DEAE-cellulose. Pure protein preparations were dia-
lyzed against 20 mM Hepes, pH 7.4, 0.1M NaCl, fil-
tered through 0.22 um membranes, and stored at 4°C
until use. Protein concentration was determined by
amino acid analysis (Beckman 6300 analyzer) or by
UV-spectroscopy using molar extinction coefficients at
280 nm of 22,155, 20,720, 21,842, and 21,829 M '
cm ' for cAs, dnt-cAs, hA5, and cNt-hA5, respectively.
Purity of the protein preparations was checked by
SDS-PAGE followed by Coomassie blue or silver ni-
trate staining combined with Western blot analysis
using polyclonal antibodies directed against human or
chicken annexin A5 obtained in our laboratory.*"4*

Circular dichroism measurements
CD-spectra were registered in a Jasco J-715 spectropo-
larimeter (Neslab RTE-111 thermostat) at 20°C in
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20 mM Hepes, pH 7.4, containing 0.1M NacCl, between
190 and 260 nm in 0.05 cm-pathlength thermostat-
ized cuvettes and using protein preparations around
0.3 mg/mL. All spectra were averaged at least over six
scans and were corrected by subtracting buffer contri-
bution from parallel spectra in the absence of protein;
units are expressed as mean residue weighed molar
ellipticities ([60]mrw). Melting curves were determined
monitoring ellipticity changes at 208 nm between 20
and 80°C and increasing temperature at 60°C/h'"**,
Melting temperatures (T;,) were calculated from the
maximum of the first derivative of the unfolding
curves.

Binding to phospholipids and vesicle
aggregation assays

Unilamellar vesicles were prepared using bovine brain
PS (Avanti Polar Lipids, Alabaster, AL) or an equimo-
lecular mixture PG:PC (Avanti Polar Lipids and Sigma,
Alcobendas, Spain, respectively; PC from egg yolk and
PG derived from egg yolk PC) by hydration of a thin
dried-lipid film in 20 mM Hepes, pH 7.4, 0.1M NaCl,
followed by extrusion through polycarbonate filters of
either 100 or 400 nm pore diameter (Lipex Biomem-
branes, Vancouver, Canada). Small unilamellar vesicles
(50 nm) were prepared from freshly obtained 400 nm
vesicles by further extrusion through polycarbonate fil-
ters with the corresponding pore diameter.

Annexin interaction with 400 nm vesicles was car-
ried out at a 600:1 lipid/protein molar ratio with vari-
able calcium concentrations at 20°C for 15 min essen-
tially as previously described.'>'* The final mixture
(300 pL) was ultracentrifuged at 134,000¢g and 4°C for
1 h (Airfuge Beckman). After separation of supernatant
and pellet, equivalent aliquots were analyzed by SDS-
PAGE and proteins were detected by Coomassie blue
staining; gels were scanned and densitometred on a
photodocumentation system from UVItec (Cambridge,
U.K.) and using the UVIBand V.97 software. The per-
centage of bound annexin was determined from at
least three independent experiments in which the
supernatants and pellets were analyzed in the same
gels.

Vesicle aggregation studies were performed re-
cording absorption at 360 nm immediately after the
addition of calcium to a mixture of PS unilamellar
vesicles (100 nm; 0.1 mg/mL) and the corresponding
annexin at 20°C or 42°C. Calcium was added from a
CaCl, stock solution and absorption was registered in
a thermostatically controlled cuvette for at least
15 min.'** The stability of PS-vesicles in the presence
of calcium concentrations up to 500 pM was con-
firmed by the lack of self-aggregation.

Inhibition of cAs5 induced vesicle aggregation by
HTS (Iduron, Manchester, UK) was carried out in a
slightly different manner. First, a 10 min incubation of
cAs5 with HTS was carried out at 20°C in the presence
of 5 mM CaCl, at different molar ratios; afterwards,
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the reaction was triggered by addition of 100 nm uni-
lamellar PG:PC vesicles (which do not self-aggregate
in the presence of 5 mM CaCl, as occurs with PS
vesicles) from a concentrated stock (2 mg/mL) to a
final concentration of 0.1 mg/mL (around 130 uM). As
before, aggregation was monitored at 20°C recording
absorption at 360 nm immediately after addition of
the vesicles.

Fluorescence emission spectroscopy
Fluorescence emission spectra were recorded between
300 and 420 nm in an SLM Aminco 8000C spectro-
fluorimeter at 20°C, with excitation wavelength of
295 nm and using a 0.4-cm excitation pathlength and
1.0-cm emission pathlength cuvette. Scattering was
minimized by crossed Glan-Thompson polarizers. The
stability of the 50 nm unilamellar PS-vesicles was veri-
fied by monitorization of the Rayleigh scattering at
90° (obtained from the maximum at 295 nm of spec-
tra recorded at this excitation wavelength) in the ab-
sence of protein and in the presence of 200 uM CacCl..
Annexin binding curves to PS-vesicles were obtained
plotting the fluorescence intensity ratio at wavelengths
corresponding to the emission maxima from com-
pletely bound or free annexin at increasing lipid to
protein molar ratios in the presence of 200 uM
CaCl,."*** The binding results have been analyzed by
considering the following equilibrium:

P +nL & PL,

where P is the protein, L is the free lipid sites, and n
is the number of phospholipid molecules involved at
each binding site. Thus, an apparent dissociation con-
stant (K4) can be defined as a function of the concen-
tration of bound ([P];,) and free ([P]f) protein, total PS
([L]Y, and n, and the following equation can be
deduced:

L), _ Kan
P, P "

A plot of [L]i/[P]}, vs. 1/[P]; allows the calculation
of both apparent K4 and n.

Protein crosslinking in the presence

of PS-vesicles

Annexin crosslinking in the presence of 100 nm PS-
vesicles (600:1 and 100:1 lipid/protein molar ratios;
0.5—1.5 pM protein) was carried out after a 15 min
protein-vesicle interaction in the presence 200 uM
CaCl, wusing BS® (bis[sulfosuccinimidyl]suberate;
Pierce, Rockford, IL) in a 125 molar excess for 30 min,
and was stopped by addition of Tris, pH 7.4 (0.1M
final concentration). After centrifugation for 1 h at
134,000g, the pellet was resuspended and analyzed by
SDS-PAGE under reducing condition. Controls were
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carried out without PS-vesicles in the presence of
200 uM CaCl, and with liposomes in the absence of
calcium (1 mM EGTA); in these controls, no annexin
was found in the pellets and the gels show crosslinked
annexin in the supernatants.

Conclusion

In conclusion, we demonstrate for the first time that
chicken annexin A5 is able to induce vesicle aggrega-
tion, whereas mammalian annexin A5 cannot, even
though these molecules present only few differences in
their amino acid sequence. Aggregation seems to
involve protein to protein interactions between the
concave surfaces of annexin molecules in opposing
membranes. Electrostatic repulsions, mainly involving
negatively charged residues in the N-terminal domain
and to a lower extent in helix IIC, seem to be responsi-
ble for the inability of hA5 to induce vesicle aggrega-
tion. This property may allow cAs5 to participate in
additional physiological processes such as membrane
trafficking.
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