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6Department of Pharmacology and Pharmacotherapy, University of Pécs, 7624 Pécs, Hungary
7MTA-ELTE Research Group of Peptide Chemistry, ELTE Eötvös Loránd University, 1117 Budapest, Hungary
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SUMMARY

Annexin A2 (ANXA2) has a versatile role in mem-
brane-associated functions including membrane
aggregation, endo- and exocytosis, and it is regu-
lated by post-translational modifications and pro-
tein-protein interactions through the unstructured
N-terminal domain (NTD). Our sequence analysis
revealed a short motif responsible for clamping the
NTD to the C-terminal core domain (CTD). Structural
studies indicated that the flexibility of the NTD
and CTD are interrelated and oppositely regulated
by Tyr24 phosphorylation and Ser26Glu phospho-
mimicking mutation. The crystal structure of the
ANXA2-S100A4 complex showed that asymmetric
binding of S100A4 induces dislocation of the NTD
from the CTD and, similar to the Ser26Glu mutation,
unmasks the concave side of ANXA2. In contrast,
pTyr24 anchors the NTD to the CTD and hampers
the membrane-bridging function. This inhibition can
be restored by S100A4 and S100A10 binding. Based
on our results we provide a structural model for regu-
lation of ANXA2-mediatedmembrane aggregation by
NTD phosphorylation and S100 binding.

INTRODUCTION

Annexin A2 (ANXA2) is a member of the non-EF-hand Ca2+

binding protein family of annexins consisting of 12 paralogs in

humans (Gerke and Moss, 2002). ANXA2 is characterized by

the ability to bind and aggregate (‘‘annex’’) anionic phospholipid

membranes in a calcium-dependent manner (Drust and Creutz,

1988). This ability underlies its biological functions including
vesicular transport, exocytosis, and endocytosis. Overexpres-

sion of ANXA2 is observed in various tumor types and it con-

tributes to cancer development through affecting tumor cell

adhesion, proliferation, apoptosis, invasion as well as tumor

neovascularization (Xu et al., 2015).

Annexins consist of a disordered N-terminal domain (NTD,

ANXA2 residues 2–33) (Figure 1A) followed by a conservedC-ter-

minal core domain (CTD, ANXA2 residues 34–339) comprising

four annexin repeats (Gerke and Moss, 2002). The convex side

of CTD is responsible for calcium binding mediating the canon-

ical membrane-binding properties of ANXAs. The concave

surface, on the other hand, has a role in membrane bridging

mediated by ANXA1, ANXA2, and ANXA4 paralogs in verte-

brates. This side of annexins also anchors the C terminus of the

NTD (C-NTD, ANXA2 residues 24–33). Although the NTD is rela-

tively short compared with the CTD, its highly variable length

and sequence underlies paralog-specific functions in the annexin

family (Lizarbe et al., 2013). A unique structural feature of ANXA1

is that an amphipathic helix of theNTD is inserted into the annexin

repeat III. UponCa2+ binding, this helix is rejected and theC-NTD

also dissociates from the CTD. These structural changes are

implicated in the ANXA1-inducedmembrane aggregation (Rose-

ngarth andLuecke, 2003). In the caseofANXA2andANXA4,Ca2+

binding does not lead to a conformational rearrangement of the

C-NTD (Rosengarth and Luecke, 2004; Seaton, 1996). On the

other hand, Ser26 and Thr6 in ANXA2 and ANXA4, respectively,

are located at structurally identical positions and both are prone

to protein kinase C (PKC) phosphorylation (Gould et al., 1986;

Weber et al., 1987). Note that ANXA1comprises alanine in the ho-

mologousposition. Basedon the crystal structures of ANXA4and

its phosphomimicking Thr6Asp mutant, phosphorylation of Thr6

results in the dislocation of the NTD, which leads to impaired

ANXA4-mediated membrane aggregation (Kaetzel et al., 2001).

Regarding ANXA2, the mutually exclusive phosphorylation of

Ser12 and Ser26 by PKC (Gould et al., 1986; He et al., 2011;

Jost and Gerke, 1996) and Tyr24 by c-Src (Erikson and Erikson,
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Figure 1. Sequence and Structure Alignment of Annexin C-NTDs

(A) Amino acid sequence of ANXA2 NTD. The S100A10 binding site is underlined. The asterisk indicates Cys9, which is conjugated with a fluorescein moiety in

Fl-ANXA2 variants. The C-NTD is shown in a dashed box. Phosphorylatable Tyr24 and Ser26 are red, while the black arrow indicates the a-chymotrypsin cleavage

site. Note that the initiator methionine is cleaved off and serine at position 2 is acetylated.

(B) LOGO representation of the sequence conservation within the C-NTD (highlighted with dashed lines) and annexin repeat I created from human ANXA1-11 and

ANXA13 amino acid sequences (according to ANXA2 numbering). As ANXA6 consists of two annexin modules, 13 identical sequences were used.

(C) The crystal structures of pig ANXA1 (PDB: 1HM6, chains A and B are purple and pink, respectively), human ANXA3 (PDB: 1AXN, blue), human ANXA4 (PDB:

2ZOC, cyan), human ANXA5 (PDB: 1ANX, green), human ANXA6 N-terminal module (PDB1M9I, yellow), bovine ANXA6 C-terminal module (PDB: 1AVC, orange),

and hydra ANXB12 (PDB: 1AEI, red) were superimposed on the structure of human ANXA2 (PDB: 1XJL, white).

(D) RMSD was calculated for Ca atoms using ANXA2 atomic positions as the reference. The dashed line indicates the mean RMSD value of region 24–103. The

inset shows the RMSD of residues 24–33 corresponding to the C-NTD.
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1980) negatively regulates the ANXA2-dependent membrane

aggregation (Ayala-Sanmartin et al., 2000; Hubaishy et al.,

1995; Johnstone et al., 1992). However, no structural data for

the phosphorylated ANXA2 is available.

In addition to Ca2+ binding and protein phosphorylation, the

function of ANXA1 and ANXA2, which have relatively long

NTDs, is regulated by the binding of S100 proteins (Eden et al.,

2016; Liu et al., 2015; Poeter et al., 2013). S100 proteins are

small, dimeric EF-hand Ca2+ binding proteins that are expressed

exclusively in vertebrates. In the presence of Ca2+, a hydro-

phobic interaction surface, which is buried in the apo form,

is exposed (Bresnick et al., 2015). S100A10 represents an

exception in the family, because it is unable to bind Ca2+ and

adopts a constitutively active open conformation. S100A10 has

been described as p11 in a symmetric complex with p36

(ANXA2) forming calpactin I (Gerke and Weber, 1984; Glenney

and Tack, 1985). Later it has been demonstrated that other

members of the S100 family (S100A4, S100A6, and S100A11)

also interact with ANXA2 (Liu et al., 2015); however, structural

data are available only for the ANXA2-S100A10 complex (Demp-

sey et al., 2012; Oh et al., 2013; Rety et al., 1999). The impact of

S100A10 binding on the membrane-bridging function of ANXA2

has been widely investigated in terms of intracellular membrane

fusions, such as chromaffin granule exocytosis (Chasserot-

Golaz et al., 1996; Drust and Creutz, 1988). In addition, ANXA2

(alone or in complex with S100A10) has been implicated in

cell-cell interactions, such as phagocytosis of apoptotic cells
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(Fang et al., 2012), tight junction assembly (Lee et al., 2004),

and tumor cell adhesion to endothelial cells (Tressler et al., 1993).

The regulation of ANXA2 function is highly complex: it involves

Ca2+ binding, protein phosphorylation and the interaction with

S100 proteins, and it also depends on experimental condi-

tions, such as pH and membrane lipid composition. Several

different topological models have been proposed to explain

ANXA2-mediated membrane aggregation (Ayala-Sanmartin

et al., 2008; Drucker et al., 2013; Illien et al., 2010; Liu, 1999);

however, without knowledge of any 3D structures for phosphor-

ylated ANXA2, the mechanism of phosphorylation-mediated

regulation remained unclear.

In this study we investigated the consequences of C-NTD

phosphorylation and S100 binding on ANXA2 structure by X-ray

crystallography, molecular dynamics (MD) simulations, thermal

unfolding, and limited proteolysis assays. We also studied

the effect of S100 binding and/or protein phosphorylation on

ANXA2-mediated liposome aggregation. We found that Tyr24

phosphorylation reduced the conformational fluctuation of the

C-NTD and it hampers the ability of ANXA2 to aggregate phos-

phatidylserine-containing large unilamellar vesicles (LUVs).

However, the addition of S100A4 or S100A10 restored ANXA2

activity. In contrast, the phosphomimicking Ser26Glu muta-

tion substantially increased the conformational freedom of the

C-NTD and did not interfere with the membrane crosslinking

activity of ANXA2. 3D structure determination and analysis of

the ANXA2-S100A4 complex revealed that the entire NTD of
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ANXA2 is wrapped around an S100A4 dimer forming an asym-

metric complex, which resembles the interaction of S100A4 with

non-muscle myosin IIA (NMIIA). Based on our results, we provide

a plausible model for the regulation of ANXA2-mediated mem-

brane aggregation by C-NTD phosphorylation or S100 binding.

RESULTS

Sequence and Structure Conservation in the NTD of
Annexins
Although the sequence conservation in annexin NTD is markedly

lower than in the CTD, the alignment of human annexin se-

quences revealed a short sequence motif G-[TS]-[VI] (residues

25–27 in ANXA2) in the C-NTD (Figure 1B). To investigate the

structural aspects of this sequence conservation, the 3D struc-

tures of wild-type annexins were aligned (Figure 1C), followed

by the calculation of the root-mean-square deviation (RMSD)

values for Ca atoms.We found that G-[TS]-[VI] motif can be char-

acterized by a markedly lower conformational flexibility than the

subsequent part of the C-NTD, being one of the structurally most

conserved regions of annexins (Figure 1D). Here the side chain of

Val/Ile27 fits into a hydrophobic pocket formed by annexin re-

peats I and IV. The hydroxyl group of the Thr26 side chain faces

inward and forms hydrogen bonds with the carbonyl oxygens of

Ser296 and Val334, while the outward-pointing methyl group

makes van der Waals contact with the solvent-accessible side

chain of Leu301 in annexin repeat IV (Aukrust et al., 2006).

Note that in annexins A1, A8, and A13, which do not comprise

the regular G-[TS]-[VI] motif, the hydrophobic residue at position

301 is replaced by Asn or Gln. Finally, Gly25 enables Thr/Ser26

and Val/Ile27 to adopt an optimal conformation for binding to

CTD without undue strain. Based on these observations, we

suggest that the G-T/S-V/I motif is responsible for clamping

the C-NTD to the CTD in a strictly defined conformation. Further-

more, this high sequence and structure conservation also sug-

gests that the phosphorylation state of Ser26, similar to the

phosphorylation of Thr6 in ANXA4 (Kaetzel et al., 2001), could

play an important role in the modulation of ANXA2 structure.

Effect of the C-NTD Phosphorylation on ANXA2
Structure
To shed light on the regulatory mechanism driven by ANXA2

phosphorylation, we conducted structural studies using phos-

phorylated and phosphomimetic ANXA2 variants. Selective

phosphorylation of Tyr24 could be achieved using ephrin-B1

kinase domain expressed in E. coli in an active form, while a

Ser-to-Glu mutation was introduced into ANXA2 for mimicking,

to a certain extent, Ser26 phosphorylation. Both variants were

successfully crystallized in the presence of Ca2+, and the 3D

structures were solved by molecular replacement to 2.9 and

3.4 Å resolutions for ANXA2pY24, and to 1.9 Å resolution for

ANXA2S26E (Table 1). Both ANXA2pY24 structures revealed that

the conformation of the C-NTD is identical to the native state,

but a salt bridge is formed between the C-NTD and CTD by

the pTyr24 and Lys302 side chains (Figure 2A). Moreover, the

3.4 Å resolution structure (PDB: 5LQ2) was isomorphous to

the crystal structure of the Ca2+-bound full-length ANXA2

(PDB: 1XJL), allowing direct comparison of their temperature

factors. In the case of native ANXA2, the average B factor of
the C-NTD was 62% higher than that of the overall structure,

the value of which was reduced to 29% upon Tyr24 phosphory-

lation (Figure 2A). To further investigate this finding, 300 ns long

MD simulations were carried out using the crystal structure of the

Ca2+-bound ANXA2 (PDB: 1XJL). The ‘‘core’’ structure (residues

21–339) was identical in the ANXA2 and ANXA2pY24 simulations

to minimize model bias. MD simulations supported the idea that

pTyr24 acts as an anchor to clamp the C-NTD to the CTD

through an ionic interaction with Lys302. Root-mean-square

fluctuation (RMSF) analysis showed that, in ANXA2pY24, the

amino acid region 10–24 wasmarkedly less flexible then the cor-

responding region in the unphosphorylated ANXA2 (Figure 2B).

In contrast to ANXA2 and ANXA2pY24 structures, the C-NTD is

almost completely invisible in the crystal structure of ANXA2S26E

(Figure 2A), resembling the 3D structure of ANXA4T6D (Kaetzel

et al., 2001). Here the cavity in annexin repeat I, which originally

accommodates the side chain of the conserved Phe33, is occu-

pied by that of Tyr30 (Figure 2A). To carry out MD simulation of

ANXA2pS26 using the crystal structure 1XJL as initial state, the

main chain conformation of the C-NTD had to be altered in order

to resolve atomic clashes that appeared upon in silico phosphor-

ylation of Ser26 (Figure S1A). This modification led to the disso-

ciation of the conserved interactions formed by Ser26 and Val27

side chains with the CTD. Although a novel ionic interaction was

formed between the pSer26 and Arg304 side chains, it seemed

to be rather transient during the 300 ns long MD simulation (Fig-

ure S1B). To overcome the bias potentially caused by the manip-

ulation of the highly conserved C-NTD conformation, the MD

simulation was also performed using the ANXA2S26E crystal

structure as initial state. Here, the RMSF values not only of the

NTD, but also the CTD, are significantly higher in ANXA2pS26

than in the unphosphorylated ANXA2 (Figure 2B). The pSer26

side chain has a tendency to form ionic interactions with the

basic residues Lys28, Arg37, and Arg63, which is presumably

initiated by the swapping of Phe33 for Tyr30 (Figure 2A). How-

ever, the relatively high RMSF value of pSer26 indicates that

these interactions are rather transient, which could explain why

the residues N-terminally located from Ala29 are invisible in the

crystal structure. To illustrate the effect of the NTD phosphoryla-

tion on ANXA2 flexibility in a more expressive way, frames were

collected from the MD simulations every 3 ns and aligned (Fig-

ure 2C). Here the ‘‘fuzziness’’ of ANXA2S26E structure ismarkedly

higher than that of ANXA2, while the ANXA2pY24 structure shows

the lowest fluctuation suggesting that the phosphorylation

events affect the conformational flexibility not only of the NTD,

but also of the CTD.

C-NTD Phosphorylation Modulates ANXA2 Stability
To investigate experimentally the effects of Tyr24 phosphoryla-

tion and Ser26Glu mutation on structural dynamics and stability

in solution, we used limited proteolysis (LP) and differential

scanning fluorimetry (DSF) assays, respectively (Figures 2D–2F

and TableS1). It was previously demonstrated that full-length

ANXA2 could be cleaved between Tyr30 and Thr31 by a-chymo-

trypsin, and the proteolysis was readily followed using ANXA2

labeled at Cys9 with the fluorescent dye acrylodan (Johnsson

et al., 1988). To assess the flexibility of the NTD, we used

5-IAF labeling at Cys9 (Fl-ANXA2). LP assays confirmed the

results presented above, since the cleavage of the NTD from
Structure 25, 1–13, August 1, 2017 3



Table 1. X-Ray Crystallography Data Collection and Refinement Statistics

ANXA2S26E (5LPX) ANXA2pTyr24 (5LQ0) ANXA2pTyr24 (5LQ2) ANXA2-S100A4 (5LPU)

Data Collection

Space group P2 21 21 P 21 21 21 P 21 21 21 P 1 21 1

Cell dimensions

a, b, c (Å) 54.95, 58.76, 182.09 56.45, 63.47, 268.91 61.37, 99.2, 173.02 71.74, 61.24, 148.16

a, b, g (�) 90, 90, 90 90, 90, 90 90, 90, 90 90, 88.69, 90

Resolution (Å)* 47.05–1.9 (1.96–1.9) 47.77–2.9 (3.00–2.9) 86.51–3.4 (3.52–3.4) 49.37–2.1 (2.17–2.1)

Rmeas (%)* 11.7 (156.1) 10 (62) 9.3 (63.8) 7 (120.5)

I/sI* 19.05 (2.30) 18.63 (3.22) 15.76 (2.91) 23.10 (2.42)

Completeness (%)* 99.99 (99.98) 99.12 (99.86) 99.23 (99.86) 99.98 (99.87)

Redundancy* 13.18 (9.34) 9.14 (6.33) 4.9 (3.84) 13.67 (9.95)

CC1/2* 99.9 (80.8) 99.9 (88.9) 99.9 (81.6) 100 (89.1)

Refinement

Resolution (Å) 47.05–1.9 47.77–2.9 86.51–3.4 49.37–2.1

No. of reflections* 625,302 (43,675) 202,235 (13,862) 73,652 (5,641) 1,031,323 (74,556)

Rwork/Rfree 0.1467/0.182 0.2287/0.259 0.2036/0.238 0.182/0.207

No. of residues

Protein 311 631 638 863

Glycerol 2 0 0 5

Ca2+ 5 6 10 14

Water 480 7 2 288

B factors

Protein 32.59 64.37 93.52 76.27

Water 47.9 37.67 65.88 59.88

RMSD

Bond lengths (Å) 0.019 0.003 0.011 0.004

Bond angles (�) 1.47 0.67 1.43 0.75

Ramachandran (%)

Favored 98 97 89 97

Outliers 0.32 0.32 0.63 0.23

Data were collected on single crystals. *Values for the highest-resolution shell are shown in parentheses. RMSD, root-mean-square deviation.
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CTD by a-chymotrypsin was 2.1-times slower in the case of

Fl-ANXA2pY24 (Figure 2E; Table S1) than in the unphosphory-

lated Fl-ANXA2. In turn, the susceptibility of Fl-ANXA2S26E to

a-chymotrypsin digestion showed a 2.6-fold increase compared

with Fl-ANXA2. DSF experiments further corroborated the 3D

structural data. Regardless of the presence of calcium ions,

Tyr24 phosphorylation resulted in an increased thermal stability

of ANXA2, while the phosphomimetic mutant ANXA2S26E was

characterized by decreased stability (Figure 2F; Table S1), in

accordancewithprevious results performedbycircular dichroism

spectroscopy (Grindheimet al., 2014). Basedonour crystal struc-

tures, MD simulations, and LP and DSF experiments we can

conclude that the flexibility of the C-NTD and the stability of the

CTD are clearly interrelated and oppositely regulated by Tyr24

phosphorylation and Ser26Glu phosphomimicking mutation.

Interaction of S100A4 and S100A10 with ANXA2
Variants in Solution
One of the most extensively characterized properties of ANXA2

is its interaction with S100A10 forming a heterotetrameric com-

plex (calpactin I). However, it was demonstrated that S100A4
4 Structure 25, 1–13, August 1, 2017
also binds to ANXA2 resulting in accelerated plasmin formation,

and inducing angiogenesis in primary human endothelial cells.

Furthermore, it was shown that S100A4 binding requires the

entire NTD (Semov et al., 2005). To evaluate quantitatively

the interaction of S100A4 with ANXA2, we performed fluores-

cence polarization (FP) binding studies using Fl-ANXA22�15

and Fl-ANXA22�33 fragments, as well as full-length Fl-ANXA2

variants. Firstly, we determined the effect of the length of Fl-

ANXA2 constructs on S100 binding. As expected, S100A10

bound tightly to both NTD fragments, as well as all ANXA2 con-

structs, with a Kd of 10–40 nM (Figure 3A; Table S2). In contrast,

the interaction of S100A4 with Fl-ANXA22�15 was very weak

(Kd z 60 mM). Fl-ANXA22�33, representing the entire NTD, and

the full-length Fl-ANXA2 bound to S100A4 with one order of

magnitude higher affinity (Kd = 2.4 and 5.0 mM, respectively) (Fig-

ure 3B and Table S2). (We should note here that the Kd values

presented in the text and in Table S2 for S100A4 interaction

with full-length NTD and ANXA2 variants were calculated based

on the fact the a single NTD binds to an S100A4 dimer, forming

an asymmetric complex; see below.) Then we evaluated the

effect of the C-NTD phosphorylation on the ANXA2-S100



Figure 2. Structural and Dynamic Changes in ANXA2 upon Phosphorylation
(A) Putty representation of native ANXA2 (PDB: 1XJL, chain A), ANXA2pY24 (PDB: 5LQ2, chain B), and ANXA2S26E (PDB: 5LPX) highlighting the C-NTD with red,

green, and blue, respectively. Transient ionic interactions of pSer26 during the MD simulation of ANXA2pS26 (using the crystal structure 5LPX as initial state) are

depicted in the inset. Note that, for B factor putty representation, the equivalent chains in the crystal lattice were used.

(B) Root-mean-square fluctuation (RMSF) per residue (Ca) of ANXA2 variants during the 300 ns long MD simulations.

(C) Frames were extracted from the simulations every 3 ns and aligned for visualizing alternatively the effect of phosphorylation events on the overall structure

of ANXA2.

(D) Flexibility of ANXA2 NTD was followed by chymotryptic cleavage of fluorescently labeled ANXA2 variants. Samples were separated on Tris-Tricine-SDS gels,

and intact ANXA2 bands were visualized using blue-light transillumination.

(E) Densitometric analysis of intensity values were normalized and plotted against time. Data points represent the mean ± SEM of two independent experiments.

Solid line indicates a single exponential fit to the data.

(F) Thermal stability of the unlabeled ANXA2 variants were investigated in differential scanning fluorimetry experiments. Data points represent the mean ± SEM of

three independent experiments. Solid line indicates the data fitting according to the Gibbs-Helmholtz equation. See also Figure S1 and Table S1.
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interactions. Since the S100A10 binding site is located in the

N-terminal half of the NTD, it was not surprising that the affinity

of Fl-ANXA2pY24 and Fl-ANXA2S26E did not notably differ from

that of Fl-ANXA2. In contrast, S100A4 binding was affected by

both Tyr24 phosphorylation and the phosphomimetic mutation

of Ser26. As expected, Fl-ANXA2pY24, where the C-NTD is

anchored to the CTD, showed reduced affinity to S100A4 (Kd =

10.3 mM) (Figure 3C), whereas Fl-ANXA2S26E, the variant that

was characterized by having a released NTD, interacted with

S100A4 as strong as Fl-ANXA22�33 (Kd = 2.2 mM). Note that

the corresponding relative binding strength (ANXA2S26E:

ANXA2:ANXA2pY24 = 2.1:1:0.44) nicely correlates with the rela-

tive susceptibility of the NTD to a-chymotrypsin digestion

(2.6:1:0.5) of the same variants. To extend our studies beyond

the structurally rigid ANXA2 ‘‘core,’’ we investigated the interac-

tion of Fl-ANXA2S12E�S26E double mutant (mimicking the ANXA2

double-phosphorylated state) with S100 proteins. The introduc-
tion of the Ser12Glu mutation into the ANXA2S26E variant caused

a 20-fold drop in the binding affinity of S100A10 (Figure 3A

and Table S2). By comparison, the Ser12Asp substitution in

ANXA22�15 was accompanied by a 13-fold affinity decrease

(Becker et al., 1990). On the contrary, the S100A4-binding capa-

bility of ANXA2S26E was not affected by the additional Ser-to-Glu

substitution (Table S2).

Since we showed that S100A4 binds to ANXA2 forming amore

extended interaction surface comprising about 30 residues, we

hypothesized that ANXA2 binds to S100A4 in an asymmetrical

manner similar to the S100A4-NMIIA and S100B-RSK1 inter-

actions (Elliott et al., 2012; Gogl et al., 2016; Kiss et al.,

2012). To address this question, we repeated the binding assays

using 10 mM of Fl-ANXA22�33 and Fl-ANXA2. The data analysis

was performed using the quadratic binding equation by fixing

the previously measured Kd values. The resulting fluorescent re-

porter concentrations of 21.9 and 21.7 mM (instead of 8.8 and
Structure 25, 1–13, August 1, 2017 5



Figure 3. Interaction of S100A4 and

S100A10 with ANXA2

(A to C) 50 nMFl-ANXA2 variants were titrated with

S100A10 and S100A4 (monomeric S100 concen-

trations are shown). Complex formation was de-

tected by an increase in the fluorescence polari-

zation of the fluorescein moiety attached to Cys9.

Each data point represents the mean ± SEM of

three independent experiments. Solid lines indi-

cate the data fitting to quadratic binding equation.

(D) 50 nMFl-ANXA2 / 250 nMS100A10was titrated

with unlabeled ANXA22-15 peptide in the presence

or in the absence of 100 mMLUVs. Solid lines show

the data fitting to a competitive binding equation.

(E) 50 nM Fl-ANXA2 was titrated with S100A4

(monomeric concentration) in the absence or in the

presence of 50 mM LUVs (PC:PS:Chol, 40:20:40).

Solid lines show the data fitting to a quadratic

binding equation. All experiments were carried out

in the presence of 2 mM CaCl2. See Table S2 for

more information.

(F and G) In an isothermal titration calorimeter

50 nM Fl-ANXA2 / 250 nM S100A10 was titrated

with unlabeled ANXA22-15 peptide in the presence

or in the absence of 100 mMLUVs. Solid lines show

the data fitting to a competitive binding equation.
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8.5 mM determined in S100A10 titrations) clearly show that

S100A4 binds asymmetrically to ANXA2 in solution (Table S2).

Furthermore, we carried out isothermal titration calorimetric ex-

periments with both ANXA2 and ANXA22�33. The results of the
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label-free isothermal titration calorimetry

measurements confirmed that S100A4

binds to ANXA2 with moderate affinity

(Kd z 11 and 8 mM for the NTD and full-

length ANXA2, respectively) and with a

stoichiometry of one ANXA2 chain to an

S100A4 dimer (Figures 3F and 3G).

Interaction of S100A4 and S100A10
with Membrane-Bound ANXA2
To investigate the potential effect of

ANXA2 membrane binding on its interac-

tion with S100 proteins, we repeated

the FP binding studies with the addition

of LUVs containing phosphatidylcholine,

phosphatidylserine, and cholesterol in

a molar ratio of 40:20:40, respectively

(Ayala-Sanmartin et al., 2001). Both S100

proteins bound to Fl-ANXA2 variants

with a significantly increased affinity. In

the case of S100A10, the stoichiometry

of the interaction was 1:1. As we had

to apply 50 nM Fl-ANXA2 reporters in

the binding assays to yield a satisfying

signal-to-noise ratio, only the upper limit

of the Kd values could be determined,

which were in the nanomolar range, with

the exception of ANXA2S12E�S26E (Kd z
20 nM). Therefore, we carried out compet-
itive titrations using ANXA22�15 peptide as a competitor, which

showed that, in the presence of LUVs, S100A10 bound to

ANXA2 variants 4.4- to 7-fold stronger than in the absence of the

vesicles (Figure 3D; Table S2). A similar increase in affinity was



Figure 4. Crystal Structure of the ANXA2-

S100A4 Complex

The interaction of ANXA2-A (bright orange) with

S100A4-C (dark gray) is predominated by hy-

drophobic contacts (left panel) resembling the

ANXA2-S100A10 complex (PDB: 4HRE). In

contrast, the NTD of ANXA2-B (teal) is wrapped

around the two S100A4 subunits, forming an

asymmetric complex. Amino acid regions 2–14

(middle panel) and 23–31 (right panel) adopt an

a-helical conformation and bind to S100A4-C

(dark gray) and S100A4-D (light gray) subunits,

respectively, with a nearly identical topology.

Furthermore, the Phe89 side chain of S100A4-D is

stacked between the hydrophobic side chains of

Phe33 and Leu40 in ANXA2-B core domain (right

panel). Calcium ions are shown as brown spheres.
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measured with S100A4, which interacted with LUV-bound Fl-

ANXA2, Fl-ANXA2pY24, and Fl-ANXA2S26E with Kd values of 0.8,

1.3, and 0.4 mM, respectively (Figure 3E and Table S2). Note that

the relative binding strength of the three Fl-ANXA2 variants

(ANXA2S26E:ANXA2:ANXA2pY24 = 1.6:1:0.5) resemble those of in

the absence of LUVs (2.1:1:0.44). In this respect, ANXA2S12E�S26E

behaved anomalously, since only a 1.8-fold LUV-dependent affin-

ity increasewasmeasured (TableS2).Todetermine thestoichiom-

etry of the interaction of membrane-bound ANXA2with S100 pro-

teins, we repeated the binding studies with 1.5 mM Fl-ANXA2/

1 mM LUVs. In the case of S100A4, the data analysis (by fixing

the Kd to 1.6 mM) resulted in a fluorescent reporter concentration

of 3.5 mM,which supports that S100A4 binds to ANXA2 asymmet-

rically in its membrane-bound form as well (Table S2).

Crystal Structure of the ANXA2-S100A4 Complex
The crystal structure of S100A10 complexed with ANXA22�14

peptide (PDB: 1BT6) or the full-length ANXA2 (PDB: 4HRE)

showed that two ANXA2 chains bind symmetrically to the

dimeric S100A10 protein. Here, we report the 2.1 Å crystal struc-

ture of the ANXA2-S100A4 complex, where we observed also a

heterotetrameric complex in the asymmetrical unit with five

Ca2+ bound by each annexin chain and four Ca2+ bound by the

S100A4 dimer (Figure 4). Strikingly, the two ANXA2 chains

(referred to as ANXA2-A and ANXA2-B) bind to S100A4 in a

profoundly different way. The binding mode of segment 2–14

of ANXA2-A is identical to that seen in the crystal structure of

ANXA2-S100A10 complexes. However, the N-terminal acetyl

group could not be modeled as the extreme N terminus of

ANXA2-A is rather solvent accessible and does not contact the

first helix of S100A4-C (the two chains of S100A4 are denoted

as S100A4-C and S100A4-D). On the contrary, in the case of
ANXA2-B the entire NTD is wrapped

around the S100A4 dimer resembling

the asymmetrical complex of S100A4

with NMIIA (Kiss et al., 2012). Here, not

only residues 2–14, but also the region

23–31 adopts an a-helical conformation,

the helices of which bind to the ‘‘canoni-

cal’’ binding groove of each S100A4 sub-

unit in a nearly identical manner. The
intervening proline-rich region (residues 15–22) acts as a loosely

bound bridge between the two anchoring helices. The N-termi-

nal helix forms mainly hydrophobic contacts, while the C-termi-

nal helix forms both hydrophobic and polar interactions with

S100A4. The complex is further stabilized by hydrophobic con-

tacts between S100A4 and the CTD of ANXA2, as the side chain

of Phe89-D is stacked between the side chains of Phe33-B and

Leu40-B. The hydroxyl group of the phosphorylatable Tyr24-B,

as well as the 3-amino group of the Lys28-B, is the part of a

hydrogen-bonding network connected by the Glu88-D carboxyl

group. The phosphorylatable Ser26-B side chain makes van der

Waals contact with Lys57-D and Asn61-D, while the Ser12-B

side chain points outward explaining the neutral effect of Ser12-

Glu substitution on the ANXA2-S100A4 interaction (Figure 4).

Based on the crystal structure, one could assume that both

phosphorylation events in the C-NTD interfere with S100A4 bind-

ing.While Tyr24 phosphorylation would result in a repulsive elec-

trostatic interaction between pTyr24-B and Glu88-D and cause

atomic clashes, Ser26 phosphorylation or Ser26Glu substitution

could be sterically unfavorable. However, the experimental find-

ings, which show that the affinity of S100A4 to the different

ANXA2 variants is well correlated with the differences measured

in the NTD conformational flexibility, support the hypothesis

that the phosphorylation events regulate the complex formation

between ANXA2 and S100A4 indirectly.

Regulation of ANXA2-Mediated LUV Bridging by
Phosphorylation and S100 Binding
To evaluate the functional role of the NTD-related processes, we

investigated ANXA2-mediated liposome aggregation. Firstly, we

determined theLUV-bridgingcapabilityof thedifferentANXA2var-

iants comprising the NTD, as well as a deletion mutant of ANXA2
Structure 25, 1–13, August 1, 2017 7



Figure 5. Phosphorylation and S100-Bind-

ing Modulates Membrane-Aggregating

Properties of ANXA2

(A) LUVs (PC:PS:Chol, 40:20:40) (100 mM) were

titrated with ANXA2 variants. Liposome aggrega-

tion was detected bymeasuring the turbidity of the

LUV solution at 350 nm.

(B) LUVs (100 mM) were titrated with ANXA2pY24 in

the presence of 2 mM S100A10 or 20 mM S100A4

(monomeric S100 concentration). Each data point

represents the mean ± SEM of three independent

experiments, and the solid lines show the data

fitting to the Hill equation.

(C) Fl-ANXA2 variants (500 nM) were titrated with

LUVs. Mixtures were spun down then the super-

natants (S) and pellets (P) were separated on Tris-

Tricine-SDS gels.

(D) LUVs (100 mM) were titrated with Ca2+ in the

presence of 0.5 mM ANXA2 variants.

(E) The mixture of 0.5 mM ANXA2S12E�S26E and

100 mM LUVs were titrated with Ca2+ in the

absence or in the presence of S100 variants. See

Tables S3 and S4 for more information.
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(ANXA2DNTD, residues 32–339) through detecting the change in

turbidity of LUV solutions (total lipid concentration of 100 mM).

It was found that, in the presence of 2 mM Ca2+, the extent of

LUV aggregation induced by wild-type ANXA2, ANXA2DNTD,

ANXA2S26E, and ANXA2S12E�S26E was similar, while the amplitude

of the turbidity change caused by ANXA2pY24 was 11-fold smaller

than that caused by native ANXA2 (Figure 5A, Table S3). Then we

repeated the titrations in the presence of S100A10 or S100A4

at saturating concentrations of 2 and 20 mM, respectively. Both

S100A10 and S100A4 restored the membrane-bridging activity

ofANXA2pY24 (Figure5B)anddecreased thehalfmaximal effective

concentration (EC50) of the NTD-containing ANXA2 variants from

about 300 nM to about 200 and 150 nM, respectively (Table S3).

Note that the LUV-bridging properties of ANXA2DNTD were not

affected by the presence of S100 proteins (Table S3), and neither

Tyr24 phosphorylation nor the Ser-to-Glu mutations affected

the LUV-binding capability of ANXA2 (Figure 5C).

We also investigated the effect of S100 binding on the Ca2+

dependence of ANXA2-mediated vesicle aggregation, which
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is known to be modulated by PKC phos-

phorylation or phosphomimicking amino

acid substitutions (Ayala-Sanmartin et al.,

2000; Johnstone et al., 1992). With

native ANXA2, the EC50 value of Ca2+

was about 160 mM, which increased

to 300 and 900 mM with ANXA2S26E and

ANXA2S12E�S26E, respectively (Figure 5D

and Table S4). Note that these results are

congruentwith those previously published

by Ayala-Sanmartin and colleagues

(Ayala-Sanmartin, 2001; Ayala-Sanmartin

et al., 2000). Phosphorylation of Tyr24

and N-terminal deletion did not alter

significantly the EC50 value of Ca2+ (Table

S4). Addition of both S100A10 and

S100A4 to NTD-containing ANXA2 vari-
ants decreased the average EC50 of Ca
2+ from about 400 mM to

50 and 200 mM, respectively (Figure 5E (Table S4)). Note that

even in the presence of S100A10 the EC50 values were in the

10 mM range, significantly exceeding the previously published

values (Ayala-Sanmartin et al., 2000; Drust and Creutz, 1988;

Johnstone et al., 1992). This differencemight derive from different

buffer conditions (pH, salt concentration, type of the reducing

agent), as well as from the different source and sequence of

the ANXA2 protein. Notwithstanding, we can conclude that, not

only the well-characterized ANXA2 binding protein S100A10,

but also the Ca2+-dependent S100A4 positively regulates the

membrane-aggregating property of ANXA2.

DISCUSSION

Regulation of ANXA2-Mediated Membrane Bridging by
Phosphorylation and Pseudo-Phosphorylation
It is well established that protein phosphorylation is the most

prevalent post-translational modification that regulates protein



Figure 6. Modulation of ANXA2-Mediated

Liposome Aggregation by Protein Phos-

phorylation and S100 Binding

(A) Conformational flexibility of the NTD increases

or decreases as a consequence of Ser26 phos-

phorylation by PKC (orange) or Tyr24 phosphory-

lation by c-Src (red), respectively.

(B) Upon Ca2+-dependent (yellow) membrane

binding, in contrast to ANXA2pY24, both ANXA2

and ANXA2pS12�pS26 adopt an open conformation;

however, presumably due to ionic interactions

between pSer and Arg side chains in repeat I,

ANXA2pS12�pS26 is blocked in an ‘‘autoinhibited

open state.’’

(C) Possible models of ANXA2-mediated mem-

brane bridging. The open conformation of native

ANXA2 enables self-association leading to the

crosslinking of two membranes (middle). S100

proteins restore at least partially the membrane-

bridging activity of ANXA2 variants. S100A10

(pink) could promote membrane aggregation

through its symmetric interaction with two ANXA2

chains. In turn, S100A4 (green) could act through

its asymmetric interaction with the full NTD, which

results in the exposition of the concave side of

ANXA2 restoring the membrane-bridging activity

of ANXA2pY24.
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function through conformational modulation (Groban et al.,

2006; Volkman et al., 2001). Here we demonstrated that, in

ANXA2, the phosphorylation of Tyr24 and the phosphomimetic

mutation of Ser26 (also the in silico phosphorylation of Ser26)

oppositely regulate the NTD flexibility and the CTD stability.

While Tyr24 phosphorylation stabilizes the interaction between

the C-NTD and the CTD, shifting the ANXA2 conformational

equilibrium toward the ‘‘closed’’ state, the Ser26Glu mutation

resulted in the detachment of the C-NTD from the CTD, the

conformation of which is referred to here as the ‘‘open’’ state.

These observations, taken together with the results of lipo-

some aggregation assays, point to an ANXA2 regulatory mecha-

nism as depicted in Figure 6. Even though the stability of ANXA2

is more affected by Ca2+ binding than by NTD phosphorylation,

and the NTD flexibility seems to be interrelated with the CTD

stability, the accessibility of the NTD to chymotryptic cleavage,

reflecting most directly the open-closed equilibrium, is prefer-

ably regulated by C-NTD phosphorylation (Table S1). These

data support the view that, in contrast to ANXA1, where Ca2+

binding is sufficient to induce an open conformation, the mech-

anism underlying ANXA2 activation relies on additional regulato-

ry events. Since native ANXA2, which probably adopts a closed
conformation in solution (Figure 6A),

aggregates liposomes, such an event

could be the membrane binding itself

(Figure 6B). Upon membrane binding,

ANXA2 is supposed to adopt an open

conformation, resembling the Ser26Glu

mutant state crystallized herein, which

allows the association of ANXA2 mole-

cules through their concave sides (Fig-

ure 6C). A conformational change occur-
ring upon membrane binding was suggested by Bellagamba

et al. (1997), who demonstrated that the c-Src-mediated Tyr24

phosphorylation is stimulated approximately 6-fold by phospha-

tidylserine-containing liposomes. We observed that S100A4

bound to ANXA2 variants 6-fold stronger in their LUV-bound

form (Table S2), also supporting the theory that ANXA2 adopts

an open conformation upon membrane binding. According to

previous studies and our results, the phosphomimetic mutation

at position 26 moderately affected the LUV-bridging activity of

ANXA2; however, when both Ser12 and Ser26 were mutated to

Glu (to mimic the hyperphosphorylated form of ANXA2), the

effective Ca2+ concentration of LUV aggregation increased by

almost one order of magnitude (Ayala-Sanmartin et al., 2000).

Based on our crystal structure of ANXA2S26E and the MD

simulation of ANXA2pS26, we propose a conceivable PKC phos-

phorylation-dependent inhibitory mechanism as follows. The

phosphorylation of Ser26 induces a conformational switch

resulting in the dissociation of C-NTD from the CTD and the

swapping of the Phe33 side chain to that of Tyr30 in the cavity

formed by the annexin repeat I. This latter, along with the ionic

interaction of pSer26 with Arg37 and Arg63 (Figure 2A), could

explain the negative effect of the single phosphomimetic at
Structure 25, 1–13, August 1, 2017 9
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position 26 on the Ca2+ sensitivity of vesicle aggregation.

Furthermore, this conformational rearrangement and membrane

binding could promote the formation of ionic interactions be-

tween the pSer12 phosphate group and the guanidine groups

of Arg77 and Arg78, leading to a fully ‘‘autoinhibited open state’’

in the hyperphosphorlyated ANXA2 (Figure 6B). Alternatively,

pSer12 may interact with Arg37 and Arg63, whereas pSer26

may form an ionic bond with Arg304. In any case, these interac-

tions could interfere not only with membrane crosslinking, but

also with the binding of S100 proteins. Since the hydration shell

of Glu is smaller than that of the phosphorylated Ser and bears

only a single negative charge, these ionic interactions should

be weaker in ANXA2S12E�S26E than in the PKC-phosphorylated

protein, which could explain the lower extent of inhibition

induced by the double phosphomimicking substitution than by

the effective PKC phosphorylation (Ayala-Sanmartin et al.,

2000; Johnstone et al., 1992). To confirm this hypothesis, further

high-resolution 3D structural works should be conducted with

ANXA2 phosphorylated at positions 12 and 26.

In contrast to the phosphomimicking mutations, Tyr24 phos-

phorylation almost totally inhibited ANXA2 function. Since we

demonstrated that the pTyr24 side chain clamps the C-NTD to

the CTD, a possible explanation for the tyrosine phosphoryla-

tion-mediated inhibition of LUV aggregation is that the concave

side of ANXA2, which is supposedly responsible for ANXA2-

ANXA2 interactions during membrane bridging, is masked by

the C-NTD in the membrane-bound form as well (Figure 6B).

Although both S100 paralogs restore the LUV-bridging activity

of ANXApY24, the underlying mechanisms are likely different. On

the one hand, S100A4 exerts its function through asymmetrically

binding the full NTD, which results in the exposure of the concave

side of ANXA2, consequently leading to membrane aggregation.

On the other hand, the S100A10 dimer binds symmetrically to

two ANXA2 chains through the N-terminal part of the NTD,

therefore it is able to crosslink the ANXA2-coated membranes

regardless of the phosphorylation state of the C-NTD (Figure 6C).

Alternatively, S100A10 dimers could bind to two ANXA2 mole-

cules residing at the same membrane surface, followed by

membrane crosslinking through the concave side of ANXA2mol-

ecules similar to the S100-unbound or S100A4-bound situation

as proposed by others (Menke et al., 2004; Waisman, 1995).

The latter model presumes the avid binding of S100A10 to the

membrane-bound ANXA2 molecules, consequently, the affinity

of membrane-bound ANXA2 to S100A10 should substantially

exceed that of the membrane-unbound ANXA2. Since we de-

tected only about a 6-fold increase in affinity, we support the first

model, which is also corroborated by the results of cryo-electron

microscopic studies carried out at physiological pH in the pres-

ence of Ca2+ (Illien et al., 2010; Lambert et al., 1997). Although

the binding of S100A10 to ANXA2 is not affected by Tyr24 phos-

phorylation, we suppose that the membrane-bound structure

of the heterotetramer is altered through the modulation of the

C-NTD-CTD interaction, which could result in the hindered

membrane-bridging activity of the heterotetramer at low Ca2+

concentration (Hubaishy et al., 1995). Notwithstanding, further

studies on membrane-bound ANXA2 structure should be

carried out to decipher the detailed mechanism of ANXA2 action

involving the interplay of Ca2+, protein phosphorylation, and

S100 binding.
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Differential Binding of S100A10 and S100A4 to ANXA2
According to our results, S100A4binds asymmetrically to ANXA2

with a moderate affinity in the micromolar range. Although the

asymmetric unit of the crystal structure of ANXA2-S100A4 com-

plex contained two ANXA2 chains, one of which formed a 1:1

interaction with an S100A4 subunit resembling the symmetric

structure of the ANXA2-S100A10 complex, the full NTD of the

other ANXA2 was wrapped around the S100A4 dimer (Figure 4).

Since we demonstrated that S100A4 bound to both free and

membrane-bound ANXA2 in an asymmetrical way, we conclude

that this S100A10-like interaction is likely a crystallization artifact.

Note that Streicher et al. (2009) extensively investigated the inter-

action of S100 proteins with ANXA1 and ANXA2 N termini, iden-

tifying S100A6 and S100A11 as binding partners, also with

micromolar affinities. However, they used annexin peptides

comprising only the N-terminal 14 residues instead of the full

NTD, hence they were unable to detect S100A4 binding to

ANXA2. Along similar lines, other ANXA–S100 interactions could

remain undiscovered, urging us to conduct binding studies using

the full NTD of a given annexin paralog.

To speculate about the possible role of different ANXA2-S100

protein interactions, it is important to keep in mind the following

considerations. First, S100A4 activation is Ca2+ dependent in

contrast to S100A10. Second, although the binding interface

of ANXA2 and S100A4 is more extended than that of ANXA2

and S100A10 (1,903 and 968 Å2, respectively), the complex

formation is much more favorable in the case of S100A10

(Kd
S100A10 = 13 nM and Kd

S100A4 = 5 mM). Consequently, the

ANXA2-S100A4 complex is not formed intracellularly at resting

Ca2+ concentration, as was proposed for the subnanomolar

interaction of S100A4with NMIIA (Badyal et al., 2011). Moreover,

if S100A10 is present, the amount of the ANXA2-S100A4 com-

plex would be negligible. However, in the extracellular milieu,

the Ca2+ concentration is not limiting, and S100A4 is thought to

exert its various physiological and pathological functions, espe-

cially in cases where this isoform is overexpressed, for example

in several different tumors (Boye and Maelandsmo, 2010; Bres-

nick et al., 2015). A possible physiological function for the

ANXA2-S100 complexes is the regulation of plasmin generation.

Plasminhasakey role in extracellularmatrix remodeling thuscon-

tributes not only to normal cellular differentiation, but also patho-

logical processes such as tumor cell invasion (Lu et al., 2011).

Both S100A4 and S100A10 positively regulate ANXA2-mediated

plasminogen activation through binding tissue plasminogen acti-

vator andplasminogen through theirC-terminal lysines (MacLeod

et al., 2003; Semov et al., 2005). Moreover, it has been demon-

strated that exogenously added S100A4 induced the transloca-

tion of ANXA2 to the surface of human primary endothelial cells,

which led to enhanced plasminogen activation and capillary-like

tube formation (i.e., angiogenesis) (Semov et al., 2005). If we

consider that cellular plasmin generation is regulated by a nega-

tive feedback mechanism involving the cleavage of the NTD (He

et al., 2011; Park et al., 2014), a remarkable functional impact

could be assigned to the asymmetric binding of S100A4 to

ANXA2. Namely, S100A4, binding the whole NTD, could protect

ANXA2 fromplasmin-mediated cleavage, resulting in an impaired

negative feedbackmechanism,whichcould alsocontribute to the

enhanced metastatic potential of S100A4-expressing can-

cer cells.



Please cite this article in press as: Ecsédi et al., Regulation of the Equilibrium between Closed and Open Conformations of Annexin A2 by N-Terminal
Phosphorylation and S100A4-Binding, Structure (2017), http://dx.doi.org/10.1016/j.str.2017.06.001
STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d CONTACT FOR REAGENT AND RESOURCE SHARING

d METHOD DETAILS
B Cloning, Protein Expression and Purification

B Protein Phosphorylation

B Fluorescent Labeling

B LUV Preparation

B Crystallization, Data Collection and Structure Determi-

nation

B Molecular Dynamic (MD) Simulations

B Limited Proteolysis (LP)

B Differential Scanning Fluorimetry (DSF)

B Fluorescence Polarization (FP) Assays

B Isothermal Titration Calorimetry (ITC)

B LUV Binding and Aggregation Assays

d DATA AND SOFTWARE AVAILABILITY

B Software

B Data Resources

ACCESSION NUMBERS

The atomic coordinates have been deposited in the PDB (www.pdb.org) under

the following accession numbers (PDB: 5LPU, 5LQ0, 5LQ2, and 5LPX).

SUPPLEMENTAL INFORMATION

Supplemental Information includes one figure and four tables and can be

found with this article online at http://dx.doi.org/10.1016/j.str.2017.06.001.

AUTHOR CONTRIBUTIONS

E.P., B.K., and G.G. designed research; E.P., B.K., L.R., K.K., I.L., N.J., G.S.,

and C.H. performed research; E.P., B.K., G.G., G.S., K.L, L.B., B.V., and G.K.

analyzed data; and B.K. and L.N. oversaw the research and wrote the paper.

ACKNOWLEDGMENTS

We thank Dr. András Patthy for in-house peptide synthesis, Dr. József Kardos
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Bacterial and Virus Strains

Bacteria: E.coli DH5a NEB Cat#C2987I

Bacteria: E.coli BL21(DE3) NEB Cat#C2527I

Bacteria: E.coli ArcticExpress Agilent Technologies Cat#230192

Chemicals, Peptides, and Recombinant Proteins

ANXA22-15 peptide This paper N/A

ANXA22-33 peptide This paper N/A

ANXA2 This paper UniProt: P07355

ANXA2 pY24 This paper N/A

ANXA2 S26E This paper N/A

ANXA2 S12E-S26E This paper N/A

ANXA2 DNTD This paper N/A

S100A4 This lab UniProt: P26447

S100A10 This lab UniProt: P60903

Tobacco etch virus (TEV) protease This lab UniProt: Q0GDU8

EphB1-KD (612-892) This paper UniProt: P54762

a-chymotrypsin Sigma-Aldrich Cat#C4129

Phosphatidylcholine Sigma-Aldrich Cat#P3556

Phosphatidylserine Sigma-Aldrich Cat#P7769

Cholesterol Sigma-Aldrich Cat#P8667

5-(Iodoacetamido)-fluorescein Sigma-Aldrich Cat#I9271

SYPRO Orange dye Sigma-Aldrich Cat#S5692

Deposited Data

Coordinates of ANXA2 Rosengarth and Luecke, 2004 PDB: 1XJL

Coordinates of ANXA2 S26E This paper PDB: 5LPX

Coordinates of ANXA2 pY24 This paper PDB: 5LQ0, 5LQ2

Coordinates of ANXA2 – S100A4 complex This paper PDB: 5LPU

Oligonucleotides

ANXA2 S26E forward:

CCAAGTGCATATGGGGAAGTCAAAGCCTATACT’

Sigma-Aldrich N/A

ANXA2 S26E reverse:

AGTATAGGCTTTGACTTCCCCATATGCACTTGG

Sigma-Aldrich N/A

ANXA2 S12E forward:

CGAAATCCTGTGCAAGCTCGCGTTGGAGGGTGATCAC

Sigma-Aldrich N/A

ANXA2 S12E reverse:

GTGATCACCCTCCAACGCGAGCTTGCACAGGATTTCG

Sigma-Aldrich N/A

ANXA2 DNTD forward:

cgtaggatccAACTTTGATGCTGAGCGG

Sigma-Aldrich N/A

ANXA2 DNTD reverse:

ctagctcgagttaGTCATCTCCACCACACAG

Sigma-Aldrich N/A

EphB1-KD forward:

tatcatatgAAGGAGATTGATGTATCTTTTGTG

Sigma-Aldrich N/A

EphB1-KD reverse:

tatggatccttaTGCCACAGTCTTGAGACTTG

Sigma-Aldrich N/A

Recombinant DNA

ANXA2 in pSE420 vector Tran et al., 2002 N/A

ANXA2 S26E in pSE420 vector This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

ANXA2 S12E-S25E in pSE420 vector This paper N/A

ANXA2 DNTD in modified pET15b vector (pBH4) This paper N/A

EphB1-KD in modified pET15b vector (pEV) This paper N/A

S100A10 in modified pET15b vector (pBH4) Biri et al., 2016 N/A

S100A4 in modified pET15b vector (pBH4) Kiss et al., 2012 N/A

Tobacco etch virus (TEV) protease in pTH24 vector van den Berg et al., 2006 N/A

Software and Algorithms

Coot Emsley et al., 2010 https://www2.mrc-lmb.cam.ac.uk/personal/

Phenix Adams et al., 2010 https://www.phenix-online.org

Refmac Murshudov et al., 1997 http://www.ccp4.ac.uk/html/refmac5.html

Pymol PYMOL http://www.pymol.org

Phaser McCoy, 2007 http://www-structmed.cimr.cam.ac.uk/
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PsiRed Buchan et al., 2013 http://bioinf.cs.ucl.ac.uk/psipred/

R.E.D Server Vanquelef et al., 2011 http://upjv.q4md-forcefieldtools.org/REDServer/

GROMACS 5 Abraham et al., 2015 http://www.gromacs.org/

Amber99sb-ildn force field Lindorff-Larsen et al., 2010 http://www.gromacs.org/Downloads/

User_contributions/Force_fields

GeneTools GeneTools http://www.syngene.com/genetools-software-

download

TIP3P explicit water molecules Jorgensen et al., 1983 N/A

Parrinello-Rahman algorithm Darden et al., 1993 N/A

Velocity rescale algorithm Bussi et al., 2007 N/A

Berendsen barostat Berendsen et al., 1984 N/A

Gibbs-Helmholtz equation Shih et al., 1995 N/A

Other

Fractogel EMD DEAE 650 (S) anion exchange resin Merck Cat#1.16888.0500

Phenyl Sepharose 6 Fast Flow GE Healthcare Cat#17-0973-05

HiTrap SP HP cation exchange column GE Healthcare Cat#17115101

Jupiter 300 C18 column Phenomenex Cat#00A-4053-E0

Avanti Mini-Extruder Avanti Polar Lipids Cat#610020

384-well microplates Corning Cat#3676

MicroAmp Fast 96-Well Reaction Plate Life Technologies Cat#4346906
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents should be directed to and will be fulfilled by the Lead Contact, László Nyitray (nyitray@

elte.hu)

METHOD DETAILS

Cloning, Protein Expression and Purification
Expression vector pSE420, encoding human ANXA2A66E (UniProt accession code: P07355) was a kind gift of Dr. Volker Gerke

(Tran et al., 2002). pSE420-ANXA2S26E and pSE420-ANXA2S12E-S26E constructs were produced using QuikChange mutagenesis.

The coding sequence of the deletion mutant ANXA2DNTD (residues 32-339) and the protein kinase domain of ephrin type-B receptor

1 (EphB1-KD, residues 612-892, UniProt accession code: P54762) were cloned after a tobacco etch virus (TEV) protease cleavable

His6-tag into the pET15b-derived expression vector pBH4 using BamHI and XhoI sites and pEV using NdeI and BamHI sites,

respectively. Human S100A4 and S100A10 (UniProt accession codes: P26447 and P60903, respectively) were cloned as described

previously (Biri et al., 2016; Kiss et al., 2012).
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Please cite this article in press as: Ecsédi et al., Regulation of the Equilibrium between Closed and Open Conformations of Annexin A2 by N-Terminal
Phosphorylation and S100A4-Binding, Structure (2017), http://dx.doi.org/10.1016/j.str.2017.06.001
ANXA2 variants and S100 proteins were expressed in Escherichia coli BL21(DE3) cells. Transformed cultures were grown in

Luria-Bertani (LB) broth supplemented with 100 mg ∙ml-1 at 37�C until the optical density at 600 nm reached 0.6. The protein expres-

sion was induced with 0.5 mM isopropyl b-D-1-thiogalactopyranoside (IPTG) at 37 �C for 3 h. In the case of ANXA2, ANXA2S26E and

ANXA2S12E-S26E the pelleted cells were disintegrated by ultrasonication in a buffer containing 20mMTris pH 8, 0.1mMEDTA, 0.1mM

Tris(2-carboxyethil)phosphine (TCEP) and 1mMPMSF. Cell lysate was clarified by centrifugation at 40,0003 g, and the supernatant

was applied to a Fractogel EMDDEAE 650 (S) anion exchange resin (Merck) equilibrated with lysis buffer. The pH of the flow-through

was adjusted with 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (Hepes) to 6.5, then applied to a HiTrap SP HP cation ex-

change column (GE Helathcare) to separate ANXA2 variants with a linear gradient of 30-500 mM NaCl in 20 mM Hepes pH 6.5,

0.1 mM TCEP. ANXA2DNTD and S100 proteins were purified by Ni2+-affinity chromatography using Profinity IMAC resin (Bio-Rad)

using 20mM Tris pH 8, 300 mMNaCl, 0.1 mM TCEP as a lysis and wash buffer. His6-tagged proteins were eluted with the lysis buffer

complementedwith 250mM imidazole. After cleavage of the His6-tag with TEV protease (van den Berg et al., 2006), ANXA2DNTD (car-

rying an extraneous, cloning related Gly-Ser at the N-terminus) and S100A10 (carrying an extraneous Gly-Ser-His) were separated by

cation exchange chromatography using HiTrap SP HP column at pH 6.5 and pH 6, respectively. S100A4 (carrying an extraneous Gly-

Ser-His) was applied to Phenyl Sepharose 6 resin (GE Healthcare), washed with 20 mM Hepes, 50 mM NaCl, 0.5 mM CaCl2, 0.1 mM

TCEP, and eluted with the wash buffer supplemented with 5 mM EDTA. The purified proteins were concentrated with Amicon Ultra

centrifugation filter units (Merck), equimolar amount of TCEP was added and stored at -70�C.
The catalytically active EphB1-KD was expressed in Escherichia coli ArcticExpress cells (Agilent Technologies). The protein

expression was induced with 0.1 mM isopropyl b-D-1-thiogalactopyranoside (IPTG) at 12�C for 20 h. The His6-tagged protein

was purified by Ni2+-affinity chromatography as described above followed by dialysis against 20 mM Tris, 150 mM NaCl, 0.1 mM

TCEP at 4�C. After addition of 10 % glycerol the purified protein was stored at -70�C.
N-terminal ANXA2 fragments ANXA22-15 (Acetyl-Ser2-Gly15-CONH2) and ANXA22-33 (Acetyl-Ser2-Phe33-CONH2) were synthe-

sized in-house by solid-phase techniques using an ABI 431A peptide synthesizer (Applied Biosystems) and standard N-(9-fluo-

renyl)-methoxycarbonyl chemistry and separated by reverse-phase HPLC on a Jupiter 300 C18 column (Phenomenex).

Protein Phosphorylation
1 mMEphB1-KD was added to 100 mMANXA2 in 20 mM Tris pH 7.5, 150 mMNaCl, 10 mMMgCl2, 200 mMATP, 1 mMMnCl2, 0.01%

Triton X-100, 1 mM TCEP buffer. The reaction mixture was incubated overnight at room temperature. After five-fold dilution in 20 mM

Hepes pH 6.0, the sample was applied to a HiTrap SPHP cation exchange column and separated with a linear gradient of 30-500mM

NaCl in 20mMHepes pH 6.5. Quantitative and selective phosphorylation of Tyr24was confirmed bymass spectrometry as described

previously (Pocsfalvi et al., 2007).

Fluorescent Labeling
ANXA2 protein variants and ANXA2 related peptides were labeled selectively at Cys9 with a 3-fold excess of 5-(Iodoacetamido)-fluo-

rescein (5-IAF, Sigma-Aldrich #I9271) in 20 mM Hepes pH 7.5, 150 mM NaCl, 1 mM TCEP buffer incubating the samples for 3 hours

in the dark at room temperature. The fluorescein-conjugated ANXA2 protein variants (referred as Fl-ANXA2) were separated from

the non-reacted dye by cation exchange chromatography. Labeling efficiency was determined by using molar extinction coefficient

3280 = 33,810 M-1 ∙ cm-1 for ANXA2, and extinction coefficients 3495 = 82,000 M-1 ∙ cm-1 and 3280 = 24,600 M-1 ∙ cm-1 for the fluo-

rescein moiety. Typical degree of labeling was 30-40%. The fluorescein-conjugated peptides were successfully separated from

both the non-reacted 5-IAF and the unconjugated peptide by RP-HPLC.

LUV Preparation
Lipid mixture containing 40% phosphatidylcholine (Sigma-Aldrich #P3556), 20% phosphatidylserine (Sigma-Aldrich #P7769) and

40%cholesterol (Sigma-Aldrich #P8667) were prepared in chloroform and then dried using nitrogen gas. Dried lipidswere rehydrated

to a total lipid concentration of 1 mM in 20 mM Hepes pH 7.5, 150 mM NaCl, 3 mM NaN3, and 0.1 mM TCEP buffer (Buffer L). After 3

cycles of vortexing and sonication in batch sonicator large unilamellar vesicles (LUVs) were generated by extruding the sample

through a polycarbonate membrane of 200 nm pore size using Avanti Mini-Extruder (Avanti Polar Lipids).

Crystallization, Data Collection and Structure Determination
Crystallization samples contained 350 mM ANXA2 variants and 800 mM S100A4 (monomeric concentration) in the case of ANXA2–

S100A4 complex in a buffer containing 10mMCaCl2 and 5mMTCEP. Crystallization was done in standard hanging drop vapor-diffu-

sion set-up at 20 �C, mixing the protein and the precipitant solutions in an equal volume. Crystals of ANXA2pY24 grew in solutions

containing 0.1 M MES pH 6.0, 0.1 M MgCl2, 4% PEG 6000 (structure A) or 0.1 M Tris pH 8.5, 10% ethanol (structure B). ANXA2S26E

and the ANXA2-S100A4 complex were crystallized using precipitant solutions consisting of 0.1 M Bis-Tris pH 6.0, 0.2 M ammonium

acetate, 5%PEG3350 and 0.1MBis-Tris pH 6.5, 0.2M ammonium acetate, 4%PEG4000, 1.5%glycerol, respectively. Crystals were

supplemented with 20% glycerol before flash cooling in liquid nitrogen. Data were collected on the PXIII beamline of the Swiss Light

Source (Villigen) at 100 K with a wavelength of 1 Å (Table 1). Data were processed with XDS (Kabsch, 2010). The phase problem was

solved bymolecular replacement (MR) in PHASER (McCoy, 2007) with a high resolution structure of S100A4 (Gingras et al., 2008) and

ANXA2 (Rosengarth and Luecke, 2004) as searchingmodel. Structure refinement was carried out in PHENIX (Adams et al., 2010) and

structure remodeling/building was done in Coot (Emsley et al., 2010) (Table 1). Crystal structures were deposited to the Protein Data
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Bank under the accession codes of 5LPU (ANXA2-S100A4), 5LQ0 (ANXA2pY24, structure A), 5LQ2 (ANXA2pY24, structure B) and 5LPX

(ANXA2S26E).

Molecular Dynamic (MD) Simulations
The starting MD models were generated using the crystal structure of the Ca2+-bound ANXA2 (residues 21-339; PDB ID: 1XJL) sup-

plemented with a disordered N-terminal segment (residues 2-20). Note that in the case of ANXA2pS26 the main chain conformation of

the C-NTD had to be altered in order to resolve atom clashes caused by in silico phosphorylation of Ser26 (Figure S1). Alternatively,

the MD simulation of ANXA2pS26 was carried out using the crystal structure of ANXA2S26E (residues 29-339) complemented with

residues 2-28 as a disordered N-terminal segment) as initial state. The disordered regions were pre-simulated using specific mod-

ifications (i.e. N-terminal acetylation, phosphorylation), then the prefolded states, with their secondary structure predicted on PsiRed

(Buchan et al., 2013), were attached to the corresponding ANXA2 ‘‘core’’. Parameters of modified amino acids were calculated on

R.E.D. Server (Vanquelef et al., 2011). Calculations were prepared and done with the GROMACS 5 program package (Abraham et al.,

2015). Amber99sb-ildn force field (Lindorff-Larsen et al., 2010) was applied along with neutralizing Na+ counter ions and numerous

TIP3P explicit water molecules (Jorgensen et al., 1983) filling a 10 Å spacing between the protein parts and the edges of the dodeca-

hedral simulation box. MD simulations were preceded by two-step minimization process and equilibration. In the first step a steepest

descent (sd) optimization was done, with the convergence threshold set to 103 kJ ∙ mol-1 ∙ nm-1. It was followed by a conjugate

gradient (cg) calculation with convergence threshold changed to 10 kJ ∙mol-1 ∙ nm-1. The optimized system was equilibrated under

NPT conditions for 10 ns. Position restraints were applied on solute heavy atoms with a force constant of 103 kJ ∙mol-1 ∙ nm-2 in all

optimization and equilibration steps. The lengths of productive simulations were 300 ns, with a time step of 2 fs. ANXA2-bound

calcium ions were restrained according to the crystal structures in all steps. Pressure was coupled with the Berendsen barostat (Be-

rendsen et al., 1984) during equilibration and with the Parrinello-Rahman algorithm (Darden et al., 1993; Nose and Klein, 1983; Par-

rinello and Rahman, 1981) during production, with coupling time constant of 0.5 ps, compressibility of 4.5 ∙ 10-5 bar-1 and reference

pressure of 1 bar. The velocity rescale algorithm (Bussi et al., 2007) was applied for temperature coupling, solute and solvent were

coupled separately with a coupling time constant of 0.1 ps to 300 K. Particle Mesh-Ewald summation was used for long range elec-

trostatics. Van der Waals and Coulomb interactions had a cut-off at 11 Å.

Limited Proteolysis (LP)
500 nM Fl-ANXA2 variants were mixed with 50 nM a-chymotrypsin (Sigma-Aldrich # C4129) in 330 ml Buffer L or in Buffer C (Buffer L

complemented with 2 mM CaCl2) in duplicates. The 30 ml samples, which were taken at different time intervals, were pipetted to the

20 ml of 1:1mixture of 53 SDS sample buffer and 1MHCl to ensure that the protease is inactivated immediately. 10 ml of each sample

was separated on 10% Tris-Tricine-SDS gel. The gels were digitalized with Gene Genius Bio Imaging System (Syngene) using

Dark Reader transilluminator (Clare) as a light source combined with an amber screen. Densitometric analysis was performed by

GeneTools software. Normalized density data were plotted against time and fitted to a single exponential function.

Differential Scanning Fluorimetry (DSF)
DSF experiments were carried out with StepOnePlus Real Time PCR System (Thermo Scientific) using MicroAmp Fast 96-Well Re-

action Plate (Life Technologies). Prior to the experiment 10 mM ANXA2 variants were mixed with the 1:1,000 diluted SYPRO Orange

dye (Sigma-Aldrich) in a ratio of 1:1 in Buffer L or in Buffer C. Measurements were performed in a reaction volume of 20 ml in triplicate.

The temperature ramp was 1�C ∙ min-1 over a temperature range of 25-80 �C. The fluorescence intensity was detected at every

1 �C interval. Melting curves were fitted according to the Gibbs-Helmholtz equation (Shih et al., 1995). DCp of unfolding was set

to 15 kJ ∙ K-1 ∙ mol-1 in accordance with Cooper who estimated that the contribution of a residue to DCp is approximately

0.05 kJ ∙ K-1 ∙ mol-1 in a globular protein (Cooper, 2000).

Fluorescence Polarization (FP) Assays
FP measurements were carried out using 50 nM Fl-ANXA2 fragments and variants (with or without 50 mM LUV) in Buffer C. The

change in FP values upon addition of S100 proteins wasmeasured in 384-well microplates (Corning #3676) in triplicate using Synergy

H4multi-modemicroplate reader. Data analysis was performed using the quadratic binding equation in direct titration experiments or

a competitive binding equation in competitive binding studies.

Isothermal Titration Calorimetry (ITC)
Titrations were carried out at 25 �C in 20 mM Hepes pH 7.5, 150 mM NaCl, 1 mM CaCl2 and 1 mM TCEP using a Microcal VP-ITC

apparatus. The first 2.5 ml injection was followed by 7.5 ml injections with a 400-second time interval between each injection. The

Origin for ITC 5.0 (OriginLab) software package was used for data processing and the model ‘‘One Set of Sites’’ was fitted.

LUV Binding and Aggregation Assays
LUV-binding of Fl-ANXA2 variants was investigated by liposome co-sedimentation assay. 500 nM Fl-ANXA2 was incubated for

15min at room temperature in Buffer C in the presence of increasing amount of LUV (total lipid concentration: 0-150 mM) in duplicates.

Liposomes were spun down by centrifugation at 30,000 3 g for 30 min. The supernatants were removed and mixed with 20 ml 43

SDS sample buffer. Then the pellets were resuspended in 70 ml 13 sample buffer. 10 ml of each sample was separated on 10%
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Tris-Tricine-SDS gel. The gels were digitalized as described above. LUV aggregation was detected by measuring the turbidity of

100 mMLUV solutions at 350 nmwith a path length of 1 cm. Titrations of LUVs with ANXA2 variants were done in triplicate. The exper-

imental data were fitted to the Hill equation.

DATA AND SOFTWARE AVAILABILITY

Software
Software used in this study has been previously published as detailed in the Key Resources Table

Data Resources
Coordinates and structure factors have been deposited in the Protein Data Bank under accession codes 5LPU, 5LQ0, 5LQ2

and 5LPX.
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