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ABSTRACT. S100 proteins are a group of EF-hand calcium-signaling proteins, many of which interact
with members of the calcium- and phospholipid-binding annexin family of proteins. This calcium-sensitive
interaction enables two neighboring membrane surfaces, complexed to different annexin proteins, to be
brought into close proximity for membrane reorganization, using the S100 protein as a bridging molecule.
S100A11 and S100A10 are two members of the S100 family found to interact with the N-termini of
annexins Al and A2, respectively. Despite the high degree of structural similarity between these two
complexes and the sequences of the peptides, earlier studies have shown that there is little or no cross-
reactivity between these two S100s and the annexin peptides. In the current work the specificity and the
affinity of the interaction of the N-terminal sequences of annexins Al and A2 with-SA400A11 were
investigated. Through the use of alanine-scanning peptide array experiments and NMR spectroscopy, an
approximate 5-fold tighter interaction was identified betweeA"€2100A11 and annexin A2-3 uM)
compared to annexin Al~(15 «M). Chemical shift mapping revealed that the binding site for annexin

A2 on S100A11 was similar to that observed for the annexin Al but with distinct differences involving
the C-terminus of the annexin A2 peptide. In addition, kinetic measurements based on NMR titration
data showed that annexin A2 binding to?G&100A11 occurs at a comparable ratelR0 s*) to that
observed for membrane fusion processes such as endo- and exocytosis.

The S100 proteins are a group of EF-hand calcium-binding two neighboring membrane surfaces to be brought into close
proteins involved in diverse calcium-signaling events such proximity for membrane reorganization in processes such
as regulation of protein phosphorylation, modulation of as vesiculation. For example, the complex between S100A10
enzymatic activity, and cytoskeletal dynamids 2). They and annexin A2 is involved in the distribution and fusion
are small, dimericp-helical proteins with each monomer processes of early endosomés¥), and a similar role has
consisting of a pair of EF-hand calcium-binding motifs. been proposed for the €aS100A11/annexin A1 complex
Structures of calcium-free and calcium-bound forms of (8). In some cases an S100 protein can interact with several
several S100 proteins have shown that a rearrangement ofmembers of the annexin family. In this manner, S100A6 has
the helices within each monomer exposes a hydrophobicbeen shown to interact with annexins A2+11), A5 (10),
patch on each side of the dimer, making interaction with A6 (9), and A1l (0, 12—16). In other cases a single annexin
two target molecules possible. The broad, shallow surfacecan interact with several S100 family members. Thus,
of this hydrophobic patch allows some of the S100 proteins, annexin A2 can form complexes with S100AK), S100A6
such as S100B, S100A1, and S100A6, to form complexes (9), and S100A1018—29). These observations raise many
with as many as 20 different target protei®s-@). In this intriguing questions regarding the St8&nnexin specificity,
manner the specificity of the S100 proteins parallels another binding affinity, and recognition. For example, how does the
calcium-binding protein, calmodulin, although they differ hydrophobic surface on the S100 protein recognize some
significantly in their target proteins and modes for protein annexin proteins while excluding others? How do the
recognition. To date, a variety of studies have shown that similarities and differences between the N-terminal sequences
several S100 proteins interact with members of the annexinof the annexins result in differences in interactions and
family of calcium- and phospholipid-binding proteins. For affinity for specific members of the S100 family?
this tetrameric complex, the S100 dimer acts as a bridge Initial insights into the specificity of the S16@Gnnexin
between two annexin molecules) (tilizing the N-terminal interaction have been provided by the crystal structures of
sequences of each annexin protein. This mechanism enable$100A10 and C&-S100A1% in complex with the N-
terminal regions of annexin A2L8) and annexin A130),
respectively. These two structures are very similar to each
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Ficure 1: Structural similarity of S100A10 and S100A11 in complex with annexin target peptides. (A) Ribbon representation of the
structure of apo-S100A10 bound to the N-terminal peptide of annexinl82 The helices of the protein are numberedV for one

monomer and'+I1V' for the second monomer. Two annexin A2 peptides (shown in pink) interact with the S100A10 dimer, bridging the
two monomers. The N-terminus of the peptide makes contacts with hedfxone monomer while the remainder of the peptide interacts

with the linker and helices Ill and IV of the other monomer. (B) Ribbon representation of the structuré'e8TC#0A11 bound to the
N-terminal peptide of annexin AB(Q). The annexin Al peptide interacts with the2G&100A11 dimer in a similar manner to the annexin

A2 peptide interaction with SI00A10. When superimposed, the two structures are virtually identical, having a backbone RMSD of 0.85 A.
(C) Sequence alignment of the N-terminal sequences of annexin Al and A2. Identical residues are indicated with asterisks, and hydrophobic
residues at matching positions are highlighted in cyan.

peptides (Figure 1). Despite these similarities previous vector (Amersham) using thblotl restriction site. GST-
fluorescence experiments have shown that annexin A2 doesS100A11 was overexpressedischerichia colstrain BL21-
not interact with C&-S100A11, and annexin Al will not  (DE3). The cells were growmil L of 2 x YT medium to
form a complex with S100A103Q, 31). This proposed an ODygs of 0.7, and expression was induced with 0.4 mM
specificity is surprising given the multiple interactions of IPTG. Cells were harvested, lysed using a French pressure
annexin A2 with other S100 proteins (described above). cell, and centrifuged at 38000 rpm for 90 min. The
Alternatively, an understanding of the molecular details of supernatant was applied to a phenyl-Sepharose column in
the interactions of Ca-S100A11 with these annexins might  buffer A (25 mM Tris, pH 7.5, 100 mM NaCl, 1 mM DTT,
provide a basis for the recognition and specificity of the S100 and 5 mM CaGJ) at 4°C. The GST-S100A11 binds to the
target protein interaction. In the current study, the specificity column due to a calcium-induced hydrophobic interaction
and affinities of interaction for the N-terminal sequences of of Ca&"-S100A11 with the phenyl groups. The column was
annexins Al and A2 with Ca-S100A11 were investigated.  extensively washed with buffer B (25 mM Tris, pH 7.5, 100
Through the use of peptide array experiments and NMR mM NaCl, 1 mM DTT, and 1 mM CagG) to remove other
spectroscopy, a surprisingly strong interaction was found proteins, and the GST-S100A11 was then eluted by removal
between C&-S100A11 and annexin A2 that was ap- of the calcium ions with buffer C (25 mM Tris, pH 7.5, 100
proximately 5-fold tighter than observed for annexin A1. mM NaCl, 1 mM DTT, and 1 mM EGTA). Fractions
Using chemical shift mapping, the binding site for annexin containing the protein were dialyzed against 50 mM KClI,
A2 on S100A11 was found to be similar to that observed pH 8.0, and then 3 mM KCI, pH 8.0. The protein was
for the annexin Al but with distinct differences involving subsequently lyophilized and confirmed by western blot using
the C-terminus of the annexin A2 peptide. Further, kinetic an anti-GST antibody (Sigma).
measurements using line shape analysis of NMR titration  Cloning and Purification of S100A11(CpSite-directed
data showed that annexin A2 binding to °G&$100A11  mutagenesis of S100A11 was performed to replace the
occurs at a comparable rate as observed for membrane fusiogysteine at position 9 with a serine to prevent protein
events, substantiating a role for this complex in processesoxidation. The pAED4-S100A11 plasmid was used as the
such as endo- and exocytosis. template DNA in the QuikChange site-directed mutagenesis
kit (Stratagene). The resulting S100A11(C9S) plasmid was
EXPERIMENTAL PROCEDURES transformed intcE. coli strain BL21(DE3) for expression.
Cloning and Purification of GST-S100AIlhe pAED4-  For uniformly **N-labeled S100A11(C9S), the cells were
S100A11 vector (pET-derived vector) used to express grown in M9 minimal media with®®NH.CI as the sole
S100A11 for NMR and calorimetry experiments was a nitrogen source. FGPC,'"*N-labeled protein,'fC]glucose was
generous gift from Dr. Michael Walsh (University of used as the sole carbon source. The proteins were expressed
Ca|gary)_ To construct GST_tagged S100A11, used for and purified as described above for GST-S100A11.
peptide array experiments, the S100A1l sequence was Peptide Array Experiment®eptides were synthesized on
removed from this vector and inserted into a pGEX-6P-1 a cellulose membrane using an Auto-Spot Robot ASP 222
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(Abimed) based on Fmoc chemistry. Peptides of the wild- Changes in chemical shift were mapped to the surface
type sequences for annexin A1 (AMVSEFLKQAWFID) and of C&"-S100A11 using MacPyMOL (http://delsci.com/
annexin A2 (STVHEILSKLSLEG), alanine-scanning mu- macpymol/).
tagenesis of each amino acid in both peptides, and reverse NMR Titration ExperimentsFor the titration of C&'-
sequences of the annexin Al and A2 peptides were generatedS100A11(C9S) with the annexin A2 peptide, an NMR
The C-termini of the peptides were covalently attached to sample of S100A11(C9S) and 5 mM CaGkas used.
an alanine anchor group on the membrane, and the freeAnnexin A2 peptide was added from a stock solution that
N-termini were acetylated using acetic anhydride. After was prepared by dissolving 1.48 mg of peptide in GQ®f
synthesis the dried membrane was first incubated in anhy-4 mM MOPS buffer, pH 7.25, and 10 mM KCI. The peptide
drous ethanol. Water was gradually added to the membranesolution was adjusted to pH 7 to neutralize the charge and
to hydrate the peptides and then washed twice in water for lyophilized. The dried peptide was dissolved in @0 of
5 min each to remove any residual ethanol; all washes and90% HO/10% DO with 0.05% sodium azide. Final
incubations were performed at room temperature with S100A11(dimer) and annexin A2 concentrations were de-
agitation. The membrane was then washed twice with washtermined by triplicate amino acid analysis to be 146.8.5
buffer [20 mM Tris-HCI, pH 7.6, 137 mM NacCl, 0.1% (v/  uM and 7.6+ 0.5 mM, respectively, performed at the Alberta
v) Tween 20, and 1 mM Caglfor 10 min each. The  Peptide Institute (Edmonton, Alberta, Canada). The peptide
membrane was incubatedrf@ h in binding buffer [wash was added in 1 or ZL increments for 17 additions to a
buffer with 5% (w/v) sucrose] with 10 nM GST-S100A11. peptide concentration of 368V, and a final addition of 8
The binding buffer was removed, and the membrane wasulL was added to a peptide concentration of 469. The
rinsed twice with wash buffer and washed twice for 5 min sample was mixed carefully after each addition during the
and once for 10 min. The membrane was blocked overnight titration and equilibrated for at least 15 min. The total volume
at 4 °C in blocking buffer (wash buffer with 1% BSA). increase of the NMR sample was 3iL (6%). 'H—'5N
Rabbit anti-GST antibody (Sigma) was diluted 1:2000 in HSQC spectra were collected at each point in the titration,
blocking buffer and incubated with the membrane for 1 h. using 1024 complex points in th#d dimension and 64
The membrane was washed as described above and theincrements in thé®N dimension. Peaks that underwent fast
incubated fo 1 h in blocking buffer with anti-rabbit IgG  exchange were monitored for change in chemical shift after
alkaline phosphatase linked antibody diluted by 1:10000. The each addition and fit according to the equation [RL[1/
membrane was washed again as above. Antibodies were2){ (Pt + Lt + Kg) — [(Pr + Lt + Kg)2 — 4P:L{]Y3, where
detected by ECF reagent as described in the product manualPL] is the concentration of the compleR; is the total
for western blotting (Amersham). Spots were visualized using protein, Lt is the total ligand, an&y is the dissociation
a Bio-Rad Fluor-S Multiimager at a wavelength setting of constant. For the intermediate exchange data, the spectra were
530 nm, an aperture setting of 4, and exposure time of 1.5processed by zero filling to 4096 points in thé¢ dimension
S. and using exponential weighting to produce Lorentzian
Peptide Synthesi§he annexin A1 (AMVSEFLKQAW- Gaussian line shapes. One-dimensional traces through peaks
FIDNEERR) and A2 (STVHEILSKLSLEGD) peptides were  were fit with the line shape equation for two-site exchange
synthesized using solid-phase peptide synthesis employingdescribed by Hahn, Maxwell, and McConnell (HMM) and
the Fmoc chemistry strateg®4). The annexin Al peptide  Sutherland §9—41) that describes the off-ratek) and
included a C-terminal NEERR sequence to improve solubil- dissociation constant as a function of observed chemical
ity. The N-termini of the peptides were acetylated. Purifica- shifts and line widths for the free and bound peaks. Both
tion by C18 reversed-phase HPLC was followed by lyo- the fast and intermediate exchange data were fit using the
philization and verification by mass spectrometry. The global fit option in Prism 4 for Mac OSX (GraphPad
calculated molecular masses for the acetylated annexin AlSoftware). For fast exchange data, a shared dissociation
and A2 peptides were 2411.68 and 1669.81 Da, respectively,constant was determined through fitting of six different data
and the observed values were 2411.49 and 1668.86 Da. sets to a common curve. For intermediate exchange data,
NMR SpectroscopyExperiments were performed on a shared values dfu, or ko and Ky, were determined from
Varian INOVA 600 MHz spectrometer equipped with a pulse simultaneous fitting of multiple traces acquired from the
field gradient triple resonance probe and collected &35 titration data.
All NMR samples contained 10%40, 50 mM KCI, 5 mM Isothermal Titration CalorimetryThe association constant
DTT, 20 mM MOPS buffer at pH 7.25, and 331 DSS as of the annexin Al peptide to €aS100A11(C9S) was
an internal standard. For the NMR sample of apo-S100A11- determined by measuring the heat of reaction during the
(C9S) the protein concentration was 250 (dimer). For titration of the protein into the peptide solution. The
the collection of multidimensional NMR experiments, an experiments were performed using a Microcal VP-ITC
initial 1 mM apo-S100A11(C9S)(dimer) sample was used microcalorimeter (Microcal Inc.). For the titration, a sample
after which additions of 10 mM Cagland then 2 mM of 171uM dimeric C&t-S100A11(C9S) in 50 mM Tris, 0.2
annexin A2 peptide were made for the calcium- and peptide- mM EDTA, and 5 mM CaGlat pH 7.3 was dialyzed for 24
bound samples of the protein, respectively. The pH of the h against 50 mM Tris, 0.2 mM EDTA, 5 mM Cag£knd 50
sample was adjusted to 7.25 after each addition. To facilitatemM KCI, pH 7.3, at 4°C, and the annexin Al peptide was
sequential assignment of the polypeptide backbone, HNCA dissolved in the last dialysis buffer. Protein and peptide
(33, 34), HNCACB (35), and CBCA(CO)NH 86) NMR solutions were degassed under vacuum prior to each titration.
experiments were collected and assigned for the calcium-Titrations consisted of 1@L injections of 171uM Ca?*-
and peptide-bound forms of the protein. Data was processedS100A11(C9S)(dimer) into a 1.43 mL cell containing:av
using NMRPipe 87) and analyzed using NMRView38). annexin Al peptide. Base line correction was performed by
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manually selecting the peak areas for integration. The A  Annexin A1

ﬁi
“ 9

dissociation constanKg) was obtained by fitting the data

to a one-site model using Microcal Origin Software. Protein
and peptide concentrations were determined by using the
content of alanine and leucine from triplicate amino acid
analysis performed at the Alberta Peptide Institute (Edmon- Annakin A2
ton, Alberta, Canada).

" 2

RESULTS

The three-dimensional structures of N-terminal peptides
from different annexin proteins complexed with two different
S100 proteins are available (Figure 1). Crystal structures of
S100A10 with annexin A21@) (Figure 1A) and C&- =12
S100A11 with annexin A130) (Figure 1B) reveal that the
structures, including the annexin peptides, are highly similar
to one another, having a backbone RMSD of 0.85 A. The
major difference between these two complexes is that 2
S100A11 is in the calcium-bound state while S100A10 is & °
metal-free due to mutations in both calcium-binding loops
that eliminate its ability to bind calcium. Nevertheless, both
S100 proteins bind two annexin peptides per dimer, each
one interacting with residues in the cleft formed by helices @
I, lll, and IV and the linker. Further, the annexin peptides
form amphipathic helices when in complex and possess three
identical residues at positions Val3, Glu5, and Leu7 and
conserved hydrophobes at positions Phe/lle6 and Phe/Leu12FIGURE 2: Peptide array of annexin Al and A2 peptides. (A)

. ol il artiae epresentative peptide array of 14-mer sequences from annexins
Despite these structural and sequential similarities, it has beerﬁ1 and A2 covalently bound to a cellulose filter. The filter was

observed that the N-terminal annexin Al peptide does notincypated with 10 nM GST-S100A11(dimer) in the presence of 1
bind to S100A10§0, 31) and is specific for SI00A11. Thus  mM CaCh. Bound protein was detected by anti-GST antibody and
the S100A10 and S100A11 interactions with the N-terminal chemifluorescence. Alanine scanning mutagenesis was used to

i i i generate an array of peptide sequences of annexins Al (Ac-
examine the target speciicty and afiiies for these $100 AMVSEFLKOAWFID) and A2 (Ac STVHEILSKI L EG) Each
g P y spot is labeled either WT for wild-type sequence, the residue, and

proteins. position of the alanine mutation or REV for the reverse sequence
Binding and Specificity of Annexins Al and A2 to Ofthe peptide. (B) Histogram of the spot intensities measured using
S100A11Peptide array experiments were used to examine 'MageJ software (NIH). Each bar represents the intensity of a given
he i . b & d inal spot as a fraction of the total intensity of all of the spots. The solid
the interactions between €aS100A1l and N-terminal g5y jines indicate the average intensities, and dotted gray lines
peptide sequences of annexin Al and A2. In this experimentare shown at one standard deviation from the average of the WT
peptides were directly synthesized on a cellulose membraneannexin A1 and A2 peptides at 2 1.0 and 2.3+ 1.3,
and then probed with the GST-S100A11 protein in the respectively. These experiments were done in duplicate with similar
presence of calcium. Along with wild-type peptide sequences, "6Sults (data not shown).

alanine-scanning mutagenesis of the regions was used to

Identlfy important residues in the interactions. Residues that sequences, were repeated in trip“cate to give some idea of
were particularly important for the interaction at the the variation between peptide spots (indicated by a dashed
SlOOAll—peptlde interface resulted in diminished b|nd|ng line in Figure ZB) When Comparing b|nd|ng efficiency, we
by C&*-S100A11 upon alanine substitution. Peptides were focused on peptides that provided intensities outside the range
identical lengths and were N-acetylated as this is a require-exhibited by the wild type (i.e., outside the dashed lines in
ment for the annexinS100 interactionX9, 26). Although Figure 2B). In addition, a duplicate peptide array experiment
the GST moiety might potentially interfere with peptide provided nearly identical trends (data not shown). As shown
binding, we rationalized this would be a consistent contribu- by the last spots in each array, both the annexin A1 and A2
tion for all peptides studied. Further, the GST was linked to reverse pept|de Sequences (REV) interacted poor'y with the
S100A11 by an eight-residue linker that should displace it 5100A11, indicating the direction of the sequence is critical
from any known binding site on S100A11. for correct binding. Compared to the average intensity of
The annexin Al and annexin A2 peptide membranes arethe native peptides (WT), the alanine-substituted peptides
shown in Figure 2A, each square containing an individual of both annexin A1 and A2 showed varied degrees of
peptide sequence. Each array was probed with GST-S100Allintensity (Figure 2B), indicative of stronger or weaker
in the presence of calcium, and peptide binding was detectedbinding to C&™-S100A11, outside the range shown by the
using anti-GST and ECF fluorescence. The array shows thatwild-type peptide binding. Two peptides from annexin Al
the wild-type (WT) sequences of annexin Al and A2, (M2A, S4A) and annexin A2 (T2A, H4A) having alanine
respectively, both exhibit moderate fluorescence of similar substitutions at similar positions showed increased binding
intensity, indicating that Ca-S100A11 binds to both annexin  to C&"-S100A11 compared to the wild-type annexins. This
Al and A2 with roughly similar affinities. These spots, or could arise from the substitution of a polar amino acid with

tal Intensity &

=]

ercentage

L—— Annexin A1 ———— Annexin A2 ———!
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a small hydrophobic residue that might improve peptide experiments were used. These experiments allowed the
protein contacts. For example, both Met2 and Ser4 areresidues of the S100A11 protein involved in peptide interac-
positioned to make contacts with residues in helitlé14') tions to be identified and compared to residues important
and helix IV (Phe91) and the linker region (Ala45, Asn49), for the annexin Al interaction. Our experiments utilized a
respectively, based on the €eS5100A11/annexin Al crystal  modified form of S100A11 where Cys9 was replaced by
structure. Alternatively, the alanine substitutions at positions Ser9, S100A11(C9S). This was done to alleviate oxidation
2 (M2A, T2A)) and 4 (S4A, H4A) might act to promote the of S100A11, especially during calcium additions that lead
coil—helix transition and stabilize the-helical structure of  to heterogeneous doubling of peaks in NMR spectra, even
the annexin peptide when bound to S100A11. in the presence of DTT as a reducing agent. This was likely
In addition to the similar response at positions 2 and 4, due to a population of the protein forming a Cy<Qys9
the peptide array experiment showed diminished signals atintermolecular disulfide bond that has been observed in the
position 6 (F6A, 16A) and especially position 7 (L7A) crystal structure of Ca-S100Al1l/annexin A130). The
indicative of reduced interactions with £€aS100A11 with resulting S100A11(C9S) mutant had better spectral proper-
both annexins Al and A2 upon alanine substitution. This is ties, providing homogeneoubl—**N HSQC spectra where
consistent with the CGa-S100All/annexin Al structure chemical shift changes could be easily monitored.
which shows that Phe6 makes contact with the side chains The H—!N HSQC spectra of Ca-S100A11 in the
of residues in helix IV (Cys87 and Ser90) while Leu7 absence and presence of the annexin A2 peptide are shown
interacts with helix 1 (Glu7 and lle10) of one monomer, in Figure 3. There are a large number of chemical shift
and the linker (Leu43, Ala45, and Phe46) and helix IV changes of the amide peaks when the two spectra are
(Leu83 and Cys87) of the other monomer. In a®Ga  compared, indicating that the annexin A2 peptide is binding
S100Al11/annexin A2 complex, comparison with the S100A10/ to the calcium-bound form of S1I00A11. In contrast, addition
annexin A2 structure shows that lle6 and Leu7 would make of excess annexin A2 peptide to apo-S100A11 resulted in a
nearly identical contacts, while lle6 has additional contacts *H—'*N HSQC spectrum (see Figure S1 in Supporting
with Phe90 in helix IV. Information) that was nearly identical to the apo-S100A11
The largest differences between the binding of the annexin spectrum alone4Q). This shows that annexin A2 does not
Al and A2 peptides to C&S100A11 was found at positions  bind to the apoprotein. Further, it indicates that calcium
3 and 10. For annexin Al the V3A substitution made little binding to S100A11 is required to expose residuéd) (
difference to the binding whereas a significant decrease wasimportant for the annexin A2 interaction that, like annexin
observed for the V3A annexin A2 peptide, a similar result Al, binds to S100A11 in a calcium-sensitive manner.
to that previously observed for the interaction of annexin  To locate the binding site for annexin A2, backbone
A2 with S100A10 26). The array also showed that annexin assignments of S100A11 in the calcium- and annexin A2-
A2 could not tolerate a substitution to alanine at position 10 bound forms were completed using triple resonance NMR
(L10A) where binding is significantly reduced. In contrast, techniques. Of the 97 non-proline residues in the protein,
position 10 is naturally occupied by alanine in annexin A1 93 were assigned for €a&S100A11 and 94 for Ca-
in the wild-type sequence. These results clearly indicate thatS100A11/annexin A2 (Figure 3). Analysis of the backbone
positions 3 and 10 must be occupied by larger hydrophobic assignments of the calcium- and peptide-bound forms of the
residues in annexin A2 but can accommodate smaller S100A11 showed that several of tHe—°N HSQC peaks
hydrophobic residues for annexin Al for binding to’Ga exhibited changes in position when the peptide was added
S100A11. to the NMR sample. However, residues that exhibited
Enhanced binding for KBA and W11A of annexin A1 to chemical shift changes greater than the mean change (0.17
Ca*"-S100A11 was observed. Since Lys8 does not directly ppm) were restricted to residues in helix | (ThrArg8,
interact with the S100 protein, the increase in binding may Serl12-Phel7), the linker (Asn40, Glu42.ys51), and helix
be a result of decreasing hydrophobic side ch#@H,- IV (GIn74, Leu771le80, Leu83-Val85, Cys87His88,
BCH,) exposure, making the system more entropically Phe91-Ala94) of C&"-S100A11l. These residues were
favorable. The increased binding of W11A is surprising given mapped on the surface of the structure of'€8100A11 to
its interactions with Phe46, Val55, and GIn50 in theeGa produce a binding surface for the wild-type annexin A2
S100A11/annexin Al complex. Since the more substantial peptide (Figure 4).
of these contacts are made by TrgdQH,, it may be that It is clear from this analysis that there are strong similari-
substitution by alanine can preserve these interactions. Theties between the binding surface for the?G&100A11/
extreme C-termini of annexin Al and annexin A2 are annexin A2 complex and those observed in the?'€a
affected differently by alanine substitution. For example, in S100Al11l/annexin A1 and S100A10/annexin A2 structures,
annexin Al the F12A and D14A peptides have decreasedrespectively (Figure 4). For example, the major cleft used
affinity for Ca2*-S100A11 whereas E13A and G14A sub- by both S100A10 and S100A11 for annexin A2 and Al
stitutions in annexin A2 have increased binding. These binding is preserved in the annexin A2 surface used By-Ca
residues are not observed in the crystal structures of eitherS100A11. In addition, annexin A2 adopts arhelical
S100/annexin complext8, 30). structure comprising residues VatAspl4 (see Figure S2
Identification of Binding Surfaces and Conformation for in the Supporting Information), the similar structure used
the Annexin A2 PeptideThe peptide array experiments by annexin Al upon binding to €a&S100A11. When the
identified that the N-terminus of annexin A2 interacts with annexin A2 peptide is modeled as @thelix on this surface
S100A11 in a calcium-sensitive manner. In order to identify and subjected to steepest descents energy minimization, it
the location of the annexin A2 binding surface on the shows interactions for residues lle6 with Cys87 and Ser90,
structure of C&-S100A11, chemical shift perturbation Leu7 with Leu43, Ala45, Phe46, and Leu83, and Leul0 with
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Ficure 3: H—15N HSQC spectra of calcium-bound and calciupeptide-bound S100A11. (AH—1N HSQC spectrum of 1 mM S100A11-
(dimer) in 10 mM CaGl. (B) *H—5N HSQC spectrum of 1 mM S100A11(dimer) and 2 mM annexin A2 peptide (Ac-STVHEILSLKQLEGD)
under identical conditions as in (A). Both samples also contained 50 mM KCI, 20 mM MOPS buffer, 5 mM DTT, and,@0%0% D;O
at pH 7.25. Peaks are labeled according to their one-letter amino acid code and residue number. Boxes indicate peaks that are visible at a
lower contour level. Tie lines indicate pairs of Midorrelations for Asn and GIn residues (not assigned). Spectra were collected on a
Varian 600 MHz spectrometer at 3& using DSS (0 ppm) as the internal standard.

Phe46, Leu83, Alag6, and Ser90 inC&100A11 (Figure and lifetime. The affinity of annexin Al for S100A11 was
4C,D). In this model residues lle6 and Leu7 in annexin A2 measured by isothermal titration calorimetry by adding'€a
have either identical or similar contacts as those observedS100A11 (10uL increments) to an annexin Al peptide
for S100A10. This substantiates the importance of these solution. Fitting of these data to a single-site binding model
residues observed in peptide array experiments. provided a dissociation constant of 15:20.4 uM, similar
Differences occur for interactions at the C-termini of the t0 & previous report that showed the binding of annexin Al
annexin Al and A2 peptides with SI00A10 and S100A11. to C&*-S100A11 had &q ~15uM (44).
In the energy-minimized C&-S100A11/annexin A2 model The dissociation constant for the interaction of?Ga
(Figure 4C,D) LeulO in annexin A2 makes contacts with  S100A11 with annexin A2 could not be determined by
Phe46, Leu83, Ala86, and Ser90. This correlates well with calorimetry due to small observed changes in the heat of
the decrease in binding of annexin A2 t02G&100A11 reaction, leading to inaccurate measurements. Instead, this
observed for the L10A substrate in our peptide array dissociation constant was determined through titration of the
experiments. In contrast, these contacts are not possible forannexin A2 peptide into a sample of £&5100A11 and
annexin Al where position 10 is occupied by a much shorter monitoring this by NMR spectroscopy. The resultitig—
alanine side chain. In annexin Al, the Trpll and Phel2 15\ HSQC spectra indicated that most residues broadened
positions likely facilitate binding to S100A11 via interactions and disappeared during the titration and then reappeared later
with Phe46, Val55, and Met59 (Figure 4A) that do not exist on, indicative of intermediate exchange on the NMR time
in the annexin A2 complexes (Figure 4B,C). Oddly, we scale. Included in this group was Leu43, which changed
observed only a modest chemical shift change for residuesignificantly in both'H andN chemical shift and seemed
lle10 in C&*-S100A11 upon annexin A2 binding. This is  to undergo pure intermediate exchange, with the initial peak
surprising since this residue is tightly associated with Val3 proadening and disappearing into the noise of the spectrum
in annexin Al in the C&-S100Al11/annexin Al structure. halfway through the titration. For this residue, tAed
Since our peptide array experiments showed that Val3 is frequency difference between the free and bound peaks was
important in the annexin A2 interaction with €aS100A11, about 150 Hz, indicating the off-rate wasl50 s'. Using
we feel the small Changes in chemical shift observed for lle10 this koff as an estimate, close examination of the spectra
during annexin A2 binding are a result of its deeply buried showed a few resonances such as Ala21, Lys23, Glu34,
amide that is hydrogen bonded to Thr6 in helix | and is Met39, Asn66, and Asp72 that shifted ky150 Hz, with
insensitive to annexin A2 binding. smaller effects on peak intensity (Figure 5A). For each of
Annexin A2 Has Tighter Binding to €aS100A11 Than these residues the normalized change in chemical shift for
Annexin A1While both the peptide array and chemical shift each point in the titration was plotted versus peptide
perturbation experiments indicated calcium-specific binding concentration, and all six sets of data were globally fit to
of annexin A2 to S100A11, it was important to determine determine a dissociation constant of 33 0.6 uM for
that this interaction occurred at a biologically relevant affinity annexin A2 binding to Ca-S100A11 (Figure 5B).
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Ficure 4: Binding surfaces for annexin A1 and A2 onZ€&100A11. (A) Surface representation of the structure éf€3100A11 bound

to annexin Al. The S100A11 residues whose side chains arenvéti of theannexin Al peptide are shaded in blue. The annexin Al
peptide is shown as a stick model. (B) Surface representation of the structure of SI00A10 bound to annexin A2 using the same criteria as
in (A). (C) A model of the C&"-S100A11/annexin A2 complex. This model was generated by superimposing the structures df'the Ca
S100A11/annexin A1 and S100A10/annexin A2 complexes, followed by the removal of the S100A10 protein and annexin Al peptide. The
resulting complex of Cd-S100A11/annexin A2 was then subjected to energy minimization for all residues in the annexin peptide and alll
residues in the S100A11 structure where significant chemical shifts were observed in the NMR titration. Residues that changed in chemical
shift greater than the average change in chemical shift of 0.17 ppm upon peptide binding are highlighted in magenta. Residues Pro3
Ser90 are shaded in purple due to the lack of an amide proton or missing assignment, respectively. (D) Energy-mimm&ea0a4 1/

annexin A2 model showing the interactions of side chains at positions lle6, Leu7, and Leul0 in annexin A2 (gray helix, pale blue side
chains) with residues in €&S100A11 (magenta helices, cyan side chains). This orientation was created by horizontally rotating the structure
shown in (C) by approximately 90Residues are labeled according to their one-letter amino acid code and residue number (rabbit S100A11
sequence).

In addition to the dissociation constants for the S100A11/ target, annexin Al. Further, the dissociation constants for
annexin complexes, the lifetime of the T&100A11/ annexin Al (15.2+ 0.4 uM) and A2 (3.3+ 0.6 uM) with
annexin A2 complex= 1/ko) was determined from the  Cg+-S100A11 are in the same range as observed for other
NMR ftitration data. Using the calculated value for tl¢ 5100 complexes. For example, dissociation constants for
(Fl_gure_ 5B), the mterme_dlate exchange NMR data were fit S100-peptide complexes such as 027.03uM for Ca2*-
using line shape analysis to determine valueskiprone- g1 00p/TRTK-12 45), 23.5+ 6.6 «M for C&2*-S1008/p53
dimensional traces in thél dimension through the free and (46), and 1.6 mM for,SlooAG/annexin A11G) association

bound peaks at each titration point (Figure 6A,D) were h b ousl d Itis int ting that earli
generated to obtain the experimental line shapes of the peaks, ave been previously measured. 1t 1S interesting that earlier

This was done for Leu43 (Figure 6B), and the traces were fluorescence experiments uncovered only nonspecific inter-
globally fit (Figure 6C) to give a value fok of 124.6+ actions bgtween C&S100A11 anq an anpexin A2 peptide
7.3 .. A similar approach for residue Gly69 that appeared labeled with Prodan at Cys8@). It is possible that the use
to undergo fast-intermediate exchange (Figure 6D) provided of this fluorescent tag perturbed the S100Al1l/annexin A2

a ko of 123.6+ 6.4 s (Figure 6E,F). interface, making an interaction difficult to observe. Indeed,
our results show that position 8 in annexin Al is sensitive
DISCUSSION to substitutions for S100A11 binding. Nevertheless, itis clear

In the current study, a new interaction between the from the current work that both N-termini of annexins Al

N-terminus of annexin A2 and €a2S100A11 was identified  @nd A2 interact with S100A11 in a calcium-sensitive manner.
using peptide array and NMR experiments. The results This places S100Al1l in a group of S100 proteins that
indicate that the affinity of Ca-S100A11 for annexin A2  includes S100A147, 48) and S100A6%—16) that have been

is nearly 5 times stronger than that of a previously identified shown to interact with multiple annexin proteins.
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FiIGURE 5: Titration of C&"-S100A11 with annexin A2 peptide. (A) An overlay from tHe¢—1N HSQC spectra showing the effect of
titrating the annexin A2 peptide into 14681 Ca?*-S100A11(dimer). Small aliquots of the annexin A2 peptide were added to a sample

of C&"-S100A11, andH—°N HSQC spectra were collected at each point. Lys23 is an example of a residue that is near the fast exchange
limit, where the peak changed only in chemical shift and minimally in line width. The arrow indicates the direction of peak movement
during the titration from 0 to 46@M annexin A2 peptide. (B) Normalized plot of chemical shift changyé)(versus peptide concentration

for fast exchanging residues. The six data sets for Alad1l(ys23 @), Glu34 (¢), Met39 ), Asn66 (n), and Asp72 k) were globally

fit to determine a common dissociation constaff £ 3.3+ 0.6 uM, 95% CI 2.2-4.5uM) with the lowest total sum-of-squares residual.
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FiIGURE 6: Line shape analysis of intermediate exchanging peaks. (A, D) Overlays of regions f-theN HSQC spectra from the

annexin A2 titration into C&-S100A11. In (A), Leu43 undergoes intermediate exchange where the peak broadens and disappears during
the titration and then reappears in the new position. In (D), Gly69 is an example of fast-intermediate exchange, where the peak changes in
chemical shift during the titration and also broadens without completely disappearing. In both cases the arrow indicates the direction of
peak movement at increasing annexin A2 concentration. (B, E) One-dimen&ibti@ces through the Leu43 and Gly69 peaks at each
titration point. (C, F) Line shape analysis of the traces shown in (B) and (E). Each series of peaks was globally fit to determine a value for
the off-rate ko) of the C&t-S100A11/annexin A2 complex. The fits yieldkg = 124.64 7.3 s1 (95% CI 110.4-139.0 s?) for residue

Leu43 andkys = 123.6+ 6.4 s1 (95% CI 111.6-135.9 s?) for residue Gly69.

S100/annexin complexes such as S100A10/annexin A2protein with a phospholipid membrane surface. The ability
and C&"'-S100A11/annexin Al are proposed to facilitate for S100A11 to associate with both annexins Al and A2
membrane fusion required for membrane vesiculation in would add a level of diversity to this process. For example,
events such as endo- and exocytoSjs3( 49). This process it would allow a single S100 protein to complex with
requires not only association of the S100/annexin complex different annexin molecules located at different membrane
but also a calcium-mediated association of the annexin surfaces. Northern blot analyses for S100AEBD)(and



Binding Specificity of S100A11 Biochemistry, Vol. 45, No. 49, 20064703

immunohistochemical studies of annexins Al and A2)( from annexins Al and A2 utilize some similar residue
reveal that this is a distinct possibility since all three proteins positions for their interaction with C&S100A11. For
are found in placenta, heart, lung, and kidney tissues. Thisexample, positions 6 and 7 are required to be lle/Phe and
implies that the interactions of annexins Al and A2 with Leu, respectively. It is interesting that these positions appear
Ca"-S100A11 would be mediated by their relative concen- to confer specificity for binding of at least one annexin
trations, the increased affinity of annexin A2 for a sequence since neither annexin A1 nor annexin A2 can bind
S100A11, and calcium binding by S100A11. to C&*-S100A6 where methionine and alanine residues are
The kor (~120 s1) for the C&"-S100A11/annexin A2  found in these positions in its binding partner, annexin A11
complex agrees well with that observed for other calcium- (61). However, differences exist at positions 3 and 10 where
sensor proteins such as calmodulin and troponin C. This isannexin Al can tolerate alanine at both positions whereas
consistent with a signaling role for the association of'ca  annexin A2 requires larger hydrophobes (Val3, Leul0) to
S100A11 and annexin A2. For examplek.a of 60 st has facilitate binding and cannot tolerate alanine in either
been measured for the calcium-dependent complex betweerposition. We suspect this may result from a balance in
calmodulin and a 43 amino acid peptide derived from hydrophobic residue size between positions 3 and 10 in the
adenylate cyclaséR). In the case of the muscle contractile annexin sequences and the residues that surround these
protein troponin C, the interaction between its regulatory positions. For example, superposition of the G8100A11/
domain and a peptide derived from troponin | occurs with a annexin Al structure with that of S100A10/annexin A2
kor near 300 st (53). The off-rates of the Ca-S100A11/ shows that the annexin Ad-helix is approximately 1.6
annexin A2 complex and of the calmodulin and troponin C 1.75 A closer to the S100 protein than for annexin A2. Thus
complexes are all close to 100'scorresponding to a lifetime it favors a smaller alanine residue at position 10 and can
of about 10 ms. This places them in the same time scale asaccommodate alanine at position 3. Further, in annexin Al,
the duration for a calcium spike (tens of milliseconds range) Trpll and Phel2 positions likely facilitate binding to
required for signaling. In addition, the &aS100A11/ S100A11 via interactions with Phe46, Val55, and Met59
annexin A2 lifetime is near the range observed{200 ms) (Figure 4A) that do not exist in the annexin A2 complexes
for membrane fusion events observed during exocytdds ( (Figure 4B,C). In this regard, annexin A11 is more similar
54, 55). to annexin A2 because both possess longer chain hydro-
The peptide array results of the newly observed interaction phobes (Val, Leu, Met) at positions 3 and 10 and a
of annexin A2 with C&"-S100A11 show strong agreement hydrophilic serine at position 11. Although not exhaustive,
with its interaction with S100A1026). A study by Becker this indicates that a delicate relationship for annexin binding
et al. £6) showed that replacement of the hydrophobic side exists between positions 3, 6, 7, 10, 11, and 12 in these
chains at positions 3, 6, 7, and 10 caused a dramatic decreasd-terminal annexin sequences.
in the affinity of annexin A2 peptides for S100A10. In the
current work, alteration of these four positions resulted in ACKNOWLEDGMENT
the most significant decrease in binding of annexin A2 to
Ca*-S100A11. This indicates that the N-terminus of annexin
A2 uses similar determinants to bind with high affinity to
both S100A10 and G&-S100A11. This recognition site on
annexin is different for other S18@annexin complexes. For
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