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Abstract: S100B and S100A10 are dimeric, EF-hand proteins. S100B undergoes a calcium-

dependant conformational change allowing it to interact with a short contiguous sequence from
the actin-capping protein CapZ (TRTK12). S100A10 does not bind calcium but is able to recruit the

N-terminus of annexin A2 important for membrane fusion events, and to form larger multiprotein

complexes such as that with the cation channel proteins TRPV5/6. In this work, we have designed,
expressed, purified, and characterized two S100-target peptide hybrid proteins comprised of

S100A10 and S100B linked in tandem to annexin A2 (residues 1–15) and CapZ (TRTK12),

respectively. Different protease cleavage sites (tobacco etch virus, PreScission) were incorporated
into the linkers of the hybrid proteins. In situ proteolytic cleavage monitored by 1H-15N HSQC

spectra showed the linker did not perturb the structures of the S100A10-annexin A2 or S100B-

TRTK12 complexes. Furthermore, the analysis of the chemical shift assignments (1H, 15N, and 13C)
showed that residues T102-S108 of annexin A2 formed a well-defined a-helix in the S100A10 hybrid

while the TRTK12 region was unstructured at the N-terminus with a single turn of a-helix from

D108-K111 in the S100B hybrid protein. The two S100 hybrid proteins provide a simple yet
extremely efficient method for obtaining high yields of intact S100 target peptides. Since cleavage

of the S100 hybrid protein is not necessary for structural characterization, this approach may be

useful as a scaffold for larger S100 complexes.
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Introduction

S100 proteins are small (10–12 kDa), acidic proteins

that are expressed in a cell- and tissue-specific fashion,

indicating a well-conserved biological role. With at

least 25 identified members in humans, the S100 pro-

teins comprise the largest subgroup of the EF-hand

calcium-binding superfamily. Structurally, the S100s

contain two helix-loop-helix calcium-binding sites con-

nected by a flexible linker region and can exist as

homo- or heterodimers under physiological condi-

tions.1–3 Overall, S100 proteins function as calcium-

signaling molecules involved in cell growth, differen-

tiation and cytoskeletal development.4,5

The N-terminal ‘‘pseudo’’ EF-hand loop (helix I,

loop, helix II) has a weak affinity for calcium and

undergoes only a minor conformational change upon

binding.6–8 Conversely, the canonical C-terminal EF-

hand loop (helix III, loop, helix IV) ligates calcium

with higher affinity that leads to a significant confor-

mational change primarily through a reorientation of

helix III and lengthening of helix IV. The movement of

helix III results in the exposure of previously buried

hydrophobic residues and formation of a recognition

surface for protein-target interactions.5,9 One distinct

member of the S100 family is S100A10, which has lost

its ability to coordinate calcium ions due to alterations

in both of its calcium-binding sites.10 Even though a

calcium-induced conformational change does not

occur for S100A10, it adopts a structure in its calcium-
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free state that is very similar to the calcium-bound

form of other S100 proteins.11,12 S100A10 is able to

interact and function with a variety of target proteins

such as annexin A2,12 the cation channel proteins

TRVP5/613,14 and TASK-1,15,16 and the blue-tongue vi-

ral protein NS317 in a calcium-insensitive manner.

Interestingly S100A10 has been shown to form ternary

complexes with at least two other proteins (AHNAK,

TRVP5/6) along with annexin A2 although little struc-

tural information about these interactions is

available.13,14,18,19

A notable trend is that many S100 proteins inter-

act with members of the annexin family.5,20 For exam-

ple, S100B, S100A1, S100A6, and S100A11 have been

shown to form complexes with annexin A6.21–25 Each

annexin protein contains a core domain comprised of

four (annexins A1–A5, A7–A11, and A13) or eight

(annexin A6) homologous tandem repeats (�70-resi-

dues), each composed of five a-helices. An N-terminal

‘‘tail’’ region of variable length is also present in most

annexins. Calcium binding to one face of the annexin

core domains allows the proteins to interact with

membrane phospholipids. For some annexin proteins,

such as annexins A1 and A2, calcium binding leads to

the release of the buried N-terminal tail to an exposed

position available for protein interactions. S100A10

has been shown to form a tight heterotetrameric com-

plex through the first 14 residues of the N-terminal

tail region of annexin A2.26–28 Calcium-bound

S100A11 (Ca2þ-S100A11) is able to interact with a sim-

ilar region in either annexins A1 and A2.29,30 It has

been proposed that each S100A10 and Ca2þ-S100A11
dimer bridges a pair of annexin proteins bringing two

phospholipid membranes into close proximity during

membrane fusion or reorganization processes.26

Although some structures of different S100 pro-

teins bound to target peptides have been determined,

only two crystal structures are available (S100A10-

annexin A2, Ca2þ-S100A11-annexin A1).11,12 This is

likely due to the difficulties associated with crystal for-

mation of the S100-target complexes. Better progress

has been made for S100-target complexes by NMR

spectroscopy where structures such as calcium-bound

S100B (Ca2þ-S100B) with peptide binding regions

from p53,31 Ndr kinase,32 and CapZ,33,34 have been

determined. However, some of these structures suffer

from imprecision of the side chains, especially at the

protein-peptide interface making details of the interac-

tion difficult to identify. This could be improved by
15N, 13C-labeling of the target peptide although this is

very costly for a synthetic peptide and can suffer from

low yields and proteolysis when expressed as a fusion

protein. Only one example of a biosynthetic, isotopi-

cally labeled peptide exists for the 30-residue Siah-1

interacting region for Ca2þ-S100A6.35 Here, we

describe a method where we use S100B and S100A10

as the carrier proteins for target peptides from CapZ

and annexin A2, respectively. The premise is that the

S100 protein will protect the target peptide from deg-

radation during biosynthesis and purification. Human

S100A10 and S100B proteins were linked to the N-ter-

minal region of annexin A2 (residues 1–15) and the

central region of CapZ (TRTK12; residues 1–12) using

linkers containing different protease sites for cleavage

and isolation of the peptides. Using NMR spectroscopy

we show that the spectra for the S100A10-annexin A2

(A10A2) and S100B-TRTK12 (BT12) hybrid proteins

are nearly identical to those obtained for the com-

plexes formed between the individual S100 proteins

and synthetic peptides. Further, we were able to cleave

the hybrid proteins in situ and examine the protein

and peptide structures without further purification.

This approach should prove useful for examining other

S100 protein complexes by crystallography or NMR

methods. Further, the A10A2 may provide a founda-

tion for the assembly and examination of ternary or

larger S100 protein complexes.

Results

Design, expression, and purification of hybrid
S100-target proteins

To generate hybrid S100-target protein complexes, two

systems that have been well characterized by structural

methods were chosen. The approach taken was to ana-

lyze the relative positions of the S100 proteins and

their target peptides in the structures and then incor-

porate a linker between the two components to create

a hybrid protein. The first structure employed

S100A10 in complex with the N-terminus of annexin

A2 (1BT6),12 and a second structure utilized Ca2þ-
S100B complexed to a portion of the alpha-1 subunit

of F-actin capping protein (TRTK12), CapZ (1MWN,

1MQ1).33,34 In both these structures (Fig. 1), the C-ter-

mini of helix IV in the S100 protein are proximal to

the N-terminus of the binding peptide. Although

S100A10 and Ca2þ-S100B are structurally similar, the

orientations and distances of the annexin A2 and

TRTK12 peptides with respect to the S100 protein are

quite different. Further, in the S100A10-annexin A2

complex the distance from the C-terminal carboxyl

carbon of S100A10 (K91) to the N-terminal nitrogen of

annexin A2 is about 16 Å. For the Ca2þ-S100B com-

plex with TRTK12 the distance ranges from about 14–

26 Å in the families of NMR structures. The choice of

these two proteins allowed us to test our approach

with one protein (S100B) that undergoes a calcium-

induced conformational change to interact with a tar-

get, and one protein (S100A10) that is calcium insensi-

tive. Further, the structures of the target peptides in

both structures are quite different. Annexin A2 adopts

an a-helix peptide for most of its sequence while the

TRTK12 peptide is unstructured at its N-terminus fol-

lowed by a single turn of helix.

The A10A2 comprised a linker spanning the meas-

ured protein-peptide distance (16 Å) in the S100A10-
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annexin A2 complex connecting the two proteins.

Although this distance is sufficient to accommodate

about five amino acid residues linked in a linear fash-

ion, we found through modeling that a further four

residues were required for the A10A2 hybrid to allow

favorable u, w angles in the linker. Within the nine-

residue linker, a tobacco etch virus (TEV) protease

cleavage site (ENLYFQ/G) was introduced. Finally, an

aspartic acid at the N-terminus of the annexin A2

sequence was added to stabilize its a-helical structure
[Fig. 1(A)] in lieu of the acetyl group found in the

native protein.28 For the BT12 the maximum linker

length observed in the NMR structures (�26 Å)

allowed about 11 residues to bridge the protein and

target. Within this a PreScission protease cut site

(LFQ/GP) and four glycine residues were included

[Fig. 1(B)]. The PreScission protease site allowed us to

test a different protease for the BT12 hybrid compared

to the TEV site in the A10A2 hybrid protein. As the

Ca2þ-S100B complexes with TRTK12 are ensembles of

NMR structures, the N-terminus of TRTK12 exhibits a

wide range of positions with respect to Ca2þ-S100B.
This may be due to the flexibility of this region in

TRTK12 not observed for annexin A2 in the S100A10

complex. The glycine residues were added in BT12 to

maintain backbone flexibility of the linker. During the

design process, the linkers for both proteins were

incorporated into the existing structures by modeling.

Energy minimization was used to determine that the

hybrid proteins were not constrained or distorted, or

that the linker did not make any significant contacts

with the S100 protein that might mask the protease

cleavage sites.

Both the A10A2 and BT12 hybrid proteins were

expressed using a BL21 (DE3) codon-plus Escherichia

coli strain. Following purification, we typically

obtained 15–25 mg of 15N, 13C-labeled A10A2 or BT12

protein from 1L M9 minimal media cultures for heter-

onuclear NMR spectroscopy experiments. SDS–PAGE

and MALDI–TOF mass spectroscopy analyses showed

that the proteins were homogeneous and free of degra-

dation products (Fig. 2), similar to the parent S100B

and S100A10 proteins. In both A10A2 and BT12, the

accessibility of the protease cleavage sites was tested

by proteolysis using TEV and PreScission proteases,

respectively. In both the cases, the cleavage proceeded

to completion allowing a separation of S100 protein

and peptide partner (Fig. 2).

The S100A10-annexin A2 hybrid protein adopts
an active configuration

The A10A2 hybrid protein was examined by NMR

spectroscopy to determine if the complex retained the

similar structure observed in the crystal structure for

S100A10 in combination with the N-terminal annexin

Figure 1. Models of the S100A10-annexin A2 (A10A2) and Ca2þ-S100B-TRTK12 (BT12) hybrid constructs. Ribbon

representations of S100A10 in complex with (A) annexin A2 (1BT6)12 and (B) Ca2þ-S100B bound to TRTK12 (1MWN)33 are

shown in similar orientations to demonstrate how the annexin A2 and TRTK12 peptides (magenta) are joined to the S100

proteins through a linker (cyan). In each model, one of the protomers is presented in light gray (helices labeled as I–IV) and the

other protomer shaded in black (helices labeled as I0–IV0). Four bound calcium ions are shown in yellow spheres for Ca2þ-
S100B. The corresponding schematic diagrams of the constructs used for A10A2 and BT12 hybrid proteins are also illustrated

with S100 protein located at the N-terminus (gray), annexin A2 and TRTK12 peptides positioned at the C-terminus (magenta),

and the linker (cyan) connecting the S100 proteins to the target peptides. The amino acid composition of the linker region and

the corresponding protease cleavage sites are indicated. All numbering is consecutive based on the S100 protein sequences.
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A2 peptide. Using the standard heteronuclear multiple

dimensional NMR spectroscopy, chemical shift assign-

ments (1H, 15N, and 13C) for A10A2 and BT12 proteins

were completed. Figure 3(A) shows a representative
1H-15N HSQC spectrum of A10A2 that is well dispersed

and characteristic of a folded S100 protein. The spec-

trum of A10A2 is remarkably similar to that of 15N,
13C-labeled S100A10 in complex with the unlabeled

annexin A2 [Fig. 3(B)] indicating that no major struc-

tural changes have occurred in the S100A10 protein by

incorporating the C-terminal linker and annexin A2

sequences. The 1H-15N correlations for all residues in

the annexin A2 segment (S101-D115) and the TEV

cleavage site (E93-G99) were easily identified in

A10A2 [Fig. 3(A)]. These residues are not visible in

Figure 3(B) where the annexin A2 peptide is unla-

beled. The resonances for residues S101-D115 are well

separated ranging between 7.1 (S108) and 8.9 ppm

(T102) indicating the annexin A2 portion of the hybrid

is well folded. In contrast, the linker residues form a

tight cluster between 7.9 and 8.3 ppm indicating this

region of the A10A2 hybrid adopts little regular sec-

ondary structure. For BT12 a specific interaction

between the S100B and TRTK12 segments was not

observed in the absence of calcium (data not shown).

However, upon calcium addition to BT12, a spectrum

was obtained that was nearly identical to that for

Ca2þ-S100B in complex with a synthetic TRTK12 pep-

tide. For BT12 all resonances in the linker (L92-G102)

and TRTK (T103-E116) sequences were identified with

the exception of three glycine residues (G99–G101) in

the linker that were absent from the spectra due to the

fast exchange with the solvent.

One advantage of the A10A2 and BT12 hybrid

proteins is that they allow in situ cleavage of the linker

using TEV or PreScission enzymes, respectively. Figure

3(C) shows the 1H-15N HSQC spectrum of the A10A2

hybrid protein following TEV cleavage. The positions

of the amide resonances for the S100A10 and annexin

A2 components in this spectrum are nearly identical

to those found in the presence of the linker [Fig.

3(A)]. Importantly, the NMR spectrum shows a tight

complex is maintained between S100A10 and annexin

A2 despite the absence of N-terminal acetylation of

the annexin protein. Parallel experiments for the BT12

hybrid protein following cleavage with PreScission

protease yielded similar results (data not shown).

The assignments of Ha, Ca, and C0 resonances of

the annexin A2 and TRTK12 regions in the A10A2 and

BT12 hybrid proteins allowed their secondary struc-

tures to be determined using the chemical shift

index.36 This analysis (Fig. 4) shows that residues

T102-S108 of annexin A2 form a well-defined a-helix.
This compares very well with the crystal structure of

S100A10 with the N-terminal peptide from annexin A2

(1BT6) that shows residues T2-K9 (T102-K109 in

A10A2) adopt an a-helical structure.12 The secondary

structure of TRTK12 in the BT12 hybrid protein shows

an unstructured N-terminus and a single turn of a-he-
lix from D108-K111. The position of the a-helix in

BT12 agrees well with a previously reported structure

of Ca2þ-S100B in complex with TRTK12 (1MWN).33

Discussion
Bacterial expression of peptides is a challenging task

as unstructured peptides are prone to degradation by

proteases during purification. This results in very low

yields of purified peptides and can lead to inhomoge-

neity of the peptide due to non-specific proteolysis.

Although successful methods have been developed

using GB1-tagged37 or His-tagged35 peptides for S100B

and S100A6, respectively, in our hands previous

attempts to biosynthetically prepare annexin A1 and

A2 peptides using GST-tagged constructs lead to

<1 mg peptide/L culture and the isolated peptide was

prone to proteolysis (Rintala-Dempsey, unpublished

results). In the current work, we have developed a suc-

cessful method for the high-yield bacterial expression

of annexin A2 and TRTK12 peptides by linking them

to S100A10 and S100B, respectively. In essence the

target protein has been used as a carrier for the target

peptide. Similar approaches have been previously used

to produce hybrid molecules of calmodulin bound to

the 26-residue binding region of myosin light-chain

Figure 2. Coomassie-stained SDS–PAGE gel (16.5%)

depicting the purification of S100A10-annexin A2 and

S100B-TRTK12 constructs. Lane 1 contains the protein

molecular weight markers, with molecular weights labeled

on the left of the gel. Lanes 2 and 5 contain S100B and

S100A10, while BT12 and A10A2 hybrid constructs are

presented in lanes 3 and 6, respectively. Lanes 4 and 7

show S100B and S100A10 following cleavage of BT12 and

A10A2 by PreScission and TEV proteases, respectively.

Each of these proteins runs at a higher molecular weight

than the parent due to the presence of the linker that

remains appended to the C-terminus of the S100 protein.

The TRTK12 and annexin A2 peptides are not observed.
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kinase (M13),38,39 and peptides from the calmodulin-

binding domains of calcineurin,40 the olfactory nucleo-

tide-gated ion-channel,41 tobacco MAPK phosphatase-

1,42 and chromogranin A.43 In all of these studies, the

linker was composed of glycine residues to maintain

flexibility in the linker connecting the carrier protein

to the target peptides. Here, we have demonstrated

that this is not a necessary requirement and that alter-

nate amino acids can be used. This is particularly im-

portant for the incorporation of proteolytic cleavage

sites such as TEV or PreScission protease used in this

work to obtain complete digestion of the target sites.

In principle, this would allow purification of the target

peptides (annexin A2 or TRTK12). For NMR studies,

this would provide a rapid and facile method to obtain

reasonable quantities of 15N, 13C-labeled peptides.

Alternatively, we have chosen not to purify the cleaved

peptides and examine the intact hybrid protein or the

complex after in situ cleavage. This further simplifies

the procedure and in the case of protein-peptide com-

plexes offers the advantage of perfect 1:1

stoichiometry.

One requirement for the interaction between

some S100 proteins and target peptides is the N-ter-

minal acetylation of the peptides.28,34,44 For example,

both annexins A1 and A2 are naturally acetylated.

Although, crystal structures of S100A10 in complex

with annexin A2 and Ca2þ-S100A11 bound to annexin

A1 do not illustrate direct contact between the S100

protein and the peptide acetyl groups,11,12 unacetylated

peptides show �1000-fold decreased binding affinity

for the respective S100 proteins.28 It has been sug-

gested the acetyl group acts to stabilize the a-helical
conformation of the peptide. In the A10A2 hybrid pro-

tein acetylation of the annexin A2 moiety is not possi-

ble. However, we have incorporated an acidic residue

at N-terminus of the annexin A2 sequence to neutral-

ize the helical dipole and stabilize the helix structure.

From our results, it is clear the A10A2 hybrid main-

tains a tight association between the S100A10 and the

annexin peptide indicating the acidic residue is suffi-

cient to stabilize the interaction. In support of this

approach, GST-annexin A2 fusion proteins also show

tight binding to S100A10 presumably because the

annexin N-terminus is extended (by GST) in place of

acetylation.45 Similarly, an interaction between

TRTK12 and S100B is enhanced upon acetylation of

the TRTK12 peptide,46 even though the a-helix forms

further down the peptide sequence.33 The hybrid BT12

Figure 3. 1H-15N HSQC spectra of 0.5 mM (monomer)

uniformly (A) 15N, 13C-labeled A10A2 hybrid protein, (B) 15N,
13C-labeled S100A10 in complex with unlabeled annexin A2

peptide, and (C) the 15N, 13C-labeled A10A2 hybrid protein

following TEV cleavage. All spectra were collected in

20 mM MOPS, 1 mM EDTA, 1 mM DTT, 50 mM arginine,

50 mM glutamic acid, 100 mM NaCl, pH 7.0 and 35�C.
Assigned backbone amide cross peaks are indicated with

their one letter amino acid code and number. In (A) and (C)

the residues from 15N, 13C-labeled annexin A2 are

presented in pink and those from the linker region in cyan.

Pairs of resonances for side chain amide cross peaks are

connected by horizontal lines. Peaks visible at lower

contour levels are indicated by boxes.
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protein would support this enhanced interaction by

mimicking the neutralized TRTK12 sequence.

One of the limitations that could be associated

with this method is that the hybrid proteins might suf-

fer from reduced solubility in the unbound form. This

was not a problem for A10A2 because binding of

annexin A2 to S100A10 is not calcium sensitive. How-

ever, for BT12 the hybrid showed poorer solubility in

the absence of calcium and exhibited NMR spectra

suggestive of protein oligomerization. This is perhaps

not surprising given that the TRTK12 peptide motif or

accompanying linker could result in nonspecific inter-

actions in the absence of calcium. However, upon cal-

cium binding the BT12 showed excellent solubility and

provided 1H-15N HSQC spectra that were better com-

pared to the individual protein peptide complexes.

In summary, we have demonstrated a successful

method of high-yield bacterial expression of S100

hybrid proteins. Two different protease cleavage sites

were found to be successfully incorporated into the

linker regions and could be used in situ to form the

S100-peptide complex. This method could be applied

for the synthesis of S100-binding peptides for biophys-

ical or biological characterization. Further, the method

may prove useful for the assembly of larger S100 com-

plexes such as those involving ternary complexes with

S100A10.

Materials and Methods
15NH4Cl and 13C6-glucose were obtained from Cam-

bridge Isotope Laboratories (Andover, MA). The

expression vector for rabbit S100A10 (pGEX-6P-1-

derived vector; GE Healthcare, Buckinghamshire, UK)

was generously provided by Dr. Michael Walsh (Uni-

versity of Calgary). Puratronic grade CaCl2 (99.9995%

purity) was purchased from Johnson-Matthey (Ward

Hill, MA). PreScission protease was obtained from GE

Healthcare. Annexin A2 (STVHEILSKLSLEG) and

TRTK12 (TRTKIDWNKILSLE) peptides were synthe-

sized as previously described.29,34 All other reagents

used in the following experiments were of the highest

purity commercially available.

Molecular modeling of hybrid S100 proteins

The lengths of the linker connecting S100A10 to

annexin A2 or S100B to TRTK12 were determined

using Swiss-PDB Viewer.47 The coordinates for

S100A10 bound to annexin A2 (PDB code: 1BT6)12

and Ca2þ-S100B complexed with TRTK12 (PDB codes:

1MQ1, 1MWN)33,34 were obtained from the Protein

Data Bank.48 The last four residues at the C-terminus

of S100A10 were disordered and not visible in the

structure. Initial linkers were built using glycine

spacers with moderate rotations of u, w angles. A total

of nine glycine residues were required to connect the

observed C-terminus of S100A10 (K91) to the N-termi-

nus of the annexin A2 peptide (STVHEILSKLSLEG).

Eleven glycine residues were added in the BT12 hybrid

from the C-terminus of the S100B (E91) to the N-ter-

minus of the TRTK12 peptide (TRTKIDWNKILS).

Each structure was energy minimized using steepest

descents minimization. Upon completion, glycine resi-

dues were swapped to those corresponding to the TEV

(S100A10) or PreScission (S100B) cleavage sites. Sub-

sequent energy minimization and visualization was

used to insure there were no bad contacts between the

linker residues and the corresponding S100 protein.

Construction of the S100A10-annexin A2 and
S100B-TRTK12 hybrid genes

A derivative of the pGEX-6P-1 expression vector con-

taining the rabbit S100A10 was used to construct the

S100A10-annexin A2 hybrid gene. The QuikChange

method (Stratagene, La Jolla, CA) was used in three

consecutive steps to (a) substitute the last four amino

acid residues of S100A10; K93E, G94N, K95L, and

K96Y, (b) insert a TEV protease cleave site, and (c)

generate the annexin A2 hybrid DNA fragment. The

resulting vector was confirmed by DNA sequencing.

The pSS2 expression vector containing the human

S100B was utilized to construct the S100B-TRTK12

hybrid gene.49 A unique XhoI reporter cut site was

generated directly adjacent to the stop codon of the

S100B coding sequence using the QuikChange kit

(Stratagene). Forward and reverse primers (50-phos-
phorylated; Sigma-Aldrich) corresponding to residues

from the linker region, the entire TRTK12 peptide and

appropriate XhoI site overhangs (69 bases in length)

were annealed together and inserted into the unique

XhoI site of the dephosphorylated vector containing

the S100B gene. The correct orientation and a single

insertion of the annealed primers in the resulting vec-

tor were confirmed by DNA sequencing.

Expression and purification of S100A10 and

S100A10-annexin A2
Uniformly 15N, 13C-labeled GST-S100A10 and GST-

S100A10-annexin A2 were overexpressed in the BL21

Figure 4. Secondary structure determinations for annexin

A2 and TRTK12 peptides in the A10A2 and BT12 hybrid

constructs using the chemical shift index36 for Ca, C0, and
Ha atoms. The secondary structure identified for each atom

is shown as a-helix (l), b-strand (n) or coil conformation

(*).
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(DE3) codon-plus E. coli strain using M9 minimal me-

dium supplemented with 1 g 15NH4Cl and 2 g 13C6-glu-

cose as the sole nitrogen and carbon sources, respec-

tively. The cultures were grown at 37�C in the

presence of ampicillin (100 lg/mL) to a density of

(A600) 0.8 AU, when they were induced by the addi-

tion of 1 mM isopropyl-beta-D-thiogalactopyranoside.

Induction continued for another 8 h with constant

shaking at 37�C. Cells were harvested by centrifugation

at 6000 rpm for 15 min and lysed by French Pressure

at 20,000 psi. Cell debris was removed by centrifuga-

tion at 38,000 rpm for 90 min. All fractionation steps

were performed at 4�C. The supernatant was applied

to a 5 mL glutathione-linked sepharose column equili-

brated in buffer (140 mM NaCl, 2.7 mM KCl, 10 mM

Na2HPO4, and 1.8 mM KH2PO4, pH 7.3). The 15N, 13C-

labeled GST-S100A10 or GST-S100A10-annexin A2

were eluted in elution buffer (50 mM Tris, 20 mM

reduced glutathione, pH 8.0). Fractions containing the

protein were pooled and extensively dialyzed against

PreScission protease cleavage buffer (50 mM Tris, 150

mM NaCl, 1 mM EDTA, and 1 mM DTT, pH 7.0) over-

night. S100A10 or S100A10-annexin A2 were cleaved

from the glutathione-sepharose protein using 150 units

of PreScission protease in 48 h. The cleaved protein

was applied to a GST column in binding buffer and

the flow-through fractions were collected. MALDI–

TOF mass data for A10A2 (MWcalc ¼ 14,517.9 Da;

MWobs ¼ 14,507.2 Da for 15N, 13C-labeled protein)

confirmed the protein identities.

Expression and purification of S100B and
S100B-TRTK12

Expression and purification of uniformly 15N, 13C-la-

beled S100B-TRTK12 (BT12) in E. coli strain N99

were conducted as described for human S100B by

Smith et al.49 The protocol was modified by reducing

the (NH4)2SO4 concentration to 50% saturation due to

the decreased solubility of BT12 compared to S100B.

Following dialysis (25 mM Tris, 100 mM NaCl, 1 mM

DTT, and 5 mM CaCl2, pH 7.5), BT12 was applied to a

phenyl-sepharose column equilibrated in the same

buffer. The column was washed (25 mM Tris, 100 mM

NaCl, 1 mM DTT, and 1 mM CaCl2, pH 7.5) and

S100B-TRTK12 was eluted with EDTA buffer (25 mM

Tris, 100 mM NaCl, 1 mM DTT, and 1 mM EGTA, pH

7.5). MALDI–TOF mass data for 15N-labeled BT12

(desformylmethionine MWcalc ¼ 13,430.2 Da; MWobs

¼ 13,427.3 Da, desformyl MWcalc ¼ 13,563.2 Da;

MWobs ¼ 13,559.5 Da, and formylmethionine MWcalc

¼ 13,591.2 Da; MWobs ¼ 13,587.6 Da) confirmed the

presence of the three chemically different forms of

BT12 at its N-terminus similar to those previously

characterized for S100B.50

NMR spectroscopy
All NMR experiments were acquired at 35�C on a Var-

ian INOVA 600 MHz spectrometer equipped with a

13C-enhanced triple resonance cold probe. NMR sam-

ples of 0.5 mM (monomer) uniformly 15N, 13C-labeled

S100A10 and A10A2 were prepared in 10% D2O, 20

mM MOPS, 1 mM EDTA, 1 mM DTT, 50 mM arginine,

50 mM glutamic acid, and 100 mM NaCl buffer at pH

7.0, and 100 lM DSS as an internal standard. Uni-

formly 15N, 13C-labeled NMR samples of 0.7 mM

S100B and BT12 were prepared in a similar buffer

using either 20 mM CaCl2 or 1 mM EDTA. Sequential
1H, 13C, and 15N resonance assignments of A10A2 and

calcium saturated BT12 were completed using

HNCACB,51 CBCA(CO)NH,52 HNCO,53 HNCA,54 and

C(CO)NH experiments.55 Sensitivity-enhanced 1H-15N

HSQC spectra56 for A10A2 were acquired using carrier

frequencies of 4.705 (1H) and 114 ppm (15N) and spec-

tral widths of 8000.0 and 1700.0 Hz, respectively.

Similar spectra were generated for Ca2þ-S100B-
TRTK12 using carrier frequencies of 4.702 (1H) and

120 ppm (15N) and spectral widths of 8000.0 and

2000.0 Hz, respectively. All data were processed using

NMRPipe and NMRDraw57 and spectra were analyzed

by NMRView.58 The 1H-15N HSQC spectra of the 15N,
13C-labeled A10A2, and BT12 hybrid proteins cleaved

with TEV and PreScission proteases were acquired 48

h following the addition of 16 units of each of the

enzymes, respectively. The presence of the fully

cleaved product in the NMR sample was verified on an

SDS–PAGE.

The 15N, 13C-labeled S100A10 complex with

annexin A2 peptide was prepared by the titration of

0.5 mM (monomer) S100A10 with a 20 mM stock so-

lution of annexin A2 peptide under constant buffer

conditions. A final peptide concentration of 0.8 mM

was used. The pH of the sample remained at 7.0

throughout the titration. The sample was mixed after

each addition and equilibrated for 15 min. The total

volume increase of the NMR sample was 24 lL (4%).
1H-15N HSQC spectra were recorded at each point to

monitor the titration. A sample of 0.7 mM (monomer)

apo-S100B prepared in 12 mM CaCl2 and titrated with

a 20 mM stock solution of TRTK12 peptide in the

same buffer (above) to a final peptide concentration of

0.9 mM was used. The pH of the sample remained at

7.0 throughout the titration.
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