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Introduction

Stromal interaction molecule 1 (STIM1), recently iden-

tified by RNA interference (RNAi) screens in Drosoph-

ila S2 cells and HeLa cells by two independent groups

[1,2], is regarded as an endoplasmic reticulum (ER)

luminal Ca2+ sensor and functions as an essential

component of store-operated Ca2+ entry. It is a key

linkage between ER Ca2+ store emptying, Ca2+ influx

and internal Ca2+ store refilling in mammalian cells.

On ER Ca2+ store depletion, STIM1 undergoes oligo-

merization, translocates from the ER membrane to

form ‘punctae’ near the plasma membrane [1,3,4] and

activates the Ca2+ release-activated Ca2+ (CRAC)

channel through direct interaction with the pore-form-

ing subunit Orai1 [5]. STIM1 is a single transmem-

brane-spanning protein with 685 amino acids which

contains a canonical EF-hand motif and a sterile

a-motif (SAM) domain in the ER lumen. Previous

studies have strongly indicated that the EF-hand
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Stromal interaction molecule 1 (STIM1) is responsible for activating the

Ca2+ release-activated Ca2+ (CRAC) channel by first sensing the changes

in Ca2+ concentration in the endoplasmic reticulum ([Ca2+]ER) via its

luminal canonical EF-hand motif and subsequently oligomerizing to inter-

act with the CRAC channel pore-forming subunit Orai1. In this work, we

applied a grafting approach to obtain the intrinsic metal-binding affinity of

the isolated EF-hand of STIM1, and further investigated its oligomeric

state using pulsed-field gradient NMR and size-exclusion chromatography.

The canonical EF-hand bound Ca2+ with a dissociation constant at a level

comparable with [Ca2+]ER (512 ± 15 lm). The binding of Ca2+ resulted

in a more compact conformation of the engineered protein. Our results

also showed that D to A mutations at Ca2+-coordinating loop positions 1

and 3 of the EF-hand from STIM1 led to a 15-fold decrease in the metal-

binding affinity, which explains why this mutant was insensitive to changes

in Ca2+ concentration in the endoplasmic reticulum ([Ca2+]ER) and

resulted in constitutive punctae formation and Ca2+ influx. In addition,

the grafted single EF-hand motif formed a dimer regardless of the presence

of Ca2+, which conforms to the EF-hand paring paradigm. These data

indicate that the STIM1 canonical EF-hand motif tends to dimerize for

functionality in solution and is responsible for sensing changes in

[Ca2+]ER.
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region is responsible for the sensing by STIM1 of the

changes in [Ca2+]ER. Mutations on the predicted EF-

hand reduce the affinity for Ca2+, thus mimicking the

store-depleted state and subsequently triggering STIM1

redistribution to the plasma membrane and activation

of the CRAC channel even without Ca2+ store deple-

tion [4,6]. However, the site-specific metal-binding

property and the oligomeric state of the canonical

EF-hand of STIM1 alone have not been characterized

thus far.

The EF-hand motif with a characteristic helix–loop–

helix fold was first discovered by Moews and Kretsing-

er [7] in the crystal structure of parvalbumin. To date,

more than 66 members of EF-hand proteins have been

classified [8]. EF-hand proteins often occur in pairs

with the two Ca2+-binding loops coupled via a short

antiparallel b-sheet. Ca2+ is coordinated by the main-

chain carbonyl and side-chain carboxyl oxygens at the

12- or 14-residue loop. One pair of EF-hands usually

forms a globular domain to allow for cooperative

Ca2+ binding, responding to a narrow range of free

Ca2+ concentration change. To examine the key deter-

minants for Ca2+ binding and Ca2+-induced confor-

mational change, peptides or fragments encompassing

the helix–loop–helix motif have been produced by

either synthesis or cleavage. Shaw et al. [9] first

reported that an isolated EF-hand III from skeletal

troponin C dimerizes in the presence of Ca2+. EF-

hands from parvalbumin and calbindin D9K have also

been shown to exhibit Ca2+-dependent dimerization

[10–12]. Wojcik et al. [13] have shown that the isolated

12-residue peptide from calmodulin (CaM) EF-hand

motif III does not dimerize in the presence of Ca2+,

but dimerizes to form a native-like structure in the

presence of Ln3+, which has a similar ionic radius and

coordination properties to Ca2+. They concluded that

local interactions between the EF-hand Ca2+-binding

loops alone could be responsible for the observed

cooperativity of Ca2+ binding to EF-hand protein

domains. Our laboratory has developed a grafting

approach to probe the site-specific Ca2+-binding affini-

ties and metal-binding properties of CaM [14] and

other EF-hand proteins, such as the nonstructural pro-

tease domain of rubella virus [15]. We have shown that

an isolated EF-hand loop without flanking helices

grafted in CD2 remains as a monomer instead of a

dimer, as observed in the peptide fragments [16],

implying that additional factors that reside outside of

EF-loop III may contribute to the pairing of the EF-

hand motifs of CaM. Figure 1A shows that most

hydrophobic residues in the flanking helices and loop

are conserved compared with EF-hand III in CaM and

the STIM1 EF-hand, such as position 8 in the loop,

)8, )5, )1 in the E helix and +4, +5 in the F helix,

which leads us to speculate that the EF-hand motif of

STIM1 has the potential to form a dimer. In this

work, we applied a grafting approach [14] to obtain

the site-specific intrinsic metal-binding affinity and to

probe the oligomeric state of the EF-hand of STIM1

using size-exclusion chromatography and pulsed-field

diffusion NMR. We found that mutations on loop

positions 1 and 3 of the EF-hand from STIM1

decreased the binding affinity by more than 10-fold.

Interestingly, the isolated EF-hand motif of STIM1

undergoes Ca2+-induced conformational changes and

remains as a dimer in the absence and presence of

Ca2+.

Results and Discussion

The isolated EF-hand motif from STIM1 retains

its helical structure

The helix–loop–helix EF-hand motif from STIM1 was

grafted into CD2 with each side flanked by three Gly

residues to render sufficient flexibility (Fig. 1A). Previ-

ous studies in our laboratory have shown that the loop

position in domain 1 of CD2 at 52 between the

b-strands C† and D tolerates the insertion of foreign

EF-hand motifs from CaM whilst retaining its own

structural integrity [15,17]. In Fig. 1B, the modelled

structure of the engineered protein CD2.STIM1.EF is

shown. The structural integrity of the host protein was

then examined by two-dimensional NMR. As shown

in Fig. 1C, the dispersed region of the (1H, 15N)-het-

eronuclear single-quantum correlation (HSQC) NMR

spectrum of CD2.STIM1.EF was very similar to that

of CD2 with grafted EF-loop III of CaM

(CD2.CaM.loopIII) [16], suggesting that the conforma-

tion of the host protein CD2 is largely unchanged.

Additional resonances appearing between 8.2 and

8.8 p.p.m. were caused by the addition of flanking

helices to the grafted EF-hand motif.

To confirm that the grafted EF-hand motif retains

its helical structure, CD spectra of the host protein

CD2 domain 1 (CD2.D1) and CD2.STIM1.EF were

analysed by DICHROWEB, an online server for

protein secondary structure analyses [18]. Figure 1D, E

shows the far-UV CD spectra and the calculated sec-

ondary structure contents of both proteins. The host

protein CD2.D1 contained 3% a-helix and 35%

b-strand, which is in good agreement with the second-

ary structure contents determined by X-ray crystallog-

raphy [19]. Following the insertion of the EF-hand

motif from STIM1, the helical content increased by

7%, which corresponds to approximately 10 residues
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in the helical conformation, whereas the b-strand
content largely remained similar to CD2.D1 (Fig. 1E).

The isolated EF-hand binds to Ca2+ and

lanthanide ions

One of the most important steps to fully understand

the mechanism underlying the Ca2+-modulated func-

tions of STIM1 is to investigate the site-specific Ca2+-

binding properties of the EF-hand of STIM1. In this

study, we adopted a grafting approach to address this

question. As shown in Fig. 1B, the distance between

the two termini of the inserted Ca2+-binding sites in

the model structure of the EF-hand of STIM1 is within

15 Å. Accordingly, a total of six glycine linkers is suffi-

cient to enable the grafted motifs to retain the native

metal conformation. Trp32 and Tyr76 in the host

proteins are approximately 15 Å away from the grafted

sites, which enables aromatic-sensitized energy transfer

to the Tb3+ bound to the sites, providing a sensitive

spectroscopic method to monitor the metal-binding

process. As shown in Fig. 2A, the addition of Tb3+ to

the engineered proteins, or vice versa, resulted in large

increases in Tb3+ fluorescence at 545 nm caused by

energy transfer, which was not observed for wild-type

CD2.D1 [15,20]. The addition of excessive amounts of

Ca2+ to the Tb3+–protein mixture led to a significant

decrease in Tb3+ luminescence signal as a result of

metal competition (Fig. 2A, inset). The Tb3+- and

Ca2+-binding affinities could thus be derived from the

Tb3+ titration and metal competition curves. For the

engineered protein CD2.STIM1.EF, the Tb3+- and

Ca2+-binding dissociation constants (Kd) were 170 ± 6

and 512 ± 15 lm, respectively. In contrast, a mutant

Fig. 1. Grafting the helix–loop–helix EF-hand motif into CD2. (A) The sequence alignment results of calmodulin EF-hand III and the canonical

EF-hand motif in STIM and its mutant. The sequence from S64 to L96 in STIM1 was grafted into CD2.D1. A mutant containing Asp to Ala

substitutions at Ca2+-coordinating loop positions 1 and 3 was introduced to perturb the Ca2+-binding ability of the grafted EF-hand of STIM1.

(B) Modelled structure of the engineered protein with the grafted EF-hand Ca2+-binding motif (magenta) from STIM1. W32 and Y76 in the

host protein are about 15 Å away from the grafted Ca2+-binding sites. Ca2+ is shown as a dark sphere. (C) Overlay of the (1H, 15N)-HSQC

spectrum of CD2.STIM1.EF (red) with that of CD2-loop3 (EF-loop III from calmodulin, cyan) in the absence of Ca2+. (D, E) Far-UV CD spectra

of CD2 and CD2.STIM1.EF and the calculated secondary structural contents.

Y. Huang et al. Isolated dimeric EF-hand from STIM1 binds to Ca2+

FEBS Journal 276 (2009) 5589–5597 ª 2009 The Authors Journal compilation ª 2009 FEBS 5591



with the metal-coordinating residue Asp at positions 1

and 3 in the EF-loop substituted with Ala (denoted as

CD2.STIM1mut) resulted in at least a 12-fold decrease

in the Tb3+-binding affinity (Kd > 2.1 mm, Fig. 2B),

suggesting that these key residues are essential for

metal binding. The direct binding of metal ions to the

grafted sequences was further supported by two-dimen-

sional HSQC NMR studies. As shown in Fig. 2C, the

addition of increasing amounts of La3+, a commonly

used trivalent Ca2+ analogue, led to gradual chemical

shift changes in residues from the grafted sequences.

However, residues from the host protein CD2.D1, such

as T97 ad G107, remained unchanged.

The isolated EF-hand from STIM1 forms dimer in

solution

Next, we examined the oligomeric state of the grafted

EF-hand motif using three independent techniques:

pulsed-field gradient NMR, size-exclusion chromatog-

A

B

C
K
K

K

Fig. 2. Metal-binding properties of CD2.STIM1.EF. (A) The enhancement of Tb3+ luminescence at 545 nm plotted as a function of total

added [Tb3+]. The inset shows the Ca2+ competition curve. (B) The enhancement of fluorescence at 545 nm of the CD2.STIM1.EF mutant

(Asp to Ala substitutions at loop positions 1 and 3) as a function of titrated Tb3+. (C) Enlarged areas of (1H, 15N)-HSQC spectrum of CD2.STI-

M1.EF. La3+ induced chemical shift changes (indicated by arrows) in two residues from the grafted sequences. In contrast, the chemical

shifts of residues from the host protein CD2.D1 (i.e. G107 and T97) remained unchanged.
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raphy and chemical cross-linking. Pulsed-field gradient

NMR has been widely used to study the molecular

motion, effective dimensions and oligomeric states of

proteins in solution [21]. With this technique, the size

of proteins can be estimated by measuring diffusion

constants, as the relationship between the translational

motion of spherical molecules in solution and the

hydrodynamic radius is governed by the equation,

D = KBT ⁄6pag, where g is the solvent viscosity and a

is the radius of the molecules. The diffusion constant

of a dimer is ideally expected to be approximately

79% of the value of a monomer [21].

The diffusion constants of engineered protein

CD2.STIM1.EF were measured under Ca2+-depleted

and Ca2+-saturated conditions to determine whether

the isolated EF-hand motif from STIM1 undergoes

dimerization on metal binding. Figure 3A shows the

NMR signal decay when the field strength was

increased from 0.2 to 31 GÆcm)1. The calculated

hydrodynamic radius of the CD2 monomer was

19.4 ± 0.4 Å, which was close to the previously

reported value of 19.6 Å [16]. The calculated hydrody-

namic radii of the engineered protein CD2.STIM1.

EF were 24.0 ± 0.3 Å with 10 mm EGTA and 24.9 ±

0.2 Å with 10 mm Ca2+. According to calculations

using the spherical shape of macromolecules, the

hydrodynamic radius of the protein will increase by

27% on formation of the dimer [22]. The increase in

size for CD2.STIM1.EF is very close to this theoretical

value, indicating that it exists as a dimer in solution,

regardless of the presence of Ca2+.

Size-exclusion chromatography was also used to

estimate the size of the engineered protein under

Ca2+-saturated and Ca2+-free conditions. As shown

in Fig. 3B, the elution profiles of 10 mm Ca2+-loaded

and Ca2+-depleted CD2.STIM1.EF exhibited a major

peak, with estimated molecular masses of 28 and

32 kDa, respectively, which is close to twice the theo-

retical molecular mass of CD2.STIM1.EF. However,

the Ca2+-loaded CD2.STIM1.EF was eluted slightly

later than the Ca2+-depleted form. This shift in peak

position suggests that Ca2+-loaded CD2.STIM1.EF

has a smaller size than Ca2+-depleted CD2.STIM1.EF.

It seems that Ca2+ induced conformational changes in

the engineered protein and resulted in a more compact

shape of the protein.

One additional method, glutaraldehyde cross-linking,

was applied to study the oligomerization patterns of

the engineered protein at low micromolar concentra-

tion. Figure 3B (inset) shows SDS-PAGE of glutaral-

dehyde-mediated cross-linking of CD2.STIM1.EF

(20 lm) in the presence of 5 mm Ca2+ or 5 mm

EGTA. Regardless of the presence of Ca2+, bands

corresponding to both monomeric and dimeric CD2.

STIM1.EF were observed on SDS-PAGE. In sum-

mary, our data suggest that the grafted EF-hand motif

from STIM1 tends to dimerize in solution.

Implications for Ca2+-binding properties of STIM1

Previous studies have demonstrated that STIM1 plays

an important role in store-operated Ca2+ entry [3]. On

store depletion, STIM1 is redistributed from the ER

membrane to form ‘punctae’ and aggregates near the

plasma membrane [1,6]. The N-terminal region of

STIM1 contains a canonical EF-hand motif and a pre-

dicted SAM domain. Stathopulos et al. [23,24] isolated

the EF-SAM region from STIM1 and studied the

structural and biophysical properties on this domain

after refolding. Their excellent work indicated that the

A

B

Fig. 3. The oligomeric state of CD2.STIM1.EF. (A) The NMR signal

decay of CD2 (grey circles) and CD2.STIM1.EF with Ca2+ (crosses)

or EGTA (filled circles) as a function of field strength. The calculated

hydrodynamic radii of the protein samples are indicated. (B) Size-

exclusion chromatography elution profiles of CD2 (thin lines) and

CD2.STIM1.EF (bold lines) in the presence of 10 mM Ca2+ or EGTA.

The protein molecular mass standards are indicated by arrows.

Inset: SDS-PAGE of cross-linked CD2.STIM1.EF in the presence of

5 mM EGTA or Ca2+.
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ER Ca2+ depletion-induced oligomerization of STIM1

occurs via the EF-SAM region. However, the refolding

process may not guarantee the natural conformation

of the EF-SAM region. Furthermore, as both the

EF-hand motif and the SAM region have the potential

to facilitate oligomerization, it is challenging to differ-

entiate which region contributes to the oligomerization

process.

To overcome the limitations of investigating the

Ca2+-binding sites in native Ca2+-binding proteins, we

established a grafting approach to dissect their site-

specific properties. This approach has been used in the

investigation of single EF-hand motifs in CaM and a

single EF-hand from rubella virus nonstructural prote-

ase [14,15]. CD2 has been shown to be a suitable host

system, as it retains its native structure after the inser-

tion of foreign sequences and in the presence and

absence of Ca2+ ions, so that the influence from the

host protein to the inserted sites is minimized [14]. Our

NMR spectra shown in Fig. 2A clearly demonstrate

that the conformation of CD2 is unchanged. After the

insertion of the helix–loop–helix EF-hand domain

from STIM1, the helical content of the engineered

protein CD2.STIM1.EF increased, indicating that the

inserted EF-hand motif at least partially maintains the

natural helical structure after grafting. The Ca2+ dis-

sociation constant of CD2.STIM1.EF (512 lm) is in

good agreement with the previously reported value

(200–600 lm) [25] and is comparable with [Ca2+]ER
(250–600 lm) [15,26]. Such dissociation constants

would ensure that at least one-half of the population

of the EF-hand motif in STIM1 is occupied by Ca2+.

Removing the proposed Ca2+-coordinating residues in

positions 1 and 3 of the EF-hand motif significantly

compromised the metal-binding capability of the engi-

neered protein, indicating that the metal binding of

CD2.STIM1.EF is through the EF-hand motif from

STIM1. Two-dimensional HSQC NMR studies further

corroborated this view, as only residues from the

grafted sequences underwent chemical shift changes,

whereas residues from the host protein remained

unchanged. The impaired metal-binding ability caused

by Asp to Ala mutations at positions 1 and 3 echoed a

previous observation that these mutations in the intact

STIM1 molecule led to constitutive activation of

CRAC channels even without store depletion [4].

The canonical EF-hand in STIM1 has been regarded

previously to function alone to sense Ca2+ changes.

The recently determined structure of the EF-SAM

region of STIM1 unveiled a surprising finding [24].

Immediately next to the single canonical EF-hand,

there is a ‘hidden’, atypical, non-Ca2+-binding

EF-hand motif that stabilizes the intramolecular inter-

action between the canonical EF-hand and the SAM

domain. This hidden EF-hand pairs with the upstream

canonical EF-hand through hydrogen bonding between

residues at corresponding loop position 8 (V83 and

I115). Indeed, our results suggest that the isolated

canonical EF-hand alone has an intrinsic tendency to

form a dimer, which is in agreement with the EF-hand

pairing paradigm. Clearly, the canonical EF-hand

motif alone is able to sense the ER Ca2+ concentra-

tion changes. Previous studies have indicated that the

Ca2+ depletion-induced conformational change of the

EF-SAM region promotes a monomer to oligomer

transition [25]. Our data also suggest that the EF-hand

alone has a tendency to form dimers in solution and

undergoes Ca2+-induced conformational changes by

forming a more compact shape. Thus, the [Ca2+]

changes in the ER lumen are sensed by the canonical

EF-hand motif and cause conformational changes in

this motif. The Ca2+ signal change and the accompa-

nying conformational change in the canonical EF-hand

are probably relayed to the SAM domain via the

paired ‘hidden’ EF-hand, resulting in the oligomeriza-

tion of STIM1 on store depletion.

To date, more than 3000 EF-hand proteins have been

reported in various organisms, including prokaryotic

and eukaryotic systems [27]. For example, in bacteria,

about 500 EF-hand motifs were predicted using devel-

oped bioinformatics tools [27]. Many of the predicted

EF-hand proteins are membrane proteins like STIM1.

The determined Ca2+-binding affinity and dimerization

properties of STIM1 in this study suggest that our devel-

oped grafting approach can be widely applied to probe

site-specific metal binding and oligomerization proper-

ties of other predicted EF-hand proteins, overcoming

the limitation associated with membrane proteins and

the difficulties encountered in crystallography. In addi-

tion, such information is useful to further develop

predicative tools for predicting the role of Ca2+ and

Ca2+-binding proteins in biological systems.

Materials and methods

Molecular cloning and modelling of engineered

CD2.STIM1.EF

The single EF-hand motif in STIM1 (SFEAVRNIH-

KLMDDDANGDVDVEESDEFLREDL, proposed Ca2+-

coordinating ligands in italic) was inserted into the host pro-

tein CD2 domain 1 between residues S52 and G53 with three

Gly at the N-terminus and two at the C-terminus (denoted

as CD2.STIM1.EF) following previous protocols [14].

Site-directed mutagenesis at STIM1 was performed using a

standard PCR method. All sequences were verified by
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automated sequencing on an ABI PRISM-377 DNA sequen-

cer (Applied Biosystems, Foster City, CA, USA) in the

Advanced Biotechnology Core Facilities of Georgia State

University. Structural modelling of CD2.STIM1.EF was

performed using modeller9v2 [28] based on the crystal

structures of CD2 domain 1 (pdb entry: 1hng) [29] and the

EF-hand from the EF-SAM region of STIM1 (pdb entry:

2k60) [24].

Protein expression and purification

The engineered protein CD2.STIM1.EF was expressed as a

glutathione transferase (GST) fusion protein in Escherichia

coli BL21 (DE3) cells in Luria–Bertani medium with

100 mgÆL)1 of ampicillin at 37 �C. For 15N isotopic labelling,
15NH4Cl was supplemented as the sole source for nitrogen in

the minimal medium. The expression of protein was induced

for 3–4 h by adding 100 lm of isopropyl thio-b-d-galactoside
(IPTG) when the absorbance at 600 nm (A600) reached 0.6.

The cells were collected by centrifugation at 5000 g for

30 min. The purification procedures followed the protocols

for GST fusion protein purification using glutathione Sepha-

rose 4B beads, as described previously [14,15,20]. The GST

tag of the proteins was removed from the beads by thrombin.

The eluted proteins were further purified using gel filtration

(Superdex 75) and cation-exchange (Hitrap SP columns, GE

Healthcare, Piscataway, NJ, USA) chromatography. The

protein concentrations were determined using e280 =
11 700 m

)1Æcm)1 [30].

CD spectroscopy

Far-UV CD spectra (190–260 nm) were acquired using a

Jasco-810 spectropolarimeter (JASCO, Easton, MD, USA)

at ambient temperature. A 20 lm sample was placed in a

1 mm path length quartz cell in 10 mm Tris ⁄HCl at pH 7.4.

All spectra were the average of at least 10 scans with a scan

rate of 50 nmÆmin)1. The spectra were converted to the

mean residue molar ellipticity (degÆcm2Ædmol)1Æper residue)

after subtracting the spectrum of buffer as the blank. The

calculation of secondary structure elements was performed

using DICHROWEB, an online server for protein second-

ary structure analyses [18].

Fluorescence spectroscopy

Steady-state fluorescence was recorded using a PTI fluorime-

ter at 25 �C with a 1 cm path length cell. Intrinsic Trp emis-

sion spectra were recorded using 1.5–3.0 lm protein samples

in 50 mm Tris–100 mm KCl at pH 7.4. The Trp fluorescence

spectra were recorded from 300 to 400 nm with an excitation

wavelength of 282 nm. The slit widths were set at 4 and

8 nm for excitation and emission, respectively. For Tyr ⁄Trp-
sensitized Tb3+ luminescence energy transfer experiments,

emission spectra were collected from 500 to 600 nm with

excitation at 282 nm, and the slit widths were set at 8 and

12 nm for excitation and emission, respectively. To circum-

vent secondary Raleigh scattering, a glass filter with a cut-

off of 320 nm was used. The Tb3+ titration experiments

were performed by gradually adding 5–10 lL aliquots of

Tb3+ stock solutions (1 mm) to the protein samples (2.5 lm)

in 20 mm Pipes, 100 mm KCl at pH 6.8 to prevent precipita-

tion. For the Ca2+ competition studies, the solution contain-

ing 30 lm of Tb3+ and 1.5 lm of protein was set as the

starting point. The stock solution of 10–100 mm CaCl2 with

the same concentration of Tb3+ and protein was gradually

added to the initial mixture. The fluorescence intensity was

normalized by subtracting the contribution of the baseline

slope using logarithmic fitting. The Tb3+-binding affinity of

the protein was obtained by fitting normalized fluorescence

intensity data using the equation:

f ¼
ð½P�T þ ½M�T þ KdÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð½P�T þ ½M�T þ KdÞ2 � 4½P�T½M�T

q

2½P�T
ð1Þ

where f is the fractional change, Kd is the dissociation

constant for Tb3+, and [P]T and [M]T are the total concen-

trations of protein and Tb3+, respectively. The Ca2+

competition data were first analysed to derive the apparent

dissociation constant by Eqn (1). By assuming that the

sample is saturated with Tb3+ at the starting point of the

competition, the Ca2+-binding affinity is further obtained

using the equation:

Kd;Ca ¼ Kapp �
Kd;Tb

Kd;Tb þ ½Tb�
ð2Þ

where Kd, Ca and Kd, Tb are the dissociation constants of

Ca2+ and Tb3+, respectively. Kapp is the apparent dissocia-

tion constant.

Size-exclusion chromatography

Size-exclusion chromatography was performed on a

HiLoad Superdex 75 (26 ⁄ 65) column using an AKTA

FPLC System (GE Healthcare) with a flow rate of

2.5 mLÆmin)1 at 4 �C. The EF-hand samples or molecular

standards (Sigma MW-GF-70; Sigma, St Louis, MO,

USA) were eluted in 20 mm Tris (pH 7.4), 50 mm NaCl

with either 10 mm EGTA or 10 mm CaCl2.

NMR spectroscopy

NMR spectra were collected on a Varian 600 MHz NMR

spectrometer (Varian, Palo Alto, CA, USA). Two-dimen-

sional (1H, 15N)-HSQC spectra were collected with 4096

complex data points at the 1H dimension and 128
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increments at the 15N dimension. Samples contained

0.5 mm of the protein in 10 mm Tris–100 mm KCl,

0–1 mm LaCl3, 10% D2O at pH 7.4. Pulsed-field gradient

NMR diffusion experiments were performed as described

previously [16]. In brief, 0.3 mm protein samples were pre-

pared in a buffer consisting of 10 mm Tris, 100 mm KCl

at pH 7.4 with either 10 mm CaCl2 or 10 mm EGTA. The

spectra were collected using a modified pulse gradient

stimulated echo longitudinal encode–decode pulse sequence

[21] with 8000 complex data points for each free induction

decay. The diffusion constants were obtained by fitting the

corresponding integrated area of the resonances of the

arrayed spectrum with the following equation:

I ¼ I0 exp½�ðcdG2ÞðD� d=3ÞD� ð3Þ

where c is the gyromagnetic ratio of the proton, d is the

pulsed-field gradient duration time (5 ms) and D is the dura-

tion between two pulsed-field gradient pulses (112.5 ms). The

gradient strength (G) was arrayed from 0.2 to approximately

31 GÆcm)1 using 40 steps. The diffusion constant D was

obtained by fitting the data using a zero-order polynomial

function with R2 > 0.999. NMR diffusion data for lysozyme

in identical buffer conditions were collected, with a hydrody-

namic radius of 20.1 Å used as standard [16]. All the NMR

data were processed using felix (Accelrys, San Diego, CA,

USA) on a Silicon Graphics computer.

Protein cross-linking with glutaraldehyde

The reaction mixture contained 100 lg protein, 20 mm

Hepes buffer (pH 7.5) and 0.2% (w ⁄ v) glutaraldehyde

(Sigma). The mixtures were reacted at 37 �C for 10 min

and stopped by SDS-PAGE loading buffer, which contains

50 mm Tris ⁄HCl, followed by boiling for 10 min. Cross-

linked proteins were then resolved by 15% SDS-PAGE.
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