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a b s t r a c t

Plastins are Ca2+-regulated actin-bundling proteins, and essential for developing and stabilizing actin
cytoskeletons. T-plastin is expressed in epithelial and mesenchymal cells of solid tissues, whereas L-pla-
stin is expressed in mobile cells such as hemopoietic cell lineages and cancer cells.

Using various spectroscopic methods, gel-filtration chromatography, and isothermal titration calorim-
etry, we here demonstrate that the EF-hand motifs of both T- and L-plastin change their structures in
response to Ca2+, but the sensitivity to Ca2+ is lower in T-plastin than in L-plastin. These results suggest
that T-plastin is suitable for maintaining static cytoskeletons, whereas L-plastin is suitable for dynamic
rearrangement of cytoskeletons.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The actin cytoskeleton is an essential component of all eukary-
otic cells and is involved in diverse cellular events such as cellular
motion, division and adhesion, as well as in the control of cell
shape [1,2]. Dynamic rearrangement of the actin cytoskeleton is re-
quired in immune responses such as T-cell receptor signaling, che-
motactic and adhesive responses critical to normal leukocyte
trafficking and motility, and phagocytosis and intracellular killing
of pathogens [3]. While many actin-binding proteins regulate the
recruitment and stabilization of the actin cytoskeleton, recent
studies have implicated the actin-bundling protein, L-plastin, as a
critical regulator of actin dynamics in cells of both the adaptive
and innate immune systems. L-plastin is expressed in hemopoietic
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cell lineages and in many types of cancer cells [4–8]. The expres-
sion of L-plastin is dependent on the transformation to cancer cells,
and may be related to the cells’ acquisition of the capability to
migrate and invade, as in the case of leukocytes. In contrast, the
T-plastin isoform is constitutively expressed in epithelial and
mesenchymal cells of solid tissues to organize the F-actin networks
in those cells [5–8].

Plastins including the L- and T-isoforms are composed of two
EF-hand motifs and two actin-binding domains (ABDs) [8,9]. ABD
is also seen in a wide variety of actin-binding proteins such as
a-actinin, spectrin, cortexillin, and dystrophin [10]. A single ABD
is composed of two tandemly arranged CH domains in a single
polypeptide chain, i.e., four CH domains are sequentially arranged
in plastins. This arrangement is important for the actin-bundling
activity of plastins [11].

The EF-hand motif is a well known Ca2+-binding motif found in
calmodulin, troponin, and other calcium-sensing proteins [12]. The
general function of an EF-hand motif is to chelate a Ca2+ ion for con-
verting intracellular Ca2+ signals to protein–protein interaction, to
carry out various cellular events. The EF-hand motifs in the plastin
isoforms are involved in the regulation of the actin-bundling activ-
ity of plastins [13–15]. Increased concentration of cellular Ca2+

inhibits the formation of actin bundles formed by plastins [16,17].
As mentioned above, plastins have isoforms that are expressed

in different cell types. However, it remains unclear why the expres-
sion of the plastin isoforms is cell-type-dependent. To address this,
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we here focus on the EF-hand motifs of T- and L-plastins to reveal
the functional difference of these isoforms, since a comparison of
the protein sequences revealed that the identity in the EF-hand re-
gions between the isoforms (�55%) is much lower than that in the
ABD regions (�85%).

2. Materials and methods

2.1. Protein preparation

The cDNAs encoding the EF-hand motifs of T- and L-plastins
(EFT and EFL, respectively) were amplified by PCR. The NCBI
accession numbers of the template sequences were AB182243
and NM_008879, which are the sequences of murine plastins.
The sequences of the PCR primers were as follows: 50-CATA-
TGGATGAGATGGCGACCACC-30 and 50-GAATTCTTAAATCCCTTCTTT
CCTGTTGATGGC-30 for EFT; 50-CATATGGCCAGAGGATCCGTGTCT-
GACG-30 and 50-GAATTCTTAGATCCCTTCCTTCTTGTTGATAGC-30 for
EFL. The amplified fragments were ligated into a modified pET28a
vector (Merck, Rahway, NJ), which has a 6� His-tag and TEV prote-
ase cleavage site. 6� His-tagged EFT and EFL were expressed in
Escherichia coli BL21(DE3) (Merck). The proteins were purified
using Ni–NTA agarose (Qiagen, Venlo, Netherlands). The 6� His-
tag was removed by AcTEV Protease (Life Technologies, Carlsbad,
CA). Contaminating Ca2+ was removed by trichloroacetic acid treat-
ment [18]. The proteins used for the ITC measurements were fur-
ther reduced by 5 mM DTT and purified by Resource-Q and
Superdex 75 columns (GE Healthcare, Buckinghamshire, UK).

2.2. CD measurements

CD spectra were recorded on a J-720 spectropolarimeter (Jasco,
Tokyo, Japan) at room temperature. The solution compositions
were 20 lM EFT (or EFL), 100 mM KCl, 50 lM EDTA, and 20 mM
Mops-KOH (pH 7.0) for the Ca2+-free state; and 20 lM EFT (or
EFL), 100 mM KCl, 10 mM CaCl2, and 20 mM Mops-KOH (pH 7.0)
for the Ca2+-bound state.

2.3. Analytical gel filtration experiments

Gel filtration experiments were performed using an ÄKTA ex-
plorer 10S (GE Healthcare) and a Superdex 75 10/30 column (GE
Healthcare) equilibrated with 120 mM KCl, 50 lM EDTA, and
20 mM Mops-KOH (pH 7.0) for the Ca2+-free condition. 50 lM
EDTA was replaced with 10 mM CaCl2 for the Ca2+-bound condi-
tion. 20 lM EFT and EFL in the equilibration buffer were applied
to the column.

2.4. NMR spectroscopy

15N-labeled EFT and EFL were produced by culturing the expres-
sion systems in modified M9 media with 15NH4Cl (SI Science,
Saitama, Japan). 1H–15N HSQC experiments were performed with
an Inova 600 spectrometer (Agilent Technologies, Palo Alto, CA)
equipped with Cold Probe (Agilent Technologies). The compositions
of the calcium-free sample solution were as follows: 0.1 mM 15N-
labeled EFT (or EFL), 10% 2H2O, 5 mM Mops-KOH, 50 lM EDTA,
5 mM DTT, and 100 mM KCl at pH 6.7. In the Ca2+-bound condition,
50 lM EDTA was replaced with 10 mM CaCl2. All the data were pro-
cessed and displayed using NMRPipe/NMRDraw [19].

2.5. Fluorescence spectroscopy

Fluorescence data were recorded on an RF-5300PC spectrofluo-
rometer (Shimadzu, Kyoto, Japan). Excitation was performed at
278 nm while emission was monitored at 334 nm to measure the
Tyr fluorescence. The solution compositions were 20 lM EFT (or
EFL), 20 mM Mops-KOH (pH 7.0), 100 mM KCl, 1 mM DTT, and
various concentration of CaCl2. To determine the pCa values
at half-maximal fluorescence changes (pCa50), plots of the
relationship between relative fluorescence change and calcium
concentration, pCa, were fitted to sigmoidal dose–response curves
by nonlinear regression using GraphPad Prism Version 3.00 for
Windows (GraphPad Software, San Diego, CA).
2.6. ITC measurements

ITC was performed at 25 �C on an iTC200 microcalorimeter (GE
Healthcare). EFT and EFL were dialyzed against 10 mM Pipes-KOH
(pH 6.8), 150 mM KCl, and 1 mM 2-mercaptoethanol. The outer
dialysate was used as a solvent to prepare the CaCl2 solution. The
sample cell was filled with 100 lM protein solution and titrated
with the solution containing 1.6 mM CaCl2. For each titration, 26
consecutive 1.5 lL aliquots of the CaCl2 solution were injected at
120 s intervals. The heat of sample dilution was obtained from a fi-
nal injection in the presence of a 2.7-fold molar excess of Ca2+ over
EFT and EFL, and was subtracted from the Ca2+-binding isotherm.
Data analysis was performed using the Origin-ITC analysis package
(GE Healthcare) in ‘‘one set of sites’’ or ‘‘two set of sites’’ modes.
The appropriateness of the modes was evaluated by the v2 value
of curve fitting.
3. Results

3.1. Secondary structure change in EFL upon Ca2+-binding

We first produced the EF-hand constructs of T- and L-plastins
(EFT and EFL, respectively) to compare the secondary structure con-
tents using CD. All of the spectra of EFT and EFL showed two nega-
tive peaks around 208 and 222 nm (Fig. 1), which suggests that
both EFT and EFL are a-helix-rich. This is consistent with the char-
acteristics of the other EF-hand proteins [12]. The CD analysis also
showed that the spectrum change of EFT was almost negligible
with addition of 10�2 M Ca2+, whereas that of EFL was obvious. This
suggests that EFL changes the secondary structure content upon
the addition of Ca2+. In contrast, it appears that the secondary
structure change in EFT was slight upon the addition of Ca2+. Typ-
ical EF-hand proteins change the conformations with the increase
of Ca2+ concentration, as chelating of Ca2+ opens the angle between
the a-helices in EF-hands, so the results of EFT were unexpected.
3.2. EFT also changes the conformation with Ca2+

Our next question is whether the higher order structure of EFT

changes or not upon addition of Ca2+. To answer this question,
we carried out analytical gel filtration chromatography and NMR.
The results of the gel filtration experiments showed that the elu-
tion time of EFT was delayed in the Ca2+-bound condition, com-
pared with the Ca2+-free condition (Fig. 2A). This suggests that
the molecular radius of EFT became smaller with Ca2+. The elution
time of EFL was similarly delayed with the addition of Ca2+

(Fig. 2B). NMR spectra of EFT and EFL also showed that numerous
signals derived from both of the proteins moved in the 2D spectra
upon addition of Ca2+ (Fig. 2C and D). This indicates that magnetic
environments of such numerous amino acid residues were per-
turbed by the addition of Ca2+. The data from the gel filtration
and NMR analyses together suggest that EFT as well as EFL changes
the tertiary structure upon Ca2+-binding.
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Fig. 1. Changes in secondary structure contents by Ca2+. The CD spectra of EFT (A) and EFL (B) in the apo (solid line) and Ca2+-bound (dashed line) states are shown.
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Fig. 2. Changes in tertiary structure by Ca2+. Gel filtration chromatograms of EFT (A) and EFL (B) in the apo (solid line) and Ca2+-bound (dashed line) states are shown. These
figures show changes in the molecular radiuses of EFT and EFL in response to Ca2+. The elution volumes of the apo and Ca2+-bound forms of EFT were 12.9 and 14.0 mL,
respectively, whereas those of EFL were 12.8 and 13.6 mL. 1H-15N HSQC spectra of EFT (C) or EFL (D) in the apo (black) and Ca2+-bound (red) states. Structural changes of EFT

and EFL are monitored by 2D NMR. To assess the effects of Ca2+ on the tertiary structures of EFT and EFL, we measured 2D NMR using uniformly 15N-labeled EFT and EFL. All
signals in the spectra are from amide groups in the proteins. The spectra under all the conditions show highly dispersed sharp signals, indicating that the proteins are properly
folded without aggregation. The formation of aggregation would broaden the signals. Differences in the distribution of the signals between the presence and absence of Ca2+

indicate the change in the tertiary structure.
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3.3. A higher concentration of Ca2+ is required for the structural change
of EFT

Fluorescent measurements were carried out by exploiting fluo-
rescence from the intrinsic Tyr residues of EFT and EFL to measure
the structural changes of these proteins (Fig. 3). Addition of Ca2+ to
the protein solution causes an increase in the fluorescence. This is
because the structural change around the Tyr residues changes the
fluorescent characteristics of those proteins. The sigmoidal curves
show the difference in the apparent Ca2+-binding strength between
EFT and EFL. The pCa50 values of EFT and EFL were 4.81 ± 0.04
(15.4 lM in molar concentration) and 5.53 ± 0.07 (2.95 lM),
respectively. This suggests that the structural change of EFT re-
quires higher concentration of Ca2+ than that of EFL.

3.4. ITC measurements

To directly observe the Ca2+-binding of EFT and EFL, we carried
out ITC measurements (Supplementary Fig. S1). The Ca2+-binding
of EFT and EFL was exothermic. The obtained parameters are sum-
marized in Table 1. The Kd values for the affinity to Ca2+ were 0.37
(N = 1.14) and 10.6 lM (N = 0.87) for the Ca2+-binding sites in EFT.



0

50

100
%

 M
ax

im
al

 F
lu

or
es

ce
nt

 C
ha

ng
e

 7.0  6.0  5.0  4.0
pCa2+

EFL

EFT

Fig. 3. Fluorescence measurements. Ca2+-dependent fluorescence changes of EFT

(open circles) and EFL (filled circles) are shown. The relative fluorescence changes of
EFT and EFL versus pCa were plotted. Sigmoidal curves were fitted to the plots to
calculate the apparent Ca2+ binding strength of EFT and EFL.

Table 1
Thermodynamic parameters of EFT and EFL obtained by ITC measurements. Reaction
enthalpies (DH), dissociation constants (Kd), and stoichiometry (N) were determined
directly from curve-fitting to the ITC thermogram (Supplementary Fig. S1). The
changes in the Gibbs free energy (DG) and entropy (DS) were determined by using the
equation DG = �RTlnKa = DH � TDS, where R and T are the universal gas constant and
absolute temperature, respectively.

Kd (lM) N DG (kcal/
mol)

DH (kcal/
mol)

DS (cal/mol/
K)

EFTa 10.6 ± 1.4 0.87 ± 0.05 �6.79 ± 0.28 �2.26 ± 0.28 15.2
EFTb 0.37 ± 0.42 1.14 ± 0.11 �8.79 ± 0.04 �2.77 ± 0.04 20.2
EFL 1.05 ± 0.08 1.84 ± 0.01 �8.15 ± 0.02 �4.39 ± 0.02 12.6

a The low affinity site.
b The high affinity site.
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These findings suggest that EFT has two Ca2+-binding sites with dif-
ferent binding affinity. One of those should be defined as a low
affinity site, whereas the other should be considered a high affinity
site [20]. In contrast, the Kd values were 1.05 lM for both
1 3 5 7 9

E-helix

Red:   Identical
Blue:  Similar

10 20

Site IV

G-helix

60 70

Fig. 4. Sequence alignment of the EF-hand motif from various proteins. The amino acid se
human calmodulin (CaM) and of turkey skeletal muscle troponin C (TnC). Red and b
respectively. Numerals at the top (10–100) are the residue numbers of T-plastin. The po
loops. The secondary structure representations and nomenclatures below the sequences i
helices and Ca2+-binding loops called Sites III and IV [29,30].
Ca2+-binding sites in EFL, because N for this binding equaled �2.
This suggests that both of the Ca2+-binding sites in EFL are high
affinity sites.

3.5. Sequence alignment

We next carried out sequence alignment to assess the experi-
mental results. Both of EFT and EFL belong to the canonical EF-hand
motif [12]. The canonical EF-hand motif has six calcium ligation
residues, which have a spacing in the amino acid sequence of 1,
3, 5, 7, 9 and 12 (Fig. 4). Asp is preferred for the positions 1, 3
and 5, whereas Glu is highly conserved for the position 12. Gener-
ally, Ca2+ ions prefer the carboxyl group for chelating. The residues
of the position 12 of all the EF-hands in EFT and EFL are Glu, which
is consistent with the ITC results that suggest that all those EF-
hands are capable of binding Ca2+. Conservation of the positions
1, 3 and 5 is lower. The positions 3 and 5 of the 1st EF-hand of
EFT have Asn instead of Asp, so the low affinity site of EFT may
be the 1st EF-hand motif of EFT.

4. Discussion

In cells, the concentration of calcium ion is strictly regulated by
calcium pumps and channels in plasma membranes. In the resting
state of cells, the intracellular concentration of Ca2+ ([Ca2+]i) is kept
at 10�8–10�7 M, whereas it is increased up to the order of 10�6 M
in the activated state [21,22]. In the present report, we demon-
strated that both EFT and EFL change the conformation depending
on Ca2+ concentration. The NMR and gel filtration analyses demon-
strated the higher order structural change of EFT as well as that of
EFL, although the structural change of EFT was less extensive than
that of EFL, as shown by the CD measurements.

The results from the fluorescence and ITC analyses together
suggest that the structural change of EFL is quite sensitive to the
increase of Ca2+ concentration because EFL has the two equiva-
lently high affinity sites, which together trigger the conformational
change of the EF-hands in EFL. In contrast, the structural change of
1 3 5 7 9 21

21

Site III

F-helix

30 40 50

H-helix

80 90 100

quences listed are from T-plastin (EFT), L-plastin (EFL) and the C-terminal domains of
lue characters indicate identical and similar residues among the four sequences,
sition numbers (1–12) are those of the Ca2+-chelating residues in the Ca2+-binding
ndicate those of CaM and TnC. The C-terminal domains of CaM and TnC contain E–H
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EFT is more modest because one of the Ca2+-binding sites responds
modestly to the increase of Ca2+ concentration. The sequence align-
ment shows that the conservation of the acidic residues in the 1st
EF-hand of EFT is lower than the other EF-hands in EFT and EFL.
These findings suggest that the detailed mechanism by which EFT

changes the structure depending on the Ca2+ concentration is dif-
ferent from that by which EFL does so.

The actin-bundling activity of full length L-plastin is negatively
regulated by the elevation of [Ca2+]i up to approximately 10�6 M
[16]. Thus, our results using EFL were consistent with the studies
using full length L-plastin. In contrast, full length T-plastin is regu-
lated by 10�4–10�3 M Ca2+ [23,24], although EFT changed the con-
formation by 10�5 M Ca2+ in our results. This suggests that the
propagation of the structural change from EFT to ABDs of T-plastin
is less efficient than that from EFL to ABDs of L-plastin. [Ca2+]i is
normally elevated up to the order of 10�6 M in activated cells,
including leukocytes [21,22]. So, L-plastin is capable of changing
the structure by typical Ca2+ spikes. EFT is, however, incapable of
changing the conformation at typical [Ca2+]i in activated cells. This
is consistent with the observation that T-plastin was insensitive to
the Ca2+ concentration up to 2.2 lM [25]. One possible in vivo con-
dition in which full-length T-plastin would be regulated by calcium
is when a cell is disrupted, because the extracellular Ca2+ concen-
tration in our body is as high as �10�3 M. These evidences together
suggest that L-plastin is routinely regulated by [Ca2+]i, whereas T-
plastin is normally quite static in cells. Indeed, T-plastin is ex-
pressed in unmovable and well-arranged cells, such as epithelial
cells and cells of solid organs, in which frequent rearrangement
of the cytoskeleton is unnecessary [5–8]. L-plastin is expressed in
leukocytes whose morphologies change frequently. Thus, the rea-
son why the T- and L-plastin isoforms are expressed in different
kinds of cells may be because the calcium sensitivities of EFT and
EFL are different.

The expression of L-plastin in cancer cells may be related to the
acquired capacity of the cells to migrate and invade. The interac-
tion of cancer cells with extracellular matrix components such as
laminin is a key event in tumor invasion and metastasis, and
the binding of cancer cells to laminin is known to induce
Ca2+-mediated signals in cells [26], suggesting that L-plastin in
cancer cells plays a critical role in cellular adhesion and invasion,
similar to L-plastin in leukocytes. In fact, down-regulation of
L-plastin in cancer cells suppresses their invasion and metastasis
[27], whereas up-regulation of L-plastin induces invasion [28].
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