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Abstract

p65/L-Plastin is a leukocyte-specific EF-hand protein which plays a vital role in organizing the actin cytoskeleton. Since its overall structural
information has been largely unknown, we employed the X-ray scattering technique to elucidate the structure. Kratky plots of p65/L-plastin
showed one peak, indicating that the protein takes compact globular conformations. The radii of gyration (Rg) of the monomer p65/L-plastin
estimated from Guinier plots were 27.5±0.5 Å and 28.6 Å in the absence and presence of Ca2+, respectively. The distance distribution function
P(r) gave single peaks at 31.5–32.3 Å and 33 Å in the absence and presence of Ca2+, respectively. These indicate that p65/L-plastin becomes
somewhat larger in the presence of Ca2+. The molecular shape of p65/L-plastin reconstructed from X-ray scattering data using the DAMMIN
program has provided the first view of the overall structure of full-length plastin/fimbrin family proteins: a compact horseshoe-like shape with a
small projection, which also exhibits Ca2+-induced conformational changes.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Leukocytes such as neutrophils and macrophages are the key
cellular components that initiate the first line of host defense by
recognizing pathogen-specific structures and then coordinating
inflammatory responses [1–3]. In order for these cells to execute
their functions, it is important that they are able to be recruited
into inflamed or infected tissues and to be activated at the sites.
The actin cytoskeleton is essential for such cellular functions
[4,5]. In connection with this, we previously identified a 65-kDa
protein (p65/L-plastin) that is phosphorylated in macrophages by
bacterial stimulation, finding that it has two Ca2+, one calmo-
dulin, and two β-actin binding domains [6–9]. The p65/L-plastin
Abbreviations: ABD, actin-binding domain; CH, calponin-homology
domain; PIPES, piperazine-N,N′-bis(2-ethanesulfonic acid); EDTA, ethylene-
diaminetetraacetic acid; EGTA, ethylene glycol-bis(β-aminoethyl ether)-N,N.N′,
N′-tetraacetic acid; Rg, radius of gyration; [Ca2+], intracellular free Ca2+; SAXS,
small angle X-ray scattering.
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is exclusively expressed in leukocytes of normal cells and in
many types of cancer cells [7,8,10]. Transformation-dependent
expression of p65/L-plastin in cancer cells may be related to their
acquisition of the capacity to migrate and invade, just like
leukocytes.

The protein is a member of the plastin/fimbrin protein family
which is evolutionarily conserved from yeast to mammalian cells
[8,10,11]. The family is characterized by actin binding domains
(ABD); an ABD consists of a pair of ∼125 residue calponin-
homology (CH) domains [12]. ABD-containing proteins include
proteins such as spectrin, α-actinin, dystrophin, cortexillin, and
plastin/fimbrin [12]. The plastin/fimbrin family proteins are
unique among these, as they possess two tandem repeats of ABD
(ABD1 and ABD2) within a single polypeptide chain and cross-
link actin filaments into higher order assemblies such as bundles
and networks through this tandem pair of ABDs [13]. The actin
bundling activity of plastin/fimbrin was demonstrated to be
regulated by Ca2+ through N-terminal EF-hand Ca2+-binding
domains [14].

Since the elevation of intracellular free Ca2+ is an essential
triggering signal for leukocyte activation by extracellular stimuli
[15–17], it is especially intriguing to clarify how leukocyte
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Fig. 1. Kratky plots. (A) p65/L-plastin, (B) p65/L-plastin with 0.1 mM Ca2+. The protein concentration was 3 mg/ml. The ordinate is the scattering intensity
(I) multiplied by h2.

Table 1
Rg from Guinier and Kratky plots (Å)

Rg (Kratky plot)
(whole sample)

Rg (Guinier plot)
(monomer)

Rg
(Ref.)

p65/L-Plastin 29.7 27.5±0.5
P65/L-Plastin
with Ca2+

29.7 28.6

Carbonic
anhydrase

19.6 19.1 19 (Ref. [39])

Bovine serum
albumin

28.4 27.5 28–30
(Refs. [26,40,41])
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cellular functions are regulated by p65/L-plastin, a leukocyte-
specific Ca2+-binding protein. Ca2+-induced conformational
changes of p65/L-plastin were previously detected by measuring
the fluorescence emission intensity of the protein [18]. Likewise,
the actin-bundling activity of p65/L-plastin is known to be strictly
Ca2+-dependent; the activity are observed at pCa 7 but not at pCa
6 [14]. However, structural analyses explaining these findings
have yet to be done. In order to investigate its structure and
function in more detail, we prepared recombinant p65/L-plastin
proteins [9], but found it difficult to crystallize the proteins. In the
present study, we applied the X-ray scattering method to inves-
tigate the conformation of p65/L-plastin. X-ray solution scattering
is a powerful technique used to analyze protein conformation in
solution at 3 Å resolution [19]. The findings in this report give a
new view of p65/L-plastin.

2. Experimental

2.1. Proteins

Recombinant p65/L-plastin without tags was prepared as
described [9]. Control proteins–bovine serum albumin (67-kDa)
and bovine carbonic anhydrase (29-kDa)–were purchased
(Sigma-Aldrich). Protein concentrations were 3 mg/ml for all
measurements. Proteins were dissolved in Ca2+-free buffer
(10 mM PIPES, 100 mM KCl, 3 mM NaCl, 0.1 mM EDTA,
pH7.2) or in Ca2+-containing buffer (10 mM PIPES, 100 mM
KCl, 3 mM NaCl, 0.1 mM CaCl2, pH7.2). Major conformational
changes of p65/L-plastin, as measured by the fluorescence
intensity, occurred at Ca2+ concentration ranging from 0.1 and
1 μM and reached a plateau level at 10 μM [18]. Likewise, the
actin-bundling activity of p65/L-plastin was observed at pCa 7
(0.1 μM ) but lost at pCa 6–5 (1–10 μM) [14]. These indicate that
100 μM of Ca2+ used in this study is high enough to analyze the
Ca2+-bound state of p65/L-plastin. In addition, since the
recombinant p65/L-plastin was purified in the presence of high
concentration of EDTA and EGTA (5 mM each) as previously
reported [9], most of the p65/L-plastin proteins exist as a Ca2+-
free form in Ca2+-free buffer used in this study.
2.2. X-ray scattering analysis

X-ray scattering experiments were performed at the beamline
15A small angle installation (BL-15A) of the Photon Factory at
High Energy Acceleration Research Organization (KEK),
Tsukuba, Japan, where a stable beam of photons with a wave-
length of 1.50 Å was provided by a horizontally focusing bent-
crystal monochromator and a vertically focusing mirror [20].
Measurements were done at room temperature. Scattering data
were taken by a CCD-based X-ray detector (Hamamatsu
Photonics K.K., Japan) [21], and were corrected for distortion
of images, non-uniformity of sensitivity and contrast reduction for
an X-ray image intensifier before analysis [22,23]. The detector
was set at a distance of 1.681 m from the sample position. Data for
which h is between 0.015 and 0.175 Å−1 were used for the
analyses, where h is a scattering vector defined as h ¼ 4p: sin h

k ,
2θ is the scattering angle, and λ is the wavelength of the X-ray.

For Guinier analysis, we used double exponential analysis.
Double exponential analysis is a method in which we suppose
two components are in solution. The scattering intensity is
expressed as the sum of two exponential functions in a small
angle area, as shown below.

I hð Þ ¼ I1 exp �R2
g1h
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þ I2 exp �R2

g2h
2
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where I(h) is the scattering intensity at scattering vector h; I1 and I2
are the zero angle intensities of components 1 and 2, respectively;



Fig. 2. Guinier plots. The ordinate is the natural logarithm of the scattering intensity (I). (A) p65/L-plastin, (B) p65/L-plastin with 0.1 mM Ca2+. Fitting lines were
obtained by using double exponential functions. To separate two scattering curves clearly, the curve obtained in the presence of Ca2+ was shifted downwards for
convenience.
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and Rg1 and Rg2 are the radii of gyration (Rg) of components 1 and
2, respectively. From the equation above, we can get two radii of
gyration, a smaller and a larger one. In the case of a mixed solution
Fig. 3. P(r) functions (dashed lines). (A) p65/L-plastin, (B) p65/L-plastin with 0.1 m
clarity. Solid lines are P(r) functions calculated based on the monomeric contributio
of monomer and oligomers, the smaller Rg gives the Rg of the
monomer, while the larger one gives the average Rg of oligomers,
if they are well-separated (unpublished data).
M Ca2+. These were calculated using GNOM. Vertical scales are modified for
n. See details in the text.



Fig. 4. Reconstruction of the molecular shape of p65/L-plastin in the presence
and absence of Ca2+ from the SAXS data calculated by DAMMIN. Scattering
intensities of p65/L-plastin in the presence and absence of Ca2+ were used for the
calculation using the DAMMIN program. To account for the influence of some
aggregates in samples, we calculated the monomer components by subtracting
the larger Rg components obtained by double exponential Guinier analysis.
(A) Reconstructed conformation of p65/L-plastin in the absence of Ca2+.
(B) Reconstructed conformation of p65/L-plastin in the presence of Ca2+.
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3. Results

3.1. Kratky plots of the X-ray solution scattering
of p65/L-plastin

X-ray solution scattering of p65/L-plastin was performed at the
BL-15A station of Photon Factory (High Energy Accelerator
Organization, Tsukuba). In Fig. 1, Kratky plots are shown in the
presence and absence of Ca2+. Peaks are observed in both
measurements, indicating that the protein takes globular
conformations [24,25]. Radii of gyration (Rg) estimated from
the peaks of Kratky plots were 29.7 Å regardless of the presence
of Ca2+ (Table 1).

3.2. Guinier plots of the X-ray solution scattering

Fig. 2 shows Guinier plots. They show slight increases at small
angle regions in both cases, indicating that some proteins
aggregate. The proportions of the aggregates were calculated to
be less than 9% of the whole sample. In order to estimate more
precise Rg of monomer p65/L-plastin, the aggregates' contribu-
tion to scattering has to be accounted for. For Guinier analysis,
double exponential analysis can be used as described in
Experimental. When the aggregates' contribution was subtracted
from the scattering data of the whole sample, the resultant values
showed a straight line at small angle regions (Supplementary data
online). We obtained two Rg, a smaller and a larger one. As
shown in Table 1, the Rg of the smaller component (the Rg of the
monomer) was 27.5±0.5 Å and 28.6 Å in the absence and
presence of Ca2+, respectively. Two control proteins, carbonic
anhydrase and bovine serum albumin, were measured, and their
Rg are also shown in Table 1. The obtained Rg of the control
monomer proteins are in good agreement with those reported
elsewhere. Since aggregates were thought to be ensemble of
oligomers with various sizes, the larger Rg was probably z-
average of oligomer distribution. Thus, we did not pursue the
further analysis of aggregates in this study.

3.3. P(r) functions of the X-ray solution scattering

Distance distribution functions (P(r) functions) were calcu-
lated from the scattering intensity using the GNOM program
[25,27], and are shown in Fig. 3; dashed lines are P(r) functions
of the whole samples, and solid lines are P(r) functions
calculated based on the monomeric contribution. The P(r)
function for the monomer p65/L-plastin shows single peaks at
31.5–32.3 Å and 33 Å in the absence and presence of Ca2+,
respectively.

4. Discussion

The elevation of intracellular free Ca2+ ([Ca2+]i) is an essential
triggering signal for the activation of leukocytes such as
macrophages and lymphocytes by extracellular stimuli [15–17],
indicating that EF-hand Ca2+-binding proteins should play a vital
role in the activation process of leukocytes. It is of great
importance to clarify the structure and function of leukocyte-
specific EF-hand protein p65/L-plastin, which exerts its function
on the actin cytoskeleton in a Ca2+-dependent manner [8,9].

Calmodulin, a well-known Ca2+-binding protein with four EF-
hand motifs has been investigated both in crystal form through
X-ray diffraction studies [28–30], and in solution through X-ray
scattering studies [31,32]. Both types of studies found that
calmodulin takes a dumbbell shape regardless of the presence of
Ca2+. These results prompted us to investigate whether or not
p65/L-plastin takes a dumbbell-type conformation. However,
peaks were observed in the Kratky plots (Fig. 1), and the P(r)
functions of p65/L-plastin also show single peaks in the absence
and presence of Ca2+, respectively (Fig. 3). These results suggest
that the protein takes a globular shape rather than a dumbbell-type
conformation, and that most of the proteins exist as monomers in
solution regardless of the presence of Ca2+. Consistent with this is
the fact that p65/L-plastin does not show visible aggregates in the
presence of Ca2+ as previously described [33]. However, the Rg
of the monomer p65/L-plastin obtained from Guinier analysis is
larger in the presence of Ca2+ as shown in Table 1. Position r,
where the P(r) function shows a maximum, is also slightly
larger in the presence of Ca2+ (Fig. 3). These results suggest that
p65/L-plastin becomes somewhat larger in the presence of Ca2+.
In connection with this, it was reported that Rg of calmodulin, as
measured by solution X-ray scattering, was 20.6 Å and 21.5 Å in
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the absence and presence of Ca2+, respectively [31], suggesting
that the magnitude of the Ca2+-induced increase in the Rg of p65/
L-plastin is about the same level of that of calmodulin, a typical
Ca2+-binding protein with EF-hand motifs.

The conformation of p65/L-plastin was estimated using the
DAMMIN program [34,35]. The program DAMMIN is an
advanced modeling procedure designed to reconstruct the shape
of a molecule from the scattering intensity of small angle X-ray
scattering (SAXS) data. SAXS data from p65/L-plastin in the
presence and absence of Ca2+ were used for this calculation. For
this analysis, we had to account for the aggregates' contribution to
scattering. We then calculated the monomer component by
subtracting the larger Rg components, which were obtained by
double exponential analysis of the Guinier plots. The P(r)
functions thus calculated for the monomer components are shown
in Fig. 3 (solid lines). Finally, we calculated the conformation of
monomer p65/L-plastin in solution in the presence and absence of
Ca2+ using the DAMMIN program, and the results are shown in
Fig. 4. Although partial domain crystal structures of plastin/
fimbrin have been determined as previously described [36,37], its
Fig. 5. Schematic diagram of p65/L-plastin structure. (A) Reconstituted
molecular shape of p65/L-plastin as shown in Fig. 4A. See details in the text
about X, Y, Z and arrow P. (B) Modular organization of p65/L-plastin. The
protein possesses an N-terminal headpiece of ∼100 amino acids containing two
EF-hand motifs and two ABDs consisting of ABD1 (residues 120–379) and
ABD2 (residues 394–623); each ABD contains two CH domains. (C) Possible
arrangement of the ABDs (CH1–CH4) of p65/L-plastin in solution without Ca2+.
overall molecular shape has yet to be clarified because of the
difficulty in crystallizing the full-length protein. Thus, the
molecular shape of p65/L-plastin shown in Fig. 4A is the first
view of the global structure of full-length plastin/fimbrin proteins.

A cardinal feature of plastin/fimbrin family proteins is the two
tandem repeats of ABD (ABD1 and ABD2). Each ABD is
composed of a tandem pair of CH motifs: CH1 and CH2 for
ABD1, and CH3 and CH4 for ABD2. ABD1 was previously
solved by X-ray crystallography [36], demonstrating that the two
CH domains, CH1 and CH2, form a compact globular structure.
This suggests that ABD2 may also form a similar structure since
ABD1 and ABD2's amino acid sequences are well conserved
[12]. If the two ABDs each form compact globular structures with
some distance between them, they would take a dumbbell-like
shape as a whole. However, experimental data obtained in this
study indicate that p65/L-plastin has a compact structure. Indeed,
Klein,M. G., et al. have recently reported that the crystal structure
of the Arabidopsis thaliana and Schizosaccharomyces pombe
fimbrin cores (ABD1 and ABD2 without an N-terminal
headpiece) is highly compact, and that the two ABDs are packed
together in an approximately anti-parallel arrangement with the
N- and C-terminal CH domains (CH1 and CH4) making direct
contact, creating an overall horseshoe appearance [38]. Their
schematic diagram shown in reference 38 appears to be similar to
the reconstructed shape of p65/L-plastin obtained in this study
(Fig. 5A); that is, X, Y and Z may correspond to CH1–CH3,
CH2–CH4, and CH3–CH4 of the fimbrin core, respectively. This
has led us to deduce that the CH1–CH4 domains in p65/L-plastin
are also arranged just as they do. Since the modular organization
of p65/L-plastin, shown in Fig. 5B, is basically the same as that of
fimbrin of the A. thaliana, it is conceivable that the CH1–CH4
domains in p65/L-plastin also show an anti-parallel arrangement
with the CH1 and CH4 domains making direct contact. This
schematic illustration is shown in Fig. 5C. Furthermore, it is of
note that a small projection (Fig. 5A; arrow P) appears to be
attached to the horseshoe shape, and that this structure is not
found in the scheme of the fimbrin core [38], suggesting that this
part may be an N-terminal headpiece containing two EF-hand
motifs. Taking all this into account, it is likely that p65/L-plastin
forms a compact horseshoe shape with a small projection. This
new view of the p65/L-plastin structure should help us gain
insight into the overall domain organization of plastin/fimbrin
proteins.

Moreover, it is of great interest to analyze the Ca2+-induced
conformational changes of p65/L-plastin because its actin-bundle
activities are known to be Ca2+-dependent. The DAMMIN-based
reconstruction of the SAXS data of p65/L-plastin in the presence
of Ca2+ has for the first time revealed that considerable con-
formational changes of the protein were induced in the presence
of Ca2+ as shown in Fig. 4B. These global conformational
changes should have strong relevance to p65/L-plastin function
since its actin-bundle activities are largely reduced in the presence
of a high concentration of Ca2+ [14]. Further analyses using the
N-terminal headpiece-deleted form of p65/L-plastin are currently
planned and should be useful to investigate the relationship
between the EF-hand domains and the actin-binding core
domains in more detail.
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