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Abstract

Calcium-binding proteins play various and significant roles in biological systems. Conformational changes in their structures are closely
related to their physiological functions. To understand the role of calcium-binding protein 3 (CBP3) in Dictyostelium discoideum, its
recombinant proteins were analyzed using circular dichroism (CD) and fluorescence spectroscopy. Gel mobility shift analysis showed that
Ca*" induced a mobility shift of the recombinant CBP3. Far ultra-violet CD spectra and intrinsic fluorescence spectra on CBP3 and its N- and
C-terminal domains exhibited that they underwent a conformational rearrangement depending upon Ca*>* binding. Measurement of Ca**
dissociation constants demonstrated that CBP3 had high affinity toward Ca”" in the sub-micromolar range and N-terminal domain had higher
affinity than C-terminal domain. The changes of fluorescence spectra by an addition of 8-anilino-1-naphthalene sulfonic acid indicated that
the hydrophobic patches of CBP3 and its C-terminal domain are likely to be more exposed in the presence of Ca®*. Since the exposure of
hydrophobic patches is thermodynamically unfavorable, Ca*"-bound CBP3 may interact with other proteins in vivo. All these data suggest

that Ca>" induces CBP3 to be more favorable conformation to interact with target proteins.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Calcium jon (Ca*") regulates wide variety of cellular
processes such as cell-cycle progression, differentiation,
muscle contraction, signal transduction, nucleotide metab-
olism, and enzyme activities. These roles of calcium ion
must be mediated by a variety of calcium-binding proteins.
Calcium-binding proteins can act as buffers storing and
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releasing Ca”", or as sensors detecting Ca®" concentration
and transducing the signals [1-5]. These calcium-binding
proteins have highly conserved helix-loop-helix structure,
EF-hand motifs, with a Ca>" ion bound to the interhelical
loop region [6]. In general, a pair of EF-hand helix-loop-
helix motifs forms a globular domain. Proteins containing
four such motifs will thus have two domains that can be
either structurally dependent or independent [7-9]. Upon
Ca”" binding, the sensor proteins undergo conformational
change and in turn regulate a large number of target
proteins. Calmodulin regulates many intracellular target
proteins such as calmodulin kinases, myosin light chain
kinases and calcineurin, and NMDA receptor [10]. Troponin
C acts as a Ca®" sensor in muscle cells [11] and recoverin in
retinal rod cells [12].

There were many reports indicating that calcium ion
plays a role during the development of Dictyostelium
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discoideum: Ca®" is involved in numerous developmental
stages, such as chemotaxis [13—15], cell-cell adhesion [16],
cell fate determination [1,17-19], and transduction of
starvation signal [20].

Previously, we have reported the cloning and character-
ization of ¢hpC from D. discoideum [21]: calcium-binding
protein 3 (CBP3) found in Dictyostelium is a small acidic
protein, which has four putative EF-hand motifs and is
expressed at the developmental stage. Although several
small acidic calcium-binding proteins have been also
reported in Dictyostelium [22-25], the structural properties
of the calcium-binding proteins have not been reported yet.
To characterize structural properties and calcium affinity
features of the CBP3 protein, CBP3 and its N- and C-
terminal domains were overexpressed in Escherichia coli,
respectively, and their conformational properties were
characterized. Here, we report the calcium-induced con-
formational change of the recombinant Dictyostelium
CBP3.

2. Materials and methods
2.1. Plasmid construction

The expression vectors for N- and C-terminal half
domains of the CBP3 protein in E. coli were constructed
by polymerase chain reaction (PCR), using pET-CBP3 [21]
as a template. For N-terminal domain, forward primer (5-
TAT TCA TAT GTT AAC TAA TAA TG-3') and reverse
primer (5-GGA TCC TCA ATT AGT TTT TTT GCA) were
used. For C-terminal domain, forward primer (5:CAT ATG
CAA AAT GCT GAT ATT GCT GCA TTG) and reverse
primer (5“CCC AGG ATC CTT TTA AAC AAT GTG GAC
GGC-3") were used. The PCR products were cloned into
Ndel and BamHI site of pETI5b expression vector
(Novagen) and named pET-CBP3N, pET-CBP3C, respec-
tively. DNA sequencing of both strands verified correct
ligation and in-frame insertion of the fragments.

2.2. Recombinant CBP3 Protein expression and purification

E. coli BL21 (DE3) pLysS cells harboring pET-CBP3,
pET-CBP3N, and pET-CBP3C were grown in Luria—Bertani
(LB) medium containing ampicillin (50 pg/ml). When cells
were grown up to absorbance 0.5 at 600 nm, CBP3
expression was induced with 1 mM isopropyl-pB-D-thioga-
lactopyranoside (IPTG) for 3 h. The induced cells were
collected and stored at —20 °C. The frozen cells were
thawed and solubilized in binding buffer (20 mM Tris—HCI,
pH 7.9, containing 5 mM imidazole and 0.5 M NaCl) and
were gently sonicated and centrifuged at 12,000 rpm for 15
min. The pellets were solubilized in binding buffer, which
contained 6 M urea. The solubilized proteins were purified
using nickel-affinity column (Novagen) under the denatura-
tion condition. The eluates were strongly reduced by adding

dithiothreitol (DTT) to a final concentration of 20 mM and
refolded rapidly by 100-fold volume of refolding buffer (20
mM Tris—HCI, pH 8.5, containing 30 mM L-arginine, 0.5
mM oxidized glutathione, 150 mM NaCl, and 2.5 mM
CaCl,). The concentration of the proteins during refolding
process was approximately 10 pM. The samples were
incubated at room temperature for 2 h and concentrated by
ultrafiltration (Amicon). The N-terminal His-tag leader was
removed by thrombin. The cleavage of the His-tag leader
and the purity of the protein were assessed by sodium
dodecylsulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) [26] or Tricine SDS-PAGE [27]. The concentration
of protein was measured using absorbance at 280 nm and
D¢ Protein assay kit (Bio-Rad). The molar absorption
coefficient of the protein was estimated according to the
previously proposed method [28]. The Ca®'-free proteins
were prepared according to the previously proposed method
[29].

2.3. UV-visible absorption spectrum measurement

The UV-visible absorption spectrum of recombinant
CBP3 was recorded on Shimadzu UV-160 spectrophotom-
eter at ambient temperature. The final protein concentration
was about 70 puM.

2.4. Far-UV circular dichroism (CD) spectra measurements

The far-UV CD spectra were recorded on Jasco J715
spectropolarimeter at ambient temperature. Protein concen-
tration was approximately 8 pM. Measured ellipticities, 0
were converted to molar ellipticity, [0], by the relation:
[01=0/10lcprw, where [ is path length and cprw is the
protein molar concentration per residue. Quantification of
secondary structure contents was carried out with the self-
consistent method [30]. Molar ellipticity data corrected for
background was analyzed using the program Dicroprot [31].

2.5. Fluorescence emission spectra measurements

Fluorescence emission spectra were recorded on SLM
Amino 48000 spectrofluorometer at ambient temperature
with excitation at 280 nm. Spectral measurements were
carried out at protein concentration of approximately 8 pM
in 20 mM 4-morpholinepropanesulfonic acid (MOPS)
buffer at pH 7.2. The slit widths for excitation and emission
were 5 and 2 nm, respectively.

The calcium titration data were fitted by the following
Hill equation: f=[Ca®"]"/K"+[Ca®']", where f is the fraction
of the fluorescence intensity change at a given free Ca”"
concentration from that of apo-protein over the maximal
change during the titration. The Hill coefficient (ny) was
obtained from the following equation: log[f/(1—f)]=
a+nylog[Ca*"].

8-Anilino-1-naphthalene sulfonic acid (ANS) fluores-
cence spectra were recorded at the of 450—600 nm (2 nm slit
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Fig. 1. (A) Graphical representation of CBP3. Four EF-hand motifs are represented with gray box and numbered with I-IV. The vertical line between EF-hand
II and III indicates the cleavage site. (B) Sequences of CBP3 and its N- and C-terminal domains. EF-hand motifs were underlined and italicized in bold. The
boundary residues between N- and C-terminal domains were Glutamate (E) and Glutamine (Q). The cleaved site between N- and C-terminal domains was

boxed.

width) after the excitation at 385 nm (5 nm slit width) and
ANS concentration was approximately 60 pM in the
presence of 2 mM CaCl, or 10 mM ethylene glycol-bis(p-
aminoethylether)-N,N,N,N-tetraacetic acid (EGTA). Sample
buffer was 10 mM Tris—HCI (pH 7.50) containing 1 mM
DTT and 150 mM KCI. The final concentration for each
protein was approximately 12 uM.

3. Results

3.1. Expression of recombinant CBP3 and its N- and
C-terminal domains

CBP3 is one of the several calcium-binding proteins in
D. discoideum and contains four EF-hand motifs (residues
D19-E30, D58-E69, D102-E113, and D137-E148) (Fig.
1A) [21]. By secondary structure prediction, CBP3 is an a-
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helix rich-protein (63%) and all EF-hand motifs are located
in the loop. In case of calmodulin, it is well known that N-
(EF-L, II) and C-terminal domains (EF-III, IV) have very
similar structure and function independently without any
interaction between two domains [4,7,32]. Since the
primary structure of CBP3 is quite different from that of
calmodulin, it would be important to characterize CBP3 and
its N- and C-terminal domains. We constructed recombinant
CBP3, N- and C-terminal domains of CBP3 to investigate
their Ca®'-binding properties and conformational changes
induced by Ca*".

CBP3 and its N- and C-terminal domains were cloned
into E. coli expression vector pET15b. N- and C-terminal
domains of CBP3 consist of residues 1-83 and 84-160,
respectively (Fig. 1B) and each domain contains two EF
hand motifs. These recombinant proteins were expressed in
E. coli strain BL21 (DE3) and the average yields were
about 10-25 mg of protein/l of LB medium. The majority of
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Fig. 2. CBP3 expression in E. coli. (A) CBP3 expression profile in E. coli BL21 (DE3) pLysS cells harboring pET-CBP3. E. coli BL21 cells were induced with
1 mM IPTG and prepared at the indicated time after induction. M, molecular size marker (116, 66, 45, 35, 25, 16.4, and 14.4 kDa from upper band); lane 1, cell
lysate at 0 h after induction; lane 2, cell lysate at 3 h after induction; lane 3, soluble fraction of cell lysate at 3 h after induction; lane 4, insoluble fraction of cell
lysate at 3 h after induction. (B) Purified CBP3 (lane 1), its N- (lane 2) and C-terminal (land 3) domains after the removal of His-tag leader by thrombin. M,

molecular size marker (26.6, 17, 14.4, and 6.5 kDa from upper band).
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Fig. 3. UV-Vis absorption spectrum of refolding CBP3 protein (A) and calcium-induced gel mobility shift of recombinant CBP3 and its N- and C-terminal
domains (B). (A) UV-Vis absorption spectrum of 70 uM purified CBP3 was recorded at ambient temperature. (B) Equal amount of CBP3 with 2 mM CaCl,
(lanes 1, 3, and 5) or 2 mM EGTA (lanes 2, 4, and 6) were loaded on 13% SDS-PAGE. M, molecular size marker (116, 66, 45, 35, 25, 16.4, and 14.4 kDa from
upper band); lanes 1 and 2, CBP3; lanes 3 and 4, N-terminal domain; lanes 5 and 6, C-terminal domain.

CBP3 proteins was found in the insoluble fraction,
inclusion body (Fig. 2A) and the expression level was
increased when 1~2% (w/v) glucose was added in the
culture medium (data not shown). To solubilize the
recombinant CBP3 proteins, inclusion bodies were dis-
solved in 6 M urea, and purified by nickel-affinity
chromatography under denatured condition, and refolded.
The N-terminal His-tag leader was removed by thrombin.
The cleavage of the His-tag leader and the purity of the
protein were assayed by SDS-PAGE. They appeared as
single bands on SDS-PAGE under reducing conditions (Fig.
2B). The purified proteins were dialyzed against appropriate
buffer and stored at 4 °C prior to use.

3.2. UV-visible absorption spectrum and calcium induced
electrophoretic gel mobility shift of recombinant CBP3

The UV-visible absorption spectrum of CBP3 showed no
absorption bands of prosthetic groups or metal ions, except
absorption bands of peptide bond and aromatic amino acids
(Fig. 3A). The concentration of protein was measured and
the molar absorption coefficient of the protein was
calculated according to the previously proposed method
[28]. The calculated molar absorption coefficient for CBP3

and its N- and C-terminal domains at 280 nm were 22,140,
10,555, and 11,585 M~' cm™ ', respectively.

Calcium-binding proteins show different mobility in
SDS-PAGE depending on the presence of calcium or
EGTA. The refolded recombinant CBP3 protein in SDS-
PAGE also migrated slowly in the presence of EGTA (Fig.
3B). This result was in good agreement with the result from
CBP3 detected by Western blot analysis in the crude extract
of 8 h-developed Dictyostelium [21]. These results implied
that recombinant CBP3 retained its binding activity to Ca**
and underwent similar conformational change with native
CBP3 upon Ca®" binding. Besides the CBP3, N- and C-
terminal domains also showed a slight mobility shift in gel
(Fig. 3B).

3.3. Far-UV CD spectra and secondary structure contents

The far-UV CD spectra of CBP3 and its N- and C-
terminal domains in the absence and presence of calcium
were presented in Fig. 4. All spectra showed two minima at
208 and 222 nm, which are characteristics of proteins with a
large portion of a-helix. The secondary structure contents
and calcium-induced conformational change of CBP3 and
its N- and C-terminal domains were predicted (Table 1). In
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Fig. 4. Far-UV CD spectra of CBP3 (A) and its N- (B) and C-terminal (C) domains. The far-UV CD spectra were recorded on Jasco J715 spectropolarimeter at
ambient temperature. Protein concentration was approximately 8 uM. Each protein was in apo- (dotted line) and 2 mM calcium saturated states (solid line) in 20
mM MOPS buffer, pH 7.2. Measured ellipticities were converted to molar ellipticity, [0] and the quantification of the contents of secondary structure was
carried out with the self-consistent method.
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Table 1
The secondary structure composition of CBP3 and its domains calculated
from CD spectra® in the absence or presence of calcium ion®

CBP3 CBP3N CBP3C

—Ca*"  +Ca®" —Ca®" +Ca*"  —Ca®t  +Ca®"
a-helix 32.5 31.0 429 43.9 21.5 31.8
Turns 27.9 25.8 - 21.7 22.6 25.8
[3-sheet and 41.6 46.5 57.1 36.7 60.4 44.7

other structure

? The secondary structure contents were calculated from Dicroprot [31]
program based on the self-consistent method [30].
® The concentration of calcium ion was 2 mM.

the apo-state, CBP3 had about 32.5% of a-helix, 27.9% of
turns, and 41.6% of P-sheet and another structure. N-
terminal domain had 42.9% of a-helical content, which was
higher than those of CBP3 and its C-terminal domain.
Interestingly, N-terminal domain had no turns and high
content of B-sheet and another structure (57.1%). C-terminal
domain had lower a-helical content and higher content of {3-
sheet and another structure than CBP3 and its N-terminal
domain. When 2 mM of Ca®" was added, the changes in the
CD spectrum indicated that conformational rearrangements
occurred due to calcium binding. CBP3 showed slightly
decrease in the contents of a-helix and turns and increase in
the content of PR-sheet and another structure. N-terminal
domain showed increase in the content of turns from 0% to
21.7% and decrease in the content of B-sheet and another
structure from 57.1% to 36.7%, respectively. C-terminal
domain underwent increase of the contents of a-helix and
turns from 21.5% to 31.8% and from 22.6% to 25.8%,
respectively, while the content of P-sheet and another
structure decreased from 60.4% to 44.7%. The Ca®'-
induced A[0],,, value of full-length CBP3 was 2.76. While
N-terminal domain had more «-helical content, the Ca'-
induced A[0],5, value of C-terminal domain was 2.65,
which was greater than 1.94 of N-terminal domain. This
kind of Ca®'-induced spectral change implies that C-
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terminal domain may undergo greater conformational
change than N-terminal domain after the addition of Ca®".
CD spectrum of full-length CBP3 was not the direct sum of
the spectra of two separate domains (Fig. 4), which suggests
that there might be some interactions between the N- and C-
terminal domains.

3.4. Calcium dissociation constants (Kp) and Hill
coefficient

The effect of calcium on the conformation of CBP3 was
also investigated by its intrinsic fluorescence. Since excita-
tion wavelength was 280 nm, seven tyrosine residues in N-
terminal domain and four tyrosine and one tryptophan
residues in C-terminal domain could contribute to their
intrinsic fluorescence. As the concentration of calcium ion
increased, fluorescence intensities of CBP3 and its N- and C-
terminal domains increased (Fig. 5). This result supports the
conclusion that calcium-induced conformational change of
CBP3 and its domains. Even though fluorescence intensities
of three proteins increased after the addition of calcium,
CBP3 and its N-terminal domain showed red-shifted A
(327—337 nm and 320—323 nm, respectively), while C-
terminal domain did blue-shifted A.. (354—349 nm).
Calcium binding probably changed the environment of
fluorophores of CBP3 and its N- and C-terminal domains
differently. The spectra in the presence of a denaturating
agent, 6M guanidine-HCI indicated that CBP3 and its N-
and C-terminal domains had no other chromophores and
represented their intrinsic fluorescence due to tyrosine or
tryptophan, respectively (Fig. 5). Using changes of intrinsic
fluorescence by calcium, Kp value and Hill coefficient of
CBP3 and its domains were calculated (Table 2). Kp of
CBP3 for calcium was 7.76x10°® M, which means high
affinity for Ca>* and the calcium affinities of each domain
were relatively lower than that of CBP3. A calculated Hill
coefficient of CBP3 was 2.2, while those of N-terminal and
C-terminal domains were less than 1. These values obtained

350 400

Wavelength (nm)

Fig. 5. Changes of fluorescence emission spectra of CBP3 (A) and its N- (B) and C-terminal (C) domains induced by Ca>". Samples were excited at 280 nm
and fluorescence emission spectra were recorded on SLM Amino 48000 spectrofluorophotometer at ambient temperature. The protein concentration was
approximately 8 pM in 20 mM MOPS buffer at pH 7.2. Each protein was in the apo- (solid line), calcium-saturated (dotted line) and denaturated state with 6 M

guanidine-HCI (dashed line).
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Table 2
Hill coefficients and calcium dissociation constants of CBP3 and its
domains®

CBP3 CBP3N CBP3C
i 2.2 0.72 0.44
Kp(M) 7.76x10°° 1.20x10°* 7.59x10°*

* The Hill coefficient ny; and dissociation constants (Kp) were calculated
using Hill equation.

from intrinsic fluorescence suggested full-length protein of
CBP3 and its domains responded to Ca®" with different
sensitivity and positive cooperativity in calcium binding
occurred only in full-length of CBP3 protein and there was a
strong interaction between the N- and C-terminal domains.

3.5. Interaction of recombinant CBP3 with ANS

To investigate whether calcium changes the hydropho-
bicity of recombinant CBP3, ANS fluorescence was
measured. ANS fluorescence strongly depends on polarity
of the local environment around the fluorophore and is
applied to monitor protein conformational changes [29]. The
Ca”" forms of CBP3 showed a considerable binding of AN'S,
an enhancement of fluorescence, and a significant blue shift
of Amax (512502 nm) compared to the apo-state of CBP3
(Fig. 6A). The N-terminal domain of CBP3 also showed the
binding of ANS on both apo- and Ca**-binding forms (Fig.
6B), but the enhancement of fluorescence or blue shift was
not observed. The C-terminal domain of CBP3 exhibited a
similar fluorescence spectrum to CBP3 with significant blue
shift of 22 (515509 nm) (Fig. 6C). When the same molar
protein concentration on each protein was used, the CBP3
fluorescence in calcium-added state was approximately the
sum of the fluorescence of N- and C-terminal domains,
suggesting the hydrophobicity of each domain does not
affect each other. According to these data, hydrophobic
regions are exposed on the surface of CBP3 and its domains
even in Ca”*'-free states (Fig. 6) and calcium ion changed
hydrophobicities of CBP3 and C-terminal domain, but did

0.8 ’ . 0.8

Relative intensity

not affect the hydrophobicity of N-terminal domain. Thus, it
seems that CBP3 possesses both functions of Ca®" sensor
and Ca®" buffer unlike the other calcium-binding proteins
[29]. Since the exposure of hydrophobic surfaces is
thermodynamically unfavorable, there is a possibility that
probably CBP3 interacts with other target proteins. From the
difference of the hydrophobicity changes induced by Ca*", it
is suggested that C-terminal domain may participate in
calcium-induced target protein interaction, since hydro-
phobic regions of the C-terminal domain are drastically
changed by the addition of Ca®" than those of N-terminal
domain and it was suggested that surface hydrophobic
regions are involved in the binding to target protein [33].

4. Discussion

To understand functions of calcium-binding proteins,
many efforts have been made on structural studies including
calcium-induced conformational changes. Although thirteen
different genes encoding small calcium-binding proteins in
Dictyostelium have been identified, their structural charac-
terization has not been carried out yet. Previously, we cloned
cbpC and found that it expressed differentially during the
development of Dictyostelium. The results of this work
clearly indicated that CBP3 has a high affinity toward Ca**
ion and undergoes Ca”"-induced conformational changes.
The effect of Mg”" on conformational change and ANS
fluorescence of CBP3 was monitored, but it did not make
any difference (data not shown). These results implied that
the conformational change due to the binding of Mg** was
much smaller than the binding of Ca*" and CBP3 had high
selectivity to Ca®" and may play a specific role in Ca*'-
mediated cellular processes. The Ca®-induced conforma-
tional change enables calcium sensor proteins to interact with
their target proteins. Besides conformational change, there
was a report that hydrophobic residues on the surface play a
key role in the interaction with the target protein [33]. In this
report, calcium induced the conformational change of CBP3,

0.8
0.6 |
0.4

02"

600 450
Wavelength (nm)

- ©0
550 600 450 500 550 600

Fig. 6. Fluorescence spectral changes after the binding of ANS to CBP3 (A) and its N- (B) and C-terminal (C) domains. ANS fluorescence spectra were
recorded at the range of 450—600 nm after the excitation at 385 nm. The buffer used was 10 mM Tris—HCI (pH 7.5), containing 60 pM ANS, 1 mM DTT, and
150 mM KCl and the final concentration for each protein was approximately 12 pM. Solid line, ANS; dashed line, ANS with apo-protein; and dotted line, ANS

with calcium-bound protein.
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especially the exposure of hydrophobic residues, suggesting
the existence of target protein(s) of CBP3 mediated by
calcium. We already found the target protein and now are
investigating the interaction between CBP3 and its target
protein in vitro and in vivo (unpublished data). In general,
Ca*" sensor proteins undergo Ca**-induced conformational
changes leading to the exposure of hydrophobic patch, which
offers the binding surface for target proteins, while Ca*"
buffer proteins do not expose hydrophobic surface due to the
binding of Ca**, even though they have a higher affinity for
calcium than Ca®" sensor. Spectroscopic data indicated
CBP3 shares some characteristics of Ca”" sensor protein
but lacks the properties of Ca®" buffering. Calbindin,g
showed very similar conformational changes with CBP3 in a
Ca**-dependent manner [29] and was recently reported to
exhibit properties characteristic of Ca*" sensor [34]. There-
fore, CBP3 may interact with target molecule(s) and function
in a similar way with calbindinyg,. Interestingly, although
each domain of CBP3 has two EF-hand structural motifs,
calcium-induced conformational changes of N-terminal
domain were different from those of C-terminal domain.
That means that N-terminal domain has more rigid con-
formation with high affinity for Ca**. Taken together, it is
suggested that when CBP3 interacts with other proteins, N-
terminal domain may have a role to sense Ca*>* and its C-
terminal domain may undergo conformational change and
expose its hydrophobic regions, which helps the interaction
with its binding partners.
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