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PCaP1, a hydrophilic cation-binding protein, is bound to the plasma membrane in
Arabidopsis thaliana. We focused on the physicochemical properties of PCaP1 to
understand its uniqueness in terms of structure and binding of metal ions. On
fluorescence analysis, PCaP1 showed a signal of structural change in the presence of
Cu2+. The near-UV CD spectra showed a marked change of PCaP1 in CuCl2 solution.
The far-UV CD spectra showed the presence of a-helices and the intrinsically
unstructured region. However, addition of Cu2+ gave no change in the far-UV CD
spectra. These results indicate that Cu2+ induced a change in the tertiary structure
without changing the secondary structure. The protein was sensitive to proteinase in
the presence of Cu2+, supporting that Cu2+ is involved in the structural change. The
PCaP1 solution was titrated with CuCl2 and the change in the fluorescence spectrum
was monitored to characterize Cu2+-binding properties. The obtained values of Kd for
Cu2+ and the ligand-binding number were 10 kM and six ions per molecule,
respectively. These findings indicate that PCaP1 has a high Cu2+-binding capacity
with a relatively high affinity. PCaP1 lacks cysteine and histidine residues. A large
number of glutamate residues may be involved in the Cu2+ binding.
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Abbreviations: CD, circular dichroism; DSC, differential scanning calorimetry; PCaP1, plasma membrane-
associated cation-binding protein; PI(3,5)P2, phosphatidylinositol 3,5-bisphosphate; PI(3,4,5)P3, phosphati-
dylinositol 3,4,5-triphosphate.

Copper is an essential micronutrient in plants, and plays
an important role in photosynthetic and respiratory
electron-transport chains in chloroplasts and mitochon-
dria, respectively. Copper is also involved in crucial
biological processes including ethylene perception, cell-
wall metabolism and protection from oxidative stresses.
The intracellular level of copper ion is precisely regulated
to prevent damage caused by reactivity with sulphhydryl
groups and formation of free radical species (1). In cells,
copper ion can exist in two chemical states, Cu2+ and
Cu+. Copper ions in cells are bound to copper-binding
proteins and enzymes. Superoxide dismutase, cytochrome
c oxidase and ascorbate peroxidase have been known as
metalloenzymes with copper. Ethylene receptor (2), Sco
(3) and S100b (4) have been identified as copper-binding
proteins. Especially, several regulatory copper-containing
proteins have high affinity for copper ion and function to
avoid toxic side reactions of copper ion in the cell (5).
Previously, we reported a new type of cation-binding
protein associated with the plasma membrane of
Arabidopsis thaliana (AtPCaP1, hereafter referred to as

PCaP1) (6). Here, we report its high copper-binding
capacity.

Copper is required in various locations in the plant
cell: namely, the cytosol, mitochondrial inner membrane
and chloroplast (7). Plant cells have copper-transport
systems including copper chaperon and copper-binding
protein to deliver copper ion to these proper organelles.
Protein components involved in the copper homeostasis
have been found in A. thaliana. Several proteins func-
tion as membrane transporters for copper ion, such as
copper transporter protein (COPT)-family transporter (8,
9) and heavy metal P-type ATPase (HMA) (10, 11). The
ion selectivity of these membrane transporters varies
with the molecular species. Once inside the cell, Cu+ and
Cu2+ are transported to the proper organelles
or components by the soluble copper receptors that
are named copper chaperones (5). Three copper chaper-
ones have been found in plants and are well character-
ized; namely, ATX1, CCS and COX17 (12–15).
ATX1 delivers copper to the secretory pathway via a
copper-transporting P-type ATPase (16, 17), and CCS
delivers copper to Cu/Zn superoxide dismutase (18, 19).
COX17 deliver copper to mitochondria for cytochrome c
oxidase (20). Recently, a chloroplast copper-binding
protein CUTA was found in A. thaliana (14).
These proteins are different from the cysteine-rich
metal-binding peptides, such as metallothionein and
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phytochelatin, in their molecular size and physiological
role (21).

The primary structure of PCaP1 is different from these
metal chaperones and copper-binding proteins.
Furthermore, PCaP1 has no cysteine and histidine
residues, which are essential for copper-binding function
in most copper-binding proteins. This protein has been
reported to be stably associated with the plasma
membrane via N-myristoylation and to interact with
calmodulin/Ca2+ complex and phosphatidylinositol phos-
phates, especially PI(3,4,5)P3 and PI(3,5)P2 (22). The
PCaP1 gene was constitutively expressed in all major
tissues and the mRNA level increased after the treat-
ment with a pathological elicitor, copper and sorbitol at a
high concentration (6). The physiological role of PCaP1 is
presently unknown. Here, we prepared a highly purified
recombinant PCaP1 and investigated the biochemical
and physicochemical properties, especially metal-binding
properties. Here, we discuss the biochemical evidence for
binding of Cu2+ to PCaP1 and its biochemical and
physiological meanings for copper homeostasis and
detoxification in plant cells.

MATERIALS AND METHODS

Preparation of Recombinant PCaP1—Constructs for
PCaP1 tagged with His (PCaP1/His) (6) and PCaP1 (22)
were prepared and introduced into Escherichia coli
BL21(DE3) using the pET23b expression vector
(Novagen, WI, USA) as described previously. The
obtained expression vector pET/PCaP1/His was intro-
duced into E. coli BL21(DE3). Transformants were grown
in LB broth for 2 h at 258C after induction with 1 mM
isopropyl-thio-b-D-galactoside.

Purification of Recombinant Proteins—PCaP1 was
purified as described previously (22). Escherichia coli
cells expressing PCaP1/His were harvested and then
disrupted by sonication for 12.5 min on ice. After removal
of cell debris by centrifugation at 104,000g for 30 min, the
supernatant was applied to a Ni-NTA Superflow column
(Qiagen, Valencia, CA, USA). Recombinant PCaP1/His
was eluted with 300 mM imidazole containing 20 mM Tris–
acetate (pH 7.5) and 2 M NaCl. The content of PCaP1 was
measured by immunoblotting with an anti-PCaP1 anti-
body. The PCaP1-enriched fractions were collected and
applied to a HiTrap Phenyl HP column (GE Healthcare,
NJ, USA). PCaP1/His was recovered in the flow-through
fraction and desalted. To prepare PCaP1, we removed the
(His)6 tag from PCaP1/His by treatment with TAGZyme
(Qiagen). Then, PCaP1 was applied to a column
(2.6� 60 cm) of Sephacryl S-300 HR (GE Healthcare).
The purified preparation of PCaP1 was used for all
experiments in the present study. Protein concentration
was determined using BCA Protein Assay Reagent Kit
(Pierce Biotechnology, CA, USA). The purity of the
preparation was examined by sodium dodecyl sulphate
(SDS)–PAGE in a 12.5% (w/v) polyacrylamide gel.

45Ca2+ Overlay Assay—The effect of heat treatment on
Ca2+ binding of PCaP1 was determined by 45Ca2+ overlay
assay (23, 24). PCaP1 was spotted onto a polyvinylidene
fluoride (PVDF) membrane. The membrane was rinsed,
incubated in the buffer supplemented with 1 mM CaCl2

and 3.7 MBq of 45Ca2+ (as CaCl2) at 238C for 30 min,
washed twice with 10 ml of 50% (v/v) ethanol, and then
dried. An autoradiogram of the 45Ca2+-labelled proteins
on the membrane was obtained by exposure to an X-ray
film for 3 days at –808C.

Analytical Gel Filtration Column Chromatography—
PCaP1 (16 mM, 0.5 ml) was applied to a column
(1.0� 30 cm) of Superdex-200 (GE Healthcare) set in an
ÄKTA FPLC (GE Healthcare). The column was equili-
brated with 10 mM Tris–HCl (pH 7.5), and 150 mM NaCl
with or without 1 mM CaCl2, MgCl2 or CuCl2.

Proteolytic Digestion Assay—PCaP1 was treated with
V8 proteinase, a Staphylococcus aureus serine proteinase
(Wako Fine Chemicals, Osaka, Japan) at 378C in the
presence of 3.3 mM CuCl2, CaCl2 or MgCl2. The molar
ratio of PCaP1 to V8 protease was 5000 : 1. The reaction
was stopped by the addition of 2% SDS, 6% glycerol, 2%
mercaptoethanol and 10 mM Tris–HCl (pH 6.8). The
proteolytic digestion was measured by SDS–PAGE. The
staining intensity of 36 kDa band of PCaP1 was mea-
sured using an ATTO Light Capture AE-6961 densit-
ometer (Tokyo, Japan).

Fluorescence Spectroscopy—Fluorescence spectroscopy
was performed using a Shimadzu RF-5300PC fluores-
cence spectrophotometer (Kyoto, Japan) set at 277 nm for
excitation. The slit widths for emission and excitation
were set at 5 and 10 nm, respectively. The protein
concentration of PCaP1 was 0.81 mM in 10 mM Tris–
HCl (pH 7.5). Emission spectra were acquired from 280
to 470 nm. To examine the reversibility of binding of
PCaP1 to Cu2+, we mixed PCaP1 with 2 mM CuCl2 and
then removed Cu2+ by adding 28 mM Na–EDTA. The
sample solution was dialysed against 10 mM Tris–HCl
(pH 7.5) and then washed three times using a Vivaspin
ultrafiltration spin column (Vivascience, Hanover,
Germany). The obtained PCaP1 sample was subjected
to fluorescence analysis with Cu2+. The effect of other
ions was examined by titrating CuCl2 against PCaP1 in
the presence of 1 mM KCl, CaCl2 or MgCl2.

The dissociation constant (Kd) and the stoichiometry
(n) were determined using the fluorescence titration
curve of the binding of Cu2+ to PCaP1. The copper
concentration-dependent fluorescence intensity change of
the PCaP1 was interpreted by the following equations as
described for Ca2+-binding protein (25–27).

The Cu2+ binding of PCaP1,

PCaP1 + Cu2+ 
!PCaP1:Cu2+

is written as the equation,

Kd ¼
½PCaP1�½Cu2þ

�

½PCaP1:Cu2þ
�

ð1Þ

where, Kd is the dissociation constant of [PCaP:Cu2+].
Since the fluorescence intensity change (F0�F) is propor-
tional to [PCaP1:Cu2+], Eq. 1 can be written as follows,

ðF0 � FÞ ¼
ð�Fmax � ½Cu2þ

�Þ

ðKdþ½Cu2þ
�Þ

ð2Þ

where, F0 and F, fluorescence intensity at 344.8 nm in
the absence or presence of Cu2+, respectively; �Fmax, the
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maximum fluorescence change observed when the protein
is fully occupied at the specific Cu2+-binding sites with an
affinity of Kd in a binding site-independent manner;
[Cu2+] and [PCaP1], concentrations of free Cu2+ and
PCaP1 in the reaction mixture, respectively. The validity
of Eq. 2 was confirmed by the linearity of the plot of 1/
(F0�F) versus 1/[Cu2+] in the following equation (Fig. 8).

1

F0 � F
¼

Kd

�Fmax � ½Cu2þ
�
þ

1

�Fmax
ð3Þ

In this analysis, we applied the following equation to
calculate the ligand-binding number (n) with assumption
that the PCaP1 has n identical binding sites with the
same affinity.

1

F0 � F
¼

2n

�Fmax
�

1

½Cu2þ
�=½PCaP1�

þ
1

�Fmax
ð4Þ

Absorption Spectroscopy—Absorption spectra of PCaP1
were taken with a Beckman DU 640 spectrophotometer
(Beckman Coulter, CA, USA) using a 2 mm path-length
quartz cuvette. All measurements were taken after
incubation of PCaP1 (58.2mM) with appropriate concen-
trations of CuCl2 in 10 mM Tris–HCl (pH 7.5) for 2 min
at 258C. The background signal for the buffer supple-
mented with CuCl2 was subtracted from that of the
sample spectra. The data were analysed using
KaleidaGraph ver.3.6 (Synergy Software, PA, USA).

Shift of absorbance wavelength of CuCl2 solution in the
presence of PCaP1 was measured. Values of wavelength
shift are plotted according to the following equation.

�� ¼ ð�without-50
� �PCaP1-50

Þ � ð�without � �PCaP1Þ

where, ��, difference in the wavelength (nm); �without,
peak wavelength of CuCl2 solution without PCaP1 at the
indicated concentration of CuCl2; �PCaP1, peak wave-
length in the presence of PCaP1 at the indicated
concentration of CuCl2, �without-50, peak wavelength in
the absence of PCaP1 in 50 mM CuCl2 (634 nm); �PCaP1-50,
peak wavelength in the presence of PCaP1 in 50 mM
CuCl2 (565 nm).

Differential Scanning Calorimetry—Differential scan-
ning calorimetry (DSC) was performed using a capillary
differential scanning calorimeter VP-Capillary DSC
(MicroCal, Northampton, MA, USA) as described pre-
viously (25). The scans were performed by increasing
the temperature from 208C to 708C at a scan rate of
2008C h�1. PCaP1 was dissolved in 10 mM Tris–HCl
(pH 7.5) supplemented with 5 mM KCl, SrCl2, CaCl2 or
MgCl2. The final concentration of PCaP1 was 20.4
or 40.7mM. The background signal for the buffer was
subtracted from that of the sample spectra. The data
were analysed using DSC data analysis modules in
ORIGIN software version 7.0 (MicroCal, MA, USA).

Circular Dichroism Spectroscopy—The ellipticity was
followed with a J-725 spectropolarimeter (Jasco, Tokyo,
Japan) equipped with a PTC-348WI temperature con-
troller (Jasco) (25). The concentrations of protein samples
applied were 7.3mM for far-UV CD spectra and 40.7 mM
for near-UV CD spectra in 10 mM Tris–HCl (pH 7.5).
Far-UV CD spectra of samples (0.5 ml) were measured in
a range of 190–250 nm with a light path length of 1 mm

in the presence or absence of 0.6 mM CuCl2. All spectra
are shown as the average of five scans. Near-UV CD
spectra of samples (1.5 ml) were measured at a range of
320–240 nm with a light path length of 10 mm in the
presence or absence of 0.13 mM CuCl2. All spectra are
shown as the average of 10 scans. In both cases, the
background signal for the buffer was subtracted from
that of the sample spectra. The data were analysed using
KaleidaGraph ver.3.6 (Synergy Software).

RESULTS

Effect of Metal Ions on Stability of PCaP1 Structure—
PCaP1 was found as a calcium-binding protein (6). To
study the effect of metal ions on the PCaP1 structure, we
prepared a large quantity of recombinant PCaP1 without
any tag sequence in a highly purified form. Quality of the
PCaP1 preparation has been confirmed as described
previously (22). DSC spectra show broad transition of
excess heat capacity with transition temperature, Tm,
shifts in concentration and metal-dependent manner but
no change of total specific excess heat capacities
(Fig. 1A). The excess heat capacity transitions in DSC
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Fig. 1. Differential scanning calorimetry of PCaP1.
(A) DSC thermograms of PCaP1 at protein concentrations of
20.4 and 40.7 mM. Vertical lines indicate peaks of heat capacity.
(B) DSC thermograms of PCaP1 (concentration, 40.7 mM) were
recorded in the presence of KCl, SrCl2, CaCl2 or MgCl2 at 5 mM.
The heating rate was 2008C h–1 in 10 mM Tris–HCl (pH 7.5).
Curves mean the dependence of excess heat capacity, Cp. The
curves of each scan are offset for clarity.
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measurements indicate that PCaP1 is folded protein in a
part at least, and PCaP1 is denatured by heat. The Tm

value was slightly shifted from 48.68C to 50.88C when
the PCaP1 concentration was diluted from 40.7 to
20.4 mM, whereas the all profiles of the excess heat
capacity changes were superimposable in the heat
denaturation of the solutions with the same protein
concentration. The Tm of PCaP1 in DSC was shifted
larger in the measured divalent cations including Sr2+,
Ca2+ or Mg2+ at around 468C than the change in that of
monovalent cation K+ at 48.18C from the absence of
cation at 48.68C (Fig. 1B, Table 1). K+ had a much
weaker effect than the other divalent metal ions. In all
cases, the Tm at 20.4mM PCaP1 was higher than that at
40.7 mM (Table 1).

It should be noted that PCaP1 showed the same DSC
spectra as the original spectra when PCaP1 was
re-examined after heat treatment (data not shown). As
shown in Fig. 2, PCaP1 retained Ca2+-binding capacity
even after heating at 958C for 10 min.

Change in Fluorescence Spectrum of PCaP1 Caused by
Copper—Tryptophan and tyrosine residues are generally
used as probes of the protein conformation because
the microenvironment of these residues is reflected in
fluorescence spectrum of the protein. PCaP1 has a single
tryptophan residue at the fourth position of the sequence
and four tyrosine residues (6). PCaP1 showed two peaks
at 308.4 and 344.8 nm when excited at 277 nm (Fig. 3A).
The peak at 308.4 nm might not be water Raman
spectrum peak, because the spectrum of the buffer was

subtracted from each spectrum of the PCaP1 solution.
This peak may reflect the fluorescence emission of
tyrosine residues. The peak fluorescence at 344.8 nm is
typical for tryptophan residue exposed to the water
solution (26). In general, the fluorescence is enhanced for
the protein containing both tryptophan and tyrosine
residues, because the fluorescence from tyrosine residue
is absorbed by tryptophan residue.

The fluorescence emission spectrum of PCaP1 was
markedly changed when Cu2+ was added into the protein
solution at 19 mM. In contrast, K+, Ca2+, Mg2+, Co2+ and
Sr2+ gave no effect (Fig. 3A and B). Fluorescence at
344.8 nm of PCaP1 was decreased in a Cu2+ concentration-
dependent manner (Fig. 3C). The fluorescence was
gradually decreased and reached 12% of the original
fluorescence when Cu2+ solution was added to the
PCaP1 solution. In general, quenching of fluorescence
occurs in the presence of metal ions. However, the effect
by copper ion was remarkable. The decrease in the
fluorescence in the presence of other metal ions was
only 25%. This may be due to the dilution effect in this
experiment, because this change was also observed even
in the buffer without metal ions. These results strongly
suggest the conformational change by Cu2+, at least
change in the conformation of the vicinity of tryptophan
and tyrosine residue.

Change in Molecular Size and/or Shape—Change in
apparent molecular size of PCaP1 by metal ions was
examined by analytical gel filtration using a Superdex-
200 column. PCaP1 showed a single peak of elution
pattern and the peak was shifted to the larger portion by
addition of 1 mM CuCl2 (Fig. 4A). The apparent mole-
cular sizes of PCaP1 with and without Cu2+ were roughly
calculated to be 90 and 62 kDa as a spherical folded
protein from the calibration curve (Fig. 4B). This result
indicates that the apparent effective hydrodynamic
radius increased in the presence of Cu2+. The elution
peak positions in the presence of Ca2+ and Mg2+ were the
same as that with Cu2+. Furthermore, the elution profile
became sharp in the presence of these metal ions. These
results suggest that the molecular size and/or shape of
PCaP1 were slightly changed by the association with
these metal ions.

Effect of Copper on the Secondary Structure of
PCaP1—Changes in fluorescence spectra shown in
Fig. 3 suggested the conformational change of PCaP1
caused by copper.

Thus, we determined the typical secondary structures
and their changes by addition of Cu2+ by far-UV CD
spectroscopy. Addition of 0.6 mM CuCl2 did not affect the
spectrum of PCaP1 significantly (Fig. 5A), suggesting
that the secondary structure of PCaP1 was not changed
by addition of Cu2+. Then, we compared the spectra of
near-UV CD spectrum of PCaP1 in the presence or
absence of Cu2+. The CD spectrum in the near-UV
spectral region is sensitive to the tertiary structure of
proteins and the CD signals at this wavelength region
are attributable to aromatic amino acids: namely,
phenylalanine, tyrosine and tryptophan. In contrast to
the far-UV CD spectra, the binding of Cu2+ to PCaP1
changed the near-UV CD spectrum (Fig. 5B). These
results indicate that binding of Cu2+ changed the tertiary

95°C23°C

Fig. 2. Effect of heat treatment on the Ca2+-binding
property of PCaP1. PCaP1 (with or without heat treatment)
was blotted onto a polyvinylidene fluoride membrane, and then
the membrane was subjected to 45Ca2+ overlay assay. Only
PCaP1 was heated at 958C for 10 min and then applied to a
membrane (right panel). IgG (a negative control) and calmodulin
(CaM, a positive control of calcium-binding protein) were not
subjected to heat treatment in any cases as 45Ca2+-binding
reference.

Table 1. Effect of metal ions on transition temperature
(Tm) of PCaP1.

Salt Tm of PCaP1 at

20.4 mM (8C) 40.7 mM (8C)

None 50.8 48.6
KCl 50.6 48.1
SrCl2 49.4 46.5
CaCl2 48.8 46.1
MgCl2 49.2 46.7

The values of Tm are calculated from the DSC analysis in the
presence of KCl, SrCl2, CaCl2 or MgCl2 at 5mM.
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structure of PCaP1 in the vicinity of aromatic amino acid
residues with no significant change in the secondary
structure.

Heat Stability of Secondary Structure of PCaP1 in
Cu2+-binding Form—DSC experiment revealed that
binding of metal ion decreased the heat stability
(Fig. 1). DSC experiments require a high concentration
of sample protein, under which Cu2+ causes aggregation
of PCaP1. Thus, the change in far-UV CD spectrum of
PCaP1 was measured at a relatively low concentration of
protein sample in a temperature range of 20–708C to
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Fig. 3. Fluorescence spectrum analysis of the effect of
metal ions on the structure of PCaP1. (A) Fluorescence
emission spectra of PCaP1 obtained using a fluorescence
spectrophotometer set at 277 nm for excitation. Spectra of
PCaP1 (0.81 mM) in 10 mM Tris–HCl (pH 7.5) were monitored
in the presence of 19 mM CuCl2 or other ion, such as KCl, CaCl2,
MgCl2, CoCl2 or SrCl2 (19 mM). The emission spectra in the
presence of these ions were thoroughly consistent with the
spectrum without metal ion (none). Fluorescence intensity is
given in arbitrary unit. (B) Fluorescence of PCaP1 at 344.8 nm
in the presence of metal ions. The fluorescence emission
intensity at 344.8 nm of PCaP1 was measured after incubation
with metal ion at 19 mM or without metal ion (none). (C)
Concentration dependence of fluorescence emission of PCaP1 on
the concentration of metal ions. Metal salts used were KCl (open
circles), CaCl2 (closed triangles), MgCl2 (open triangles), CuCl2
(closed squares), CoCl2 (open triangles) and SrCl2 (closed
diamond). None (without metal salt), closed circles.
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equilibrated in 10 mM Tris–HCl (pH 7.5) and 150 mM NaCl
with CaCl2, MgCl2 or CuCl2 at 1 mM. The same chromatography
was done without metal ions as a control (none). Absorbance at
280 nm was monitored and shown as an arbitrary unit. The flow
rate was maintained at 0.8 ml/min. (B) Calibration of apparent
molecular size of PCaP1. The elution volumes of marker
proteins and PCaP1 in the presence of metal ion were plotted
against the molecular weight. Markers used were thyroglobulin
(669 kDa), ferritin (440 kDa), catalase (232 kDa), aldolase
(158 kDa), ovalbumin (45 kDa) and cytochrome c (12.5 kDa).
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elucidate the heat denaturation of PCaP1 (Fig. 6A). The
CD spectrum of PCaP1 after cooling to 208C was restored
to the initial spectrum (data not shown). The spectra
lacked the typical signature of the b-structure and
showed negative peaks at 205 and 222 nm, which are
typical for a-helix. A negative signal at 198 nm that is
typically found in unstructured proteins (28–30) was
found at >558C. With the increase in temperature from
208C to 708C, the ellipticity at 205 and 222 nm was
gradually decreased and the intensity at 198 nm was
concomitantly increased. These results indicate that the
content of a-helix decreased and that of the unstructured
region increased in the absence of metal ion.
Furthermore, there was no change in CD ellipticity at
202 nm by 11,210 degree cm2 dmol–1 in a wide range of
temperatures, suggesting that there is an isodichroic
point at 202 nm. The isodichroic point means a linear
combination of the structural transitions between the
two conformational states.

Cu2+-binding form of PCaP1 showed different spectra
at >358C. The ellipticity at 205 and 222 nm gradually
decreased with the increase in temperature (Fig. 6B).
The CD spectrum at 708C in the presence and absence of
0.6 mM Cu2+ was different (Fig. 6C). These differences in
CD spectra are a typical a-helical ones between 208C and
708C (208C� 708C), regardless of the presence or absence
of Cu2+ (Fig. 6C, inset). These results indicate that the
conformational change of PCaP1 by Cu2+ binding was
different from that of heat denaturation. When the
ellipticity at 220 nm that reflects the content of a-helix
was plotted against temperature, the transition tempera-
ture was calculated to be 34.6 and 48.78C for the Cu2+-
binding and Cu2+-free form, respectively, from the
calibration curve (Fig. 6D). Interestingly, the heat
transition of the Cu2+-binding form is sharper despite
of the lower transition temperature.

Protease Susceptibility of Cu2+-binding Form of
PCaP1—Protease susceptibility of PCaP1 was examined
in the presence or absence of metal ions. Staphylococcus
aureus V8 proteinase, a serine proteinase, catalyses the
preferential cleavage at the carboxyl sites of aspartic
and glutamic acid residues. A high content of glutamic
acid residue is one of the characteristics of PCaP1 and
the protein has 46 possible cleavage sites. PCaP1 was
digested by V8 proteinase after treatment for 60 min.
Calcium and magnesium showed no effect on the
proteinase activity, but the presence of Cu2+ enhanced
markedly the proteolytic digestion of PCaP1 (Fig. 7A and
B). This was not due to the activation of V8 proteinase by
copper, since addition of Cu2+ did not stimulate digestion
of ovalbumin by V8 proteinase (data not shown). These
results suggest that the mode and/or site of Cu2+ binding
are different from those of Ca2+ and Mg2+.

Static Properties of PCaP1 for Cu2+ Binding—The
PCaP1 protein solution was titrated with Cu2+ solution
to determine the binding properties of PCaP1 for Cu2+.
The fluorescent peak at 344.8 nm gradually decreased
with the increase in the Cu2+ concentration from 0.63
to 56.5mM (Fig. 8A). A double-reciprocal plot of
(FH2O�FCu)–1 versus [Cu2+]–1 yielded a straight line
(Fig. 8B) and the association constant (Ka) of PCaP1 for
Cu2+ and the number of Cu2+ bound to a single PCaP1
molecule were calculated to be �1.0� 105 M–1 (dissocia-
tion constant Kd, 10 mM) and 6.1 ions per molecule,
respectively. The reversibility of Cu2+ binding was
examined by re-titration of the PCaP1 sample that was
treated with EDTA and subjected to dialysis to remove
the bound Cu2+ from the protein (data not shown). The
obtained values of Ka by the dialysis method was
0.6�105 M–1 (Kd, 16 mM). There was no difference in Ka

values between the titration and dilution methods.
Furthermore, binding capacity and affinity to Cu2+

were not affected by other ions. The Ka for Cu2+

(1.0� 105 M�1) and the Cu2+-binding number (�6) were
not changed even in the presence of Ca2+ (Ka for Cu2+,
1.1�105 M�1), Mg2+ (Ka for Cu2+, 1.1� 105 M�1) and K+

(Ka for Cu2+, 1.0� 105 M�1). These results indicate that
PCaP1 reversibly binds a large number of Cu2+ ions with
high specificity to Cu2+.

We also tried to determine the Ka value and the binding
number of Cu2+ from the absorption spectra. The solution
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of CuCl2 without protein sample showed typical absorption
spectra in a concentration dependent manner (Fig. 9A).
Copper ion gave a peak at 634 nm at 50 mM of Cu2+ and a
peak at 679 nm at 600mM. When the PCaP1 solution at
58.2 mM was titrated with CuCl2, the peak absorbance was
565 nm at 50 mM Cu2+ and 671 nm at 600mM Cu2+ (Fig. 9B).
Absorption spectrum of Cu2+ depends on the atomic or
molecular species of ligand. Ligands for Cu2+ are H2O and
Cl� in water solution without protein, and are changed to
H2O and amino acid residues in the presence of copper-
binding protein. The molar ratio of 50 mM Cu2+ to 58.2 mM
PCaP1 was 0.86. At a high molar ratio of Cu2+ to protein,
the absorption peak shifted to a longer wavelength
as shown in Fig. 9B. A plot of differential wavelength
(y) versus the molar ratio of Cu2+ to PCaP1 protein (x) fits to
the following equation and shows a sigmoid curve (Fig. 9C).

y ¼ 0:4291þ
60:647

1þ exp ð3:5847� xÞ=0:51715�½

where, y = ��= (�without-50� �PCaP1-50)� (�without� �PCaP1)
(refer the MATERIALS AND METHODS section for the details).

The calculated value of Ka was 1.0�105 M–1 (Kd, 10 mM)
and the binding number was seven Cu2+ ions per
PCaP1 molecule. This calculation is based on the
assumption that Cu2+ ions in the solution are bound to
PCaP1 at relative low concentrations of Cu2+. The
present method has not been established. However, the
values are comparable with those (Kd, 10 mM; n, 6)
of fluorescence analysis of tryptophan residue in
PCaP1 (Fig. 8). Thus, this analysis may support that
PCaP1 has ability of binding of relatively large number
of Cu2+ ions.

DISCUSSION

PCaP1 was found as a novel cation-binding protein and
demonstrated to bind Ca2+ by 45Ca overlay assay (6).
During the study, we found that PCaP1 had a capacity to
bind copper ion even in the presence of calcium. The aim
of this study was to analyse the structural properties of
PCaP1 in a Cu2+-binding form and to determine the
properties of PCaP1 for Cu2+ binding. For the protein
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physico-chemical analysis, we prepared a large amount
of recombinant PCaP1 with no tag peptide or residues.

Basal Structure and Ligand-induced Structural
Change of PCaP1—DSC analysis suggests a binding of
PCaP1 to Ca2+, Mg2+ and Sr2+, because the Tm of the
excess heat capacity without the change of denaturation
enthalpy as the total excess heat capacity was shifted
from 48.68C to around 468C when Ca2+, Mg2+ or Sr2+, but
not K+, was added (Fig. 1). These results suggest that
PCaP1 was more stable at a lower concentration without
salt due to entropic destabilization because of only
lowering Tm value, which is affected by decreased heat
denaturation entropy (31). This result indicates that
these metal ions induce the structural change of PCaP1
and that the metal ion binding resulted in a slightly
unstable form of PCaP1. Several proteins have been
reported to become unstable by binding metal ion. The
binding of Cu2+ to ShaPrP, a prion protein (32) and
S100A13, a member of the S100 family, (33), induced the
conformational change to unstable form. The instability
caused by the ligand binding is discussed later.

From the physicochemical analyses, PCaP1 has been
revealed to have both a-helices and the intrinsically

unstructured region as in the basal structure. The
negative peaks at 205 and 222 nm indicate the presence
of a-helices. A slight negative shoulder and a slight shift
to shorter wavelength indicate the presence of the
intrinsically unstructured region in PCaP1 (Fig. 6A).
The signal for the intrinsically unstructured region at
198 nm appeared clearly in the absence of Cu2+, when
the protein was heated at >608C (Fig. 6A). At high
temperatures, a-helices were destroyed and their signal
peaks at 205 and 222 nm disappeared. Generally, the
intrinsically unstructured state does not show any
changes in CD spectrum. Thus, the spectrum was shifted
clearly to that of the intrinsically unstructured state at
high temperature.

PCaP1 might recover its native structure and ability to
bind Ca2+ after heat treatment, because the PCaP1 dena-
tured at 708C reproducibly showed the same DSC pattern
as the original pattern without heat denaturation (data not
shown) and retained Ca2+-binding capacity (Fig. 2).
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The capacity of Cu2+-binding has been confirmed for
PCaP1 by the following observations: (i) a change in
fluorescence absorbance by the presence of Cu2+ (Figs 3
and 8), (ii) the temperature-dependent shift of far-UV CD
spectrum in the presence of Cu2+ (Fig. 6) and (iii) an
increase in susceptibility to proteinase by the presence of
Cu2+ (Fig. 7). The changes in the absorption spectra of Cu2+

in the presence of PCaP1 also support the Cu2+-binding
ability (Fig. 9). These points are discussed individually.

PCaP1 contains a single residue of tryptophan at
position 4 and the peak fluorescence of emission was at
344.8 nm in the absence of metal ions (Fig. 3). This result
suggests that this tryptophan is exposed to the hydro-
philic surface of the molecule or hydrated. Ca2+, Mg2+,
Co2+ and Sr2+ did not change the intensity of fluores-
cence at 344.8 nm. However, addition of Cu2+ decreased
the fluorescence at 344.8 nm, suggesting that the micro-
environment surrounding Trp-4 and four tyrosine resi-
dues might be changed (Fig. 8) (26).

Analysis of the far-UV CD spectrum revealed no change
in the secondary structures including a-helix of PCaP1 by
binding to Cu2+ (Fig. 5). The a-helical structure was clearly
detected in the far-UV CD spectrum even in the presence of
copper at a low temperature (Fig. 6B). In contrast to this
result, near-UV CD analysis revealed that Cu2+ binding
cause a loss of only typical intrinsically unfolded protein-
like structure in the tertiary structure but not the
secondary structure of PCaP1 (Fig. 5). A marked change
in the near-UV CD spectrum has been reported for a Ca2+-
binding protein of radish (25). Furthermore, far-UV CD
spectra at different temperatures support the association
of PCaP1 with Cu2+ (Fig. 6). At high temperatures >358C,
the a-helices were broken and a negative peak of the
ellipticity was appeared at 198 nm. In the presence of Cu2+,
PCaP1 showed a different far-UV CD spectrum. At >508C,
the secondary structural features of PCaP1 were comple-
tely lost. In other words, the Cu2+-binding changes the
secondary structures including a-helices of PCaP1 at high
temperatures.

Characters of Copper Binding—Copper-titration ana-
lysis in fluorescence spectroscopy gave the Kd value of
10 mM and the ligand number of approximately six Cu2+

ions per PCaP1 molecule (Fig. 8). It should be noted that
the Cu2+-binding property was not affected by the
existence of other ions such as Ca2+, Mg2+ and K+. In
the present study, we applied a new method of
wavelength-shift analysis in absorption spectroscopy
to determine the Cu2+ dissociation constant Kd (Fig. 9).
The range of absorption-peak shift reflects the amount
of Cu2+ bound to the protein in the assay medium.
A similar Kd value of 11 mM was obtained by this method.
Also, similar value of a ligand-binding number, seven ions
per PCaP1 molecule, was obtained by this absorption-peak
shift method. Thus, we conclude that PCaP1 has a
relatively high capacity of Cu2+ binding (n = 6 to 7).

The binding sites of copper ions have not been
identified in the present study. PCaP1 has 43 glutamate
and two aspartate residues, which are localized mainly in
the C-terminal half. A large number of these acidic
residues might be involved in the high capacity Cu2+

binding. Generally, most copper-binding proteins and
copper chaperones contain cysteine and/or histidine
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residues as a chelator site for copper ion. PCaP1 has
neither cysteine nor histidine residue. PCaP1 is the poor
propensity to form any secondary structures in the amino
acid residues (Tyr, Cys, Phe, Trp, Ile, Leu and Asn) and
is rich in the residues that stimulate the formation of the
intrinsically unstructured form (Pro, Glu, Lys, Ser and
Gln). The content of the latter group residues in PCaP1
is about 50%. Indeed, rod photoreceptors with high
glutamate content have been reported to be natively
unfolded (34). PCaP1 might have a relatively long
intrinsically unstructured region. Especially, the C-
terminal half (position, 132�225) is rich in polar and
charged amino acid residues and lacks bulky hydropho-
bic residues. This property suggests that the C-terminal
half is an intrinsically unstructured region. Indeed, the
C-terminal half was predicted to intrinsically unstruc-
tured region by the programs of IUPred (35) and
DISOPRED 2 (36). Recently, an unstructured protein of
radish RVCaB, which is rich in glutamic acid, has been
reported to have high capacity and low-affinity Ca2+-
binding properties (25). Therefore, we estimate that a
large number of glutamate residues in the extended
intrinsically unstructured region are involved in the high
capacity copper binding.

Partial Similarity of PCaP1 to Prion Protein—Several
sequences are known as the copper-binding motifs:
namely, Met-X-Cys-X-X-Cys for Cu-ATPase, Cys-X-Cys
or Cys-X-X-Cys for copper chaperons, and Pro-His-Gly-
Gly-Gly-Trp-Gly-Glu for prion protein (37, 38). These
motifs are not detected in PCaP1. Prion protein, a GPI-
anchored membrane protein, has a long unstructured
region at the N-terminal half and a folded C-terminal
half that is rich in a-helices and b-conformation (39, 40).
Copper ions bind to the N-terminal half of prion proteins.
Although prion protein binds only two ions per molecule,
PCaP1 is similar to prion protein in the following
biochemical properties (32): (i) the structural change
was monitored by the far-UV CD analysis in both
proteins. Changes in CD spectra of heat denaturation
are similar to each other. Spectral analysis revealed that
binding of copper causes the structural change to
unstable form in both proteins. (ii) The Kd for Cu2+ of
prion protein (14 mM) is similar to that of PCaP1
(�10 mM). (iii) Prion protein and PCaP1 bind both ions
of copper and calcium. (iv) PCaP1 has been estimated
to have the intrinsically unstructured region like the
N-terminal half of prion protein. Biochemical function of
prion protein in normal form (cellular prion, PrPC) is also
unclear like PCaP1. Similarity of the function remains to
be examined in the future experiments.

Physiological Meaning of Copper-binding PCaP1—The
present study revealed that PCaP1 has a high capacity
to bind copper ion with a relatively high affinity. However,
we cannot describe the physiological meaning of the
copper binding. Previously, PCaP1 has been demonstrated
to associate with the plasma membrane through
N-myristoylation and to interact with phosphatidylino-
sitol phosphates and calmodulin/Ca2+ complex (22).
PCaP1 can transfer Cu2+ entered into the cell to
copper chaperon(s) at the plasma membrane. Also,
PCaP1 can receive the calcium signaling through the
interaction with calmodulin/Ca2+ complex and/or

phosphatidylinositol phosphates and then transmit a
signal to other component through physicochemical
interaction.

Recently, Patil and Nakamura (41) compared 1,662
hub and 4,120 non-hub proteins and proposed that the
disordered residues with fewer loops/coils and charged
residues confer hubs with the ability to interact with
multiple proteins in interaction networks. The hub
means a highly connected node for protein–protein
interaction networks. PCaP1 is rich in charged residues
(glutamate and lysine) and has been demonstrated to
contain a relatively large part of the intrinsically unfold
regions. The importance of the intrinsically disordered
structure has also been discussed in relation to protein
function by Dunker et al. (42). From these comprehensive
analyses and the present findings, PCaP1 is proposed as
a good candidate for a hub protein at the plasma
membrane for signal transduction through Ca2+, Cu2+

and phosphatidylinositol phosphates. Studies on the
phenotypic properties of the plants over-expressing
PCaP1 and the T-DNA-inserted mutant plants are
underway for understanding the biochemical function of
this novel copper-binding protein.
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