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A unique acidic calcium-binding protein RVCaB, rich in glutamic acid and proline
and lacking aromatic amino-acid residues, exists in radish vacuoles, and is thought
to be involved in the vacuole CaZ*-storage function. In the present study, we focused
on the protein physicochemical properties of RVCaB to understand its uniqueness in
terms of structure and Ca®"-binding function. On differential scanning calorimetry,
the protein did not show any sharp transition of heat-denaturation of the folded
protein except for a gradual excess of heat capacity when heated up to 99°C
from 20°C. The Ca®*-binding ability of RVCaB was retained after heat treatment.
No ao-helix or p-sheet was detected in the far-UV CD spectra of RVCaB as judged by
several computer programs for protein structure analysis. However, further analyses
with CD spectroscopy suggest that RVCaB has a left-handed polyproline type II
(PPII) helix, which is known to be in a collagen chain conformation. The number of
Ca?" bound to RVCaB was determined to be 21.6, and a 360 M ! Ka value for CaZ*
binding was determined by isothermal titration calorimetry. The analysis also
revealed that the binding of Ca?* to RVCaB is an entropy-driven phenomenon.
We pregared tryptophan-inserted mutants of RVCaB (V136W and V202W) to probe
the Ca®*-induced structural change by fluorescent spectroscopy. The analysis
suggests a small structural rearrangement of RVCaB upon Ca?*-binding and
that the induced Trp residues at 136 and 202 are exposed to solvent in each
mutant. These results suggest that RVCaB does not have a definitive protein fold
except for the extended PPII structure and that its structure changes slightly by
the binding of Ca?* or heat treatment. These findings suggest that the unique
structure of RVCaB with its PPII helices is closely related to its high-capacity and
low-affinity Ca%*-binding properties.

Key words: calcium-binding protein, circular dichroism, unstructured protein,
polyproline type II helix.
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Some natively unfolded or intrinsically unstructured
proteins (often abbreviated as TUPs’) have been reported
(1-4), whereas the amino-acid sequence of proteins
encoded by genes is thought to possess all the informa-
tion necessary to adopt the definitive native 3D structure
needed to function (5). The particular features of the
amino acid sequence responsible for the lack of the
definitive structure have been analysed (6-13). Dunker
et al. (7) suggested that 10% of the unstructured proteins
were metal-binding proteins with a structure suitable for
such binding. At the present, however, there is no report
of such a protein whose structure is unrelated to its
metal-binding property.
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We reported a new type of calcium-binding protein
(CaBP), radish vacuolar calcium-binding protein
(RVCaB), which localizes in the wvacuoles of radish
taproots (14), where the vacuoles are a major Ca®'-
storage organelle, which stores Ca®' in a millimolar
range (1-10mM) in plant cells (15, 16). RVCaB may
exert a Ca®" buffer to the uptake of such a high
concentration of Ca?" in vacuoles, since the Ca®*
concentration is maintained in a micro-molar in the
cytosol as a second messenger (14). In fact, the expres-
sion of the RVCaB gene is regulated in response to
exogenous Ca®" (14, 17), and the RVCaB may contribute
to the signal transduction network. However, there is no
similar sequence motif in the RVCaB amino-acid
sequence of weakly conserved four time repeats to
those of the other known CaBPs, including the
EF-hand proteins such as calmodulin, annexin and
calreticulin (74). The unique amino acid sequence of
RVCaB with 248 residues is rich in glutamic acid (33%),
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valine, lysine and proline, but has no aromatic amino
acids as well as no cysteine, glycine, asparagine or
arginine (14). These properties of the RVCaB sequence
could be a good fit with that of the intrinsically
unstructured proteins (IUP) (18). Thus, RVCaB was
subjected to analysis to determine whether RVCaB is
indeed an IUP, and was predicted to be IUP by most of
the programs tested including FoldIndex (9), DisEMBL
1.4 (10), DISOPRED 2 (11) and IUPred (12), but not
GlobPlot 2.1 (13).

RVCaB has more than 10 Ca?" binding capacity per
molecule with low affinity at the mM level, in contrast to
the known CaBPs (19). In the elucidation of the Ca®*
binding mode, there are very few clues as to how the
RVCaB protein can bind so many Ca®" ions at such a low
affinity, because of its uniqueness both in its Ca®"
binding character and the primary structure predicted to
be an IUP. In this study, we measured the physico-
chemical properties of RVCaB and the thermodynamic
characteristics of its interaction with Ca®* to understand
the physico-chemical properties of RVCaB Ca®" binding,
and found that there is no detectable typical secondary
structure such as an o-helix or B-sheet, but rather, a
substantial left-handed polyproline type II (PPII) helix in
the far-UV circular dichroism (CD) spectra of RVCaB
(20, 21). Calorimetric analyses confirmed the high Ca®*
binding capacity of RVCaB. Here, we discuss the
secondary structural mode of CaBP with a unique
primary structure and unique Ca®' binding behaviour
based on these physico-chemical properties.

MATERIALS AND METHODS

Plasmid Construction and Protein Ouverexpression—To
determine the physico-chemical properties using a large
quantity of highly purified RVCaB, we prepared recom-
binant protein. The cDNA for wild-type RVCaB was
prepared as described previously (14). The ¢cDNA was
then directly amplified by polymerase chain reaction
(PCR) using the primers: 5-CGGAATTCGATGGCTAC
CGCTGACGTTG-3 and 5-ATGCGGCCGCCTCATCAG
CCTTCTCCACG-3' (the EcoRI and Notl sites are under-
lined). PCR was performed using KOD-Plus DNA poly-
merase (Toyobo Biochemicals). The amplified DNA
fragment was cloned into the vector pZErO™-2
(Invitrogen). The resulting vector was digested and
ligated into the EcoRI/Notl site of a pET23b expression
vector (Novagen). All constructs were sequenced to verify
the absence of PCR errors and then the expression
vector was introduced into Escherichia coli BL21(DE3)
(Novagen). Transformants were grown in LB broth
at 30°C for 3h after induction with 0.4mM isopropyl-
1-thio-B-n-galactoside.

Protein Purification—Escherichia coli cells expressing
RVCaB were harvested by centrifugation and resus-
pended in 20mM Tris-acetate (pH 7.5) containing 20%
(v/v) glycerol, 0.2mgml~! DNase I, 0.4 mgml~! lysozyme,
10mM 2-mercaptoethanol and a protein inhibitor cock-
tail (0.5x Complete, EDTA-free) (Roche Applied Science).
The cells were disrupted by sonication for 12.5min on
ice. After removal of cell debris by centrifugation at
104,000 x g for 30 min, the supernatant was applied to a

dJ. Ishijima et al.

Ni-NTA Superflow column (Qiagen) equilibrated with
20 mM imidazole containing 20 mM Tris-acetate (pH 7.5),
20% (v/v) glycerol and 2M NaCl. RVCaB was eluted
with 300 mM imidazole containing 20mM Tris-acetate
(pH 7.5) and 2M NaCl. The peak fractions were collected
and applied to a HiTrap Phenyl HP column (Amersham
Biosciences) equilibrated with 20mM Tris-acetate
(pH 7.5) and 2M NaCl. The protein was recovered in
the flow-through fraction. After desalting, the protein
was applied to a Sephacryl S-300 HR gel filtration
column (Amersham Biosciences). The purified protein
was subjected to protein quantification using the BCA
protein assay kit (Pierce Biotechnology) (22), SDS-PAGE
(23), Stains-all staining (14), MALDI-TOF mass spectro-
scopy using Voyager-DE PRO (Applied Biosystems)
and analytical gel filtration chromatography using a
Superdex 200 10/300 GL column (Amersham Biosciences)
were performed. There is a tendency to underestimate
the RVCaB content by the colorimetric assay and UV
analysis, because the protein has a unique amino-acid
composition. To verify the accurate content of RVCaB, we
weighed the purified RVCaB dried under decompression.

To monitor the structure of RVCaB, a tryptophan
residue was introduced into the wild-type RVCaB.
The valine residue at position 136 or 202 was exchanged
with a tryptophan residue. These mutant RVCaB
proteins (V136W and V202W) were also expressed in
E. coli and purified by column chromatography, the same
as the wild-type RVCaB.

2Ca®* Overlay Assay—The effect of heat treatment on
Ca?* binding of RVCaB was determined by *°Ca®*
overlay assay (14, 24). RVCaB with or without heat
treatment was slot-blotted onto a polyvinylidene fluoride
(PVDF) membrane. The heat treatment of RVCaB was
performed at 95°C for 10 min. The membrane was then
subjected to *°Ca®* overlay assay with 3.7 MBq *°Ca®" as
CaCl,. Calmodulin (0.2nug) and immunoglobulin (2 pg)
were also applied to the membrane as a positive and a
negative control, respectively.

Circular Dichroism Spectroscopy and Dynamic Light
Scattering—The ellipticity was followed with a J-725
spectropolarimeter (Jasco) equipped with a PTC-348WI
temperature controller (Jasco). The concentrations of
protein samples applied were 13puM for the wild-type
and V136W and 12uM for V202W in 10mM Tris-HCl
(pH 7.5). Far-UV CD spectra of samples (0.5ml) were
measured at a range of 190-250nm with a light path
length of 1mm. All spectra are shown as the average of
five scans. The background signal for the buffer was
subtracted from that of the sample spectra.
Measurement of the dynamic light scattering (DLS)
was performed using DynaPro (Protein Solutions) at
25°C. Before the measurement, the protein solution in
10mM Tris-acetate (pH 7.5) was centrifuged for 10 min
at 20,000 x g and filtered through a 0.1 um Ultrafree-MC
filter (Millipore).

Thermodynamics—Differential scanning calorimetry
(DSC) was performed using a capillary differential
scanning calorimeter VP-CAPILLARY DSC (MicroCal)
at a scan rate of 100°Ch~'. Proteins were dissolved
in 10mM Tris-HCI1 (pH 7.5). Isothermal titration calori-
metry (ITC) was performed wusing an isothermal
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titration calorimeter VP-ITC (MicroCal). Prior to the
measurements, the solution of RVCaB was dialysed
against 20mM HEPES-KOH (pH 8.0). RVCaB was
diluted with the same buffer and then degassed in a
vacuum. Five microlitres of 25 mM CaCl, was injected
into a 1.405 ml sample cell containing 82 pM (for WT and
V136W) and 79uM (for V202W) of RVCaB at 25°C. The
data were analysed using DSC/ITC data analysis
modules in ORIGIN software version 7.0 (MicroCal).

The enthalpy change (AH), the association constant
(K,) and the stoichiometry (n) were determined using the
ITC titration curve of the binding of Ca®>" to RVCaB, and
the free energy difference (AG) and the entropy differ-
ence (AS) on Ca?" binding was then calculated from
Eq. (1) as follows,

AG = —RT In K, = AH — TAS 1)

where, R represents the gas constant and 7' the absolute
temperature.

Introduction of Intrinsic Spectroscopic Probe and
Fluorescence Measurements—For spectroscopic analysis,
Val'®® or Val®?*? was substituted with a tryptophan
residue by site-directed mutagenesis (25) with two pairs
of primers: 5-GAGGAAGAATGGGAAGAAACA-3 (for-
ward) and 5-GCTAGTTATTGCTCAGCGG-3' (reverse)
for Trp'3%; 5-TAATACGACTCACTATAGGG-3' (forward)
and 5-TGTCTTCTTCCATTCTTCCTC-3' (reverse) for
Trp2°? (the mutated sites are underlined). The PCR
was performed using KOD-Plus DNA polymerase
(Toyobo Biochemicals). The obtained DNAs were sequen-
ced to verify the absence of PCR errors. The fluorescence
emission spectra of the RVCaB mutants (2puM of a
protein in 10 mM Tris-HCI, pH 7.5) were collected with a
Shimadzu RF-5300PC fluorescence spectrophotometer
under continuous stirring in an argon atmosphere. The
excitation wavelength was set at 277nm with a band-
width of 5nm. The emission spectra were recorded with a
bandwidth of 5nm. The data were analysed using
ORIGIN software (MicroCal).

Interpretation of Calcium Dependent Fluorescence
Change—The calcium concentration-dependent fluores-
cence intensity change of the RVCaB mutants was
interpreted by the following equations (see Discussion
section).

The Ca?* binding of RVCaB,

RVCaB + Ca®" SRVCaB : Ca**
is written as the equation,

24
Ko [RVCaB][Ca™™"]

47 [RVCaB : Ca'] @

where, Ky is the dissociation constant of [RVCaB:Ca?*].
Since the fluorescence intensity change (Fo—F) is
proportional to [RVCaB:Ca?*] (26, 27), Eq. (3) can be
written as follows,

AFsPe[Ca®t,

F — F — __— maxt =" U 3
0 KP* 4 [Ca®], @

where, AF is the maximum fluorescence change

observed when the protein is fully occupied at the specific
Ca®" binding sites with an affinity of K in a binding
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site independent manner. [Ca2+]0 is the added Ca®*
concentration to the protein solution for the fluorescence
measurement. The validity of Eq. (3) was confirmed by the
linearity of the plot of [Ca?t]y/(Fy— F) versus [Ca2*]y, but
there was no linear correlation between them.

Here, we introduced an additional non-specific binding
term into Eq. (3), as follows,
_ AFPe[Ca’], | AFROR[Ca®'],

max max

Fy—F =
DU TR0 K+ (G

4

This introduction is reasonable, because the highly
acidic RVCaB may bind to Ca®" non-specifically. The
measured data were analysed by Eq. (4) using a non-
linear least square curve fitting with ORIGIN software
(MicroCal). The validity of Eq. (4) was confirmed by
applying the K7 and K}°“values obtained from the
fluorescence emission data of V202W to that of V136W
(see Discussion section for details).

The fluorescence quenching experiments (26) of the
introduced tryptophan residue in the proteins were
analysed using the Stern—Volmer plots (Eq. 5) (28).

Fy

7= 1+ Ksv[Q] (6))

where, Fy and F are the fluorescence intensities in the
absence or presence, respectively, of a given concentra-
tion of quencher [Q] and Kgy is the Stern—Volmer
quenching constant.

In the case of the Cs™ quenching experiments, the
results could be analysed using the correction term o of
the increment fraction by Cs' binding, similar to the
Ca?* binding equation of Eq. (3) in the Stern—Volmer
equation (Eq. 5);

FO _ + /
m— 1+ Kgy[Cs™] (5)
Thus,
Fy n
o 1+ o)1+ Ksv[Cs™)) (6)
where,
1 AFﬁZg[Csﬂo
o= A X
AFb‘”d([CS+]) Kd + [CS+]0

The non-specific binding second term of Eq. (4) was not
considered due to experimental errors, whereas the
experimental points were deviated.

RESULTS

Is RVCaB an Unstructured Protein?—The bioinfor-
matic information suggests that RVCaB, which consists
of 248 amino-acid residues, is an unstructured protein as
described in the Introduction. To study the structural
and physicochemical characteristics of RVCaB, a large
quantity of the recombinant protein was prepared. The
purified recombinant RVCaB exhibited slow migration
during SDS-PAGE (Fig. 1A) due to its hydrodynamic and
acidic properties (calculated pl, 4.8) (14), but this was not
sufficient to characterize RVCaB as an intrinsically
unordered protein. In the present study, we determined
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Fig. 1. Purification (A), mass spectrometry (B) and analy-
tical gel filtration (C) of RVCaB. (A) RVCaB was expressed
in E. coli cells and purified from the soluble fraction. Protein
samples were subjected to SDS-PAGE and stained with
Coomassie brilliant blue (CBB, left panel) or Stains-all (right).
Lane 1, soluble fraction (10 pg) prepared from E. coli expressing
RVCaB; lane 2, preparation (2pg) after Ni-NTA Superflow
column chromatography; lane 3, the flow-through fraction
(2pg) of HiTrap Phenyl HP column chromatography; and lane
4, the peak fraction (2pg) after Sephacryl S-300 HR column
chromatography. (B) Purified RVCaB was applied to MALDI-
TOF mass spectrometry. (C) Purified RVCaB (157pg) was
applied to a Superdex200 column equilibrated in 10mM Tris-
acetate (pH 7.5) and 150mM NaCl. The UV absorption at
200nm was monitored. The flow rate was maintained at
0.8mlmin~'. Inset, Kxy was plotted against the molecular
weight of standard globular proteins.
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Table 1. Stokes radius of RVCaB and its mutant proteins
determined by dynamic light scattering.

None 10mM CaClsy

Ry® (nm) Polydispersity Ry® (nm) Polydispersity

WT 5.0 20% 5.7 33%
V136W 5.1 23% 5.3 21%
V202W 4.9 23% 5.3 23%

“Stokes radii (Ry;) were determined for the wild-type RVCaB and two
mutant proteins (V136W and V202W) in the presence or absence of
10mM CaCl, by dynamic light scattering.

the detailed biophysical properties of RVCaB by mass
spectroscopy,  size-exclusion  chromatography and
dynamic light scattering (DLS) experiments. The mole-
cular weight of RVCaB was estimated by the MALDI-
TOF mass spectroscopy to 29,862, which was consistent
with the theoretical value of RVCaB without the
N-terminal methionine residue (29,907) (Fig. 1B). By
the analytical gel-filtration column chromatography the
molecular weight of RVCaB was calculated to be 330,000
(Fig. 1C), which is 11-times greater than that obtained
from mass spectroscopy. The apparent Stokes radius (Ry)
determined by DLS measurement was estimated to be
5.0 nm, with a polydispersity of 20% (Table 1). This value
is relative to the 143kDa it would be as a globular
protein. These observations suggest that RVCaB lacks
the typical compact globular structure.

DSC Measurement of RVCaB—To elucidate whether
there was a characteristic protein fold, RVCaB was
applied to differential scanning calorimetry (DSC)
(Fig. 2), since the DSC is used to investigate the protein
folding by monitoring cooperative structural transition to
the unfolded state caused by heat denaturation of the
protein. When the DSC measurements of RVCaB
repeated twice using the same sample, the DSC curve
was reproduced (data not shown). The concentration
dependency of the gradual transition of the specific heat
capacity (C,) was detected for RVCaB, whereas the
lysozyme, a standard protein found as a globular folded
protein, showed a clear structural transition at around
59°C. This may reflect the gradual unfolding of RVCaB
(Fig. 2A). Regardless of the presence or absence of CaCls,
the DSC curves for RVCaB showed no sharp transition of
excess heat capacity up to 110°C (Fig. 2B). Therefore,
RVCaB is highly hydrated and has a lack of highly
cooperative folding transitions (29), while there is small
but significant decrease of heat capacity in the
Ca®*binding to RVCaB (Fig. 2B).

Secondary Structure of RVCaB—Far-UV CD spectrum
changes were measured in a temperature range of 20°C
to 99°C to elucidate the temperature-dependent unfold-
ing of the secondary structure of RVCaB (Fig. 3A), and
the CD spectrum of RVCaB after cooling to 20°C was
restored to the initial spectrum (data not shown). The
spectra lacked the typical signatures of secondary
structures of the o-helix and B-structure, except for a
negative strong signal at 198 nm that is typically found
in unstructured proteins and peptides (30, 31). A weak
negative peak at 220 nm was also observed in the spectra
of RVCaB. Many unstructured proteins (2, 3), including
the highly acidic protein, prothymosin o (calculated plI,
3.5) (4), have a similar CD feature. As the temperature
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Fig. 2. Differential scanning calorimetry of RVCaB.
(A) DSC thermograms of RVCaB (protein concentration,
7.2-28.8uM) and lysozyme (29 pM) as the reference of a
globular protein. (B) DSC thermograms of RVCaB (concentra-
tion, 29 uM) were recorded in the presence of CaCly at different
concentrations (0-100mM). The heating rate was 100°Ch™! in
10mM Tris-HCl (pH 7.5). Curves mean the dependence of
excess heat capacity, C,. The curves of each scan are offset
for clarity.

was increased from 20°C to 99°C, the ellipticity at
220 nm was gradually increased as well as a concomitant
decrease in the intensity at 198 nm (Fig. 3A). The values
of molar ellipticity at 220 and 208.4 nm were plotted as a
function of temperature (Fig. 3B). The molar ellipticity at
220 nm decreased linearly as the temperature increased.
In contrast, the value at 208.4nm was maintained at a
constant level of —7,100 degree cm?dmol™! in a wide
range of temperatures, suggesting that there is an
isodichroic point at 208.4nm. The isodichroic point
means a linear combination of the structural transitions
between the two conformational states.

The different CD spectra of RVCaB between 20°C and
99°C displayed two peaks at 198 and 220nm (Fig. 3C).
The presence of a positive band at 220 nm indicates that
the contribution of o-helical structures to the CD
spectrum is absent or very low. These CD spectrum
features resemble those of peptides rich in PPII
structures (21, 29, 30, 32-34). The different CD
spectrum of RVCaB in the presence and absence of
Ca®" (Fig. 3D) was similar to that of the heat-induced
change (Fig. 3C). These results suggest that heat
treatment and Ca®*-binding induced a similar structural
change in RVCaB.
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The Ca?*-binding ability of RVCaB after heat-treat-
ment was confirmed by *°Ca®* overlay assay (Fig. 4).
There was no difference in the intensity of the bound
45Ca®" even after heat treatment of RVCaB at 95°C for
10 min.

Thermodynamic Parameters for RVCaB—ITC mea-
surements were performed at 25°C and pH 8.0 to
examine the thermodynamic features of the interaction
of RVCaB with Ca®*. In the calorimetric titration, the
binding of Ca®" to RVCaB is endothermic (Fig. 5A). The
sum of the heat absorption by each injection, which was
normalized by the concentration of RVCaB (Fig. 5B), and
the titration curves fitted well to a model of n identical
binding sites with the same affinity (see Materials and
methods section). The K, value from the ITC measure-
ment (360 M~1; this work) agrees with the value obtained
previously by the equilibrium dialysis method (294 M™1)
(19). The determined thermodynamic parameters indi-
cate that the Ca®"-binding process to RVCaB is an
entropy-driven phenomenon (Table 2), and the entropic
contribution (—TAS =—7.2kcalmol ! at 298 K or 25°C)
compensates for the positive enthalpy change,
(AH =3.7kcal-mol™1), resulting in favourable Ca®" bind-
ing with a negative free energy change,
(AG =—3.5kcal-mol ).

Binding Mode Analysis of RVCaB—Two mutant
proteins of RVCaB were prepared to elucidate the
binding mode of Ca?'. A tryptophan residue was
introduced into RVCaB as an intrinsic fluorescent
probe at the 136 position located at the middle of four
repeat sequences (V136W) or at the 202 position located
in the C-terminal region (V202W). Each preparation of
purified mutant protein was displayed as a single protein
band on SDS-PAGE (Fig. 6A) and an absorption peak of
around 280 nm in the UV absorption spectrum (Fig. 6B).
Thus, we used these preparations as the purified mutant
proteins.

The thermodynamic parameters for the mutants were
determined to investigate the effect of the mutation
(Table 2). The AG values of both of the RVCaB mutants
for Ca?* binding were almost the same as that of the
wild-type. However, the stoichiometry (Ca®* per protein)
was decreased from 21.6 to 13.6 for V136W and to 11.2
for V202W, respectively. The other thermodynamic
values, AH and TAS, were increased to similar values
in both mutants. The Stokes radii for the mutants
determined by DLS were almost the same as those of
the wild-type RVCaB (Table 1), and the same hydro-
dynamic result was also obtained by analytical gel
filtration (data not shown).

The fluorescence emission spectra of the mutants
V136W and V202W exhibited emission maxima at 355
and 354 nm, respectively (Fig. 6C), although there was a
difference in the intensity between the two mutants. The
fluorescence intensities of the mutants were increased in
V202W and decreased in V136W, when the calcium
concentration was increased (Fig. 6D). These observa-
tions indicate that tryptophan residues are exposed to
the solvent in different micro-environments in the
V136W and V202W mutants (26, 35).

The fluorescence quenching experiment by acrylamide,
which quenches the fluorescence of the exposed and
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Fig. 3. Far-UV CD spectrum analysis of the secondary
structure in RVCaB. (A) Effect of temperatures on the structure
of RVCaB. Far-UV CD spectra in 10 mM Tris-HC1 (pH 7.5), were
obtained every 10°C from 20°C to 99°C. An apparent isodichroic
point was at 208.4nm. (B) Gradual conformational spectrum
change induced by heating from 20°C to 99°C. The ellipticity ([6])
at 220 nm (open squares) and 208.4 nm (closed circles) was plotted
against the temperature. (C) Different CD spectrum of RVCaB

95°C

O 1gG 2 ug

O Calmodulin 0.2 ug

O RVCaB 4 ng

Fig. 4. Effect of heat treatment on the Ca?" binding
property of RVCaB. The purified RVCaB (with or without
heat treatment) was slot-blotted onto a polyvinylidene fluoride
membrane, and then the membrane was subjected to *°Ca"
overlay assay. RVCaB was heated at 95°C for 10min and then
applied to a membrane (middle panel). IgG (a negative control)
and calmodulin (a positive control) were not subjected to heat-
treatment in either case (both cases).

buried tryptophan residue in proteins as a non-ionic
quencher (26), was performed for both mutants with and
without 10mM CaCl,. All the Stern—Volmer plots are on
the same line regardless of the presence or absence of the
Ca®" ion at moderate concentrations (0 to 30mM) of

-0.2
%00 210 220 230 240 250
Wavelength (nm)

between 20°C and 99°C (20°C minus 99°C). (D) Effect of Ca®* on the
secondary structure in RVCaB. Different CD spectrum of RVCaB
between the absence and presence of 10 mM CaCl, (at 0 mM minus
at 10 mM) was plotted against the wavelength. Inset, Far-UV CD
spectra in 10 mM Tris-HCI (pH 7.5) were obtained with (dashed
lines) and without 10 mM CacCls (solid lines). Traces were smoothed
using 11-point adjacent averaging. The estimated error is shown by
the error bars.

acrylamide and the same Stern—Volmer value is,
Kgy=19.1M", in the acrylamide-quenching of RVCaB
regardless of the presence of Ca®* (Fig. 6E) (28),
suggesting that the dynamic accessibility of the non-
ionic quencher, acrylamide, to the tryptophan residue in
RVCaB was very high, but not affected by the bound
Ca?*. Next, cesium chloride (CsCl) quenching of the
mutants was performed as an ionic quencher, and the
non-linearity in the Stern—Volmer plot was observed in
the absence of Ca®", but a simple linear pattern
in the presence of 10 mM CaCly, (Fig. 6F). This could be
fitted using the Stern—Volmer equation with a modifica-
tion with the same fluorescent effects for the calcium
binding [Eq (6) in Materials and methods section],
whereas it could not be analysed with modified
Stern—Volmer or static quenching by CsCl. The binding
of Cs* ions to RVCaB in the absence of Ca®" contributes
to the fluorescence change as with the Ca?' binding
(Fig. 6D) as well as the usual dynamic quenching
by the Cs* ion, since it is consistent that the fluores-
cent quenching by Cs* followed the Stern—Volmer
equation (5) in the presence of Ca?* due to the
occupation of the specific binding sites by the added
10mM Ca?* (Fig. 6F).

These quenching experiments suggest that: (i) the
dynamic quenching by a non-ionic quencher has the
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Fig. 5. Isothermal titration calorimetry for the associa-
tion of Ca®" with RVCaB. (A) A typical raw titration curve for
the Ca®" binding monitored by ITC. (B) Integration of the
thermogram yielded a binding isotherm. The solid line repre-
sents the non-linear regression of the data points according to a
model of n identical binding sites with the same affinity (see
text for details). The parameters K,, n and AH upon CaZ*
binding obtained are summarized in Table 2.

same effect on the conformational change of the RVCaB
mutants in both Ca®*-bound and unbound forms. (ii) The
binding of Cs* as well as the ionic quencher induces a
similar conformational change to the Ca®>* binding in the
absence of Ca?t. The dynamic quenching of the RVCaB
mutants are consistent with the reported highly exposed
tryptophan residues (36), as shown by both the fluores-
cence emission maxima and high Stern—Volmer values,
while the solvent accessibility for Trp'®® in V136W and
Trp2°? in V202W are different but in similar modes, as
judged by the quenching studies.

Interestingly, small changes in DLS (Table 1), far-UV
CD spectrum (Fig. 3D), and fluorescence (Fig. 6D) were
observed on the binding of Ca®". In contrast to these
parameters, the heat capacities of the DSC measure-
ments decreased with the increase of the Ca?* binding to
RVCaB. The present observations suggest a very small
structural rearrangement but rather distinct hydration
modes of RVCaB in the presence or absence of the Ca®*
ion, which may be substituted by other cations because of
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the absence of consensus results in the various physico-
chemical measurements among DLS, far-UV CD, DSC
and the introduced intrinsic fluorescent probe, and
the fact there is no change in the structural cooperativity
at all.

DISCUSSION

Basal Structure of RVCaB with the Polyproline Type IT
Helix—The CD spectrum analyses of RVCaB did not
reveal a typical a-helix or B-strand conformation (Fig. 3).
We also examined the effect of SDS and a chaotrope
guanidine hydrochloride (GdnHCI) in the CD spectra of
RVCaB. Neither 1% SDS nor 2M GdnHCI] modified the
CD spectra (data not shown), suggesting that RVCaB is
highly hydrated in the native state. In general proteins
such as RVCaB without a typical secondary structure
except for a PPII type helix are categorized as
being natively unfolded, unordered or unstructured
proteins (1, 7).

On the other hand, DSC analysis suggests a gradually
unfolding of RVCaB under high temperatures (Fig. 2).
Furthermore, the detailed CD analysis gave a clue
to estimating the higher-order structure. Changes in
CD spectra over a range of temperatures suggest
temperature-dependent  structural  transitions in
RVCaB. The protein showed a peak at around 220nm
in different far-UV CD spectra between low and high
temperatures (Fig. 3C). The spectrum is similar to that
observed for the peptides with a left-handed PPII helix
(20, 29). The PPII helix is also known as a collagen chain
conformation. RVCaB contains 22 proline residues (8% of
the total residues). The proline content of RVCaB is not
especially high, but the PPII helix is often also observed
in proline-poor peptides (37, 38) that include tri-glutamic
acid, tri-aspartic acid, tri-lysine (39), hepta-lysine (40),
tri-alanine (41), tetra-alanine (42) or hepta-alanine
sequences (38). Also, proteins with larger polylysine,
polyglutamic acid and polyaspartic acid sequences have
been reported to contain PPII helices (30, 43). RVCaB
has a single tetra-alanine, a single tetra-glutamic acid,
two tri-alanine and 12 tri-glutamic acid sequences (14).
Thus it is reasonable that RVCaB has significant PPII
helical content.

The present observations suggest that the
temperature-dependent CD spectrum change was due
to an extension of the PPII helix in RVCaB by the
temperature increment (Fig. 3). The amount of PPII
helix can be calculated roughly according to the following
equation introduced by Park et al. (21)

[9]222 = +9580fpp11 — 5560fu

where, fpprr represents the fraction of the PPII helix and
fu the fraction of the unstructured form. The calculated
PPII content of RVCaB based on the thermal structural
transition was 25%. This estimation represents a mini-
mum estimate because the presence of even a small
amount of o-helical structure would significantly
decrease the estimation of the PPII structure. The
remaining part of RVCaB may be in the unfolded
structure. The PPII content in RVCaB was reduced to
10% when heated at 99°C.
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Table 2. Thermodynamic parameters of the association of Ca?" with RVCaB and its mutant proteins.

Protein n (Ca?*/RVCaB) K, (M AG (kcalmol™1) AH (kcal mol™1) —TAS (kcalmol ™)
WT 21.6+1.9 360+5.9 -35 3.7+0.3 -7.2

WT® 19 294

V136W 13.6+1.7 417+7.0 -3.6 5.0+0.7 -84
V202W 11.24+1.4 442+ 6.2 —-3.6 5.74+0.7 -9.3

“The data from the equilibrium dialysis method (79).

The presence of the PPII helix in RVCaB is consistent
with its large Stokes radius (5.0nm). The value is
relative to a 143kDa globular protein, although the
molecular mass was determined to be 29,862 by mass
analysis (Fig. 1B). The apparent molecular size of
RVCaB was calculated to be 330kDa by analytical gel-
filtration column chromatography using a globular
protein standard (Fig. 1C). These results of RVCaB are
compatible with the hydrodynamic character of a highly
hydrated, long fibrous structure and we propose that
RVCaB exists as a monomer or oligomer (dimer or
trimer) of the extended polypeptide with a PPII type
helix as an intrinsically unfolded protein (IUP). Thus, it
was reasonable that we failed in our effort to prepare
crystals of the RVCaB protein for X-ray crystallography,
since it is likely impossible to crystallize RVCaB as an
IUP in its natural state.

Structural Features of Ligand-binding and Ligand-free
RVCaB—The content of the PPII helix was slightly
decreased when incubated with 10mM CaCl, (Fig. 3D)
and was calculated to be 23%. The PPII helix has no
hydrogen bond between the residues and is a flexible
structure. Therefore, Ca®-binding does not alter the
structure of RVCaB markedly, although a small change
was detected (Fig. 3D). The sequences of Alas, Alay, Gluy
and Glus in RVCaB are the most likely candidates for the
formation of the PPII helices and Ca®*"-binding sites.
Therefore, the extended PPII helices may provide an
advantage to RVCaB for the binding of a large number of
Ca®" ions. Low affinity for Ca?* of RVCaB may be also
owing to intrinsically unfolded structure of RVCaB,
which prevents the formation of sterically restrained
Ca?*-binding pocket with high affinity like calmodulin.

The PPII helix has been reported to be involved in
protein—protein interactions. For example, the PPII helix
fits structurally with the ligand-binding site of the Src
homology 3 (SH3) domain (44). Thus, there is a
possibility that PPII helices in RVCaB may play a role
in calcium signaling in the vacuole by interacting with a
partner protein, although here is no report concerning an
interactive protein with RVCaB at present.

Thermodynamic Parameters of Ligand Binding—The
thermodynamic parameters indicate that the Ca®" bind-
ing to RVCaB is an entropy-driven reaction (Table 2).
This is explained by the partial unfolding of the PPII
helices and dehydration of the helices and ions. Because
of their charge, both RVCaB and Ca®" are highly
hydrated in water. On the binding of Ca®" to RVCaB,
hydrated water molecules would be released from both
the ion and the protein, and this would increase the
entropy. Entropy increase on ligand binding (7'AS,
~7.2kecalmol™! at 25°C) has also been reported for an

organic chelator (45) and for the Ca?' binding site
introduced into a human lysozyme with hydration
changes but no significant conformational change, since
the crystallographic studies confirmed that no conforma-
tional disorder occurred by the binding of Ca®' in the
lysozyme (46). In both cases, the increase in entropy was
explained as due to the release of the water molecules
bound to Ca?t and proteins (45, 46). Thus, we speculate
that the entropy-driven ligand binding is a common
reaction for proteins which do not change their con-
formation markedly.

When a tryptophan residue was inserted into RVCaB
to monitor the micro-environmental changes around the
introduced indole ring, the number of Ca®" bound to the
protein was decreased to 13.6 for V136W and 11.2 for
V202W from 21.6 in the wild-type (Table 2), although the
Stokes radii of these proteins were unchanged regardless
of the presence or absence of Ca?* (Table 1). The
insertion sites of the tryptophan residue are adjacent to
the tri-glutamic acid sequence. Thus substitution with
the tryptophan residue would disturb the highly
hydrated structure in the vicinity of the large hydro-
phobic aromatic indole ring in the mutant proteins so as
to decrease the capacity for Ca®" binding. The PPII helix
content of the mutant proteins was not decreased in far-
UV CD spectra (data not shown), and there was also no
change in the Stokes radius.

Ligand-induced Structural Change of RVCaB—The
fluorescence intensity of the RVCaB mutants (V136W
and V202W) was changed in a calcium concentration
dependent manner (Fig. 6D). We explain the reason for
this change by the specific and non-specific calcium
binding effect model shown in Eq. (4) in the ‘Materials
and methods’ section. The titration curve of V202W was
fitted to the theoretical line of the model (the line shown
in Fig. 6D) and allowed us to extract the biochemical
parameters of RVCaB. The K}’ and K}°" values were
0.8 and 29mM, respectively. The K;** value obtained
here agreed with the value obtained by ITC measure-
ment (2.8 mM). Since the high Ky value (>10mM) is not
feasibly detected by ITC measurement, and we could not
detect the contribution of the non-specific Ca®>" binding
in the ITC thermogram (Fig. 5). It is reasonable for the
K3°" value to come from non-specific binding of Ca?" in
the highly acidic RVCaB shown in the fluorescent studies
(Fig. 6D). To examine the validity of this interpretation,
we applied the obtained K and K3° values in the
V202W experiment to the fluorescent titration of V136W
in the analysis. The model fitted to the titration curve of
V136W without inconsistency, when the parameters
K and K3y of the same values in V202W were
applied in Eq. (4).
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Fig. 6. Preparation and fluorescence emission spectra of
RVCaB mutant proteins. (A) The RVCaB mutant proteins
V136W and V202W were expressed in E. coli cells and purified
from the soluble fraction. Protein samples were subjected to SDS-
PAGE and stained with Coomassie brilliant blue. Lane 1, soluble
fraction (10 pg) prepared from E. coli expressing RVCaB; lane 2,
preparations (2 pg) after Ni-NTA Superflow column chromatogra-
phy; lane 3, the flow-through fraction (2 pg) of HiTrap Phenyl HP
column chromatography; and lane 4, the purified fraction (2pg)
after Sephacryl S-300 HR column chromatography. (B) UV
absorption spectra of wild-type and two mutant (V136W and
V202W) proteins in 10mM Tris-HCI (pH 7.5). (C) Fluorescence
emission spectra of V136W and V202W. (D) Calcium-concentration
dependence of fluorescence at 355nm for V136W (closed squares)

In conclusion, RVCaB, which is rich in glutamic-acid
residues, does not have a definitive protein fold and is
an intrinsically unstructured protein for the most part,
possessing substantially a PPII helical structure.
The present study revealed that the extended PPII
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and V202W (closed circles). The solid and dashed lines represent
theoretical curves of Ca%"-dependent fluorescence change (see
text). (E and F) Stern—Volmer plots for fluorescence quenching
of V136W (open and closed squares) and V202W (open and closed
circles) by the non-ionic quencher, acrylamide (E), and the ionic
quencher, cesium (F), with (open squares and open circles) or
without 10 mM CaCl;, (closed squares and closed circles). The ratio
Fy/F was plotted against (a) the quencher concentration. Solid
lines represent the calculated curves of (F/F) using the obtained
Stern—Volmer constants in the presence of 10mM Ca®" ion (F).
In the case of the absence of the Ca2* ion, the fluorescent changes
by Cs* concentrations were analysed by a combination of the
specific Cs™ binding to RVCaB and the Stern-Volmer quenching
by the Cs™ ion (see text) (F).

helices and intrinsically unfolded structure of RVCaB
supports its high capacity for binding Ca®". Many
unstructured and partly unstructured proteins undergo
structural change by ligand binding and are frequently
involved in important regulatory functions in the
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cell (47). RVCaB also slightly but significantly changes
its structure by Ca®" binding, which has a high content
in the PPII helical structure (Fig. 3D), but marked
structural cooperativity did not arise by ligand binding
in DSC (Fig. 2B). RVCaB is a unique protein that has
no intrinsically defined structure except for the PPII
helices regardless of the presence or absence of Ca®",
although it cannot be ruled out that RVCaB forms a
certain definitive structure in the case of binding to
some as yet unidentified binding protein. These proper-
ties may be reflective of the calcium-sequestering func-
tion of RVCaB with the high capacity of Ca?*-binding
in the vacuoles of plant cells. Extensive studies on
human titin, a giant structural protein in striated muscle
sarcomeres, revealed that the PPII helices in titin
provide an elastic structure (48) and interaction sites
with Src homology domain 3 (49). Titin, with its elastic,
clustered PPII helices has been proposed to be a signal
integration protein, which acts both as a stress sensor
and actuator. Although there is at present no evidence
that RVCaB functions as a signal-transducing molecule
in plant cells, the possibility is worthy of future
investigation.
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