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A B S T R A C T

Parvalbumin (PA) is a classical EF-hand calcium-binding protein of muscle, neuronal, and other tissues, and a
major fish allergen. Although certain apo-PAs lack tertiary structure, functional implications of that feature and
its structural prerequisites remain unclear. In a search for unstable PAs, we probed conformational stability of
parvalbumin β-1 from coho salmon (csPA), a cold water fish species, using circular dichroism, scanning ca-
lorimetry, hydrophobic probe fluorescence, limited proteolysis, chemical crosslinking and dynamic light scat-
tering techniques. Apo-csPA is shown to be mainly monomeric protein with markedly disorganized secondary
structure and lack of rigid tertiary structure. Examination of per-residue propensity for intrinsic disorder in the
PA groups with either folded or unfolded apo-form using the average PONDR® VSL2P profiles revealed that the
N-terminal region that includes α-helix A, AB-loop and N-terminal half of α-helix B is predicted to be less
ordered in PAs with disordered apo-state. Application of the structural criteria developed for discrimination of
disordered PAs indicate that the latter comprise about 16–19% of all PAs. We show that structural instability of
apo-β-PA serves as a hallmark of elevated calcium affinity of the protein. Therefore, the successful predictions of
unstable apo-PAs might facilitate search for PAs with maximal calcium affinity and possibly serving as calcium
sensors.

1. Introduction

Parvalbumin (α isoform) or oncomodulin (β isoform) (will refer to
as ‘PA’) [1–4] is a mainly cytosolic Ca2+-binding protein of vertebrates
(reviewed in [5–7]) with two active Ca2+/Mg2+-binding motifs of the
EF-hand type (CD and EF domains, each containing a 12-residue metal-
coordinating loop flanked by α-helices) merged into a four-helix bundle
domain, which is covered by an inactive AB domain [8]. The α and β
isoforms differ in isoelectric point (α: pI > 5; β: pI < 5) and in pre-
ference for certain amino acids in specific positions. For example, the
presence of Cys in AB-loop and the lack of extra C-terminal residue in C-

terminal helix are inherent to β-PAs. PAs are characterized by the
highest among Ca2+-binding proteins affinities for Ca2+ and Mg2+

(equilibrium association constants reach 1010 M−1 and 106 M−1, re-
spectively [5,9]) that enable involvement of these proteins into muscle
relaxation [10–14]. PA forms with altered Ca2+/Mg2+ selectivity were
suggested for correction of heart diseases [15–18]. The outstanding
structural stability of Ca2+-bound PA [5] favors its high allergenicity
[19]: PA is a major and cross-reactive fish allergen [20,21]. Hy-
poallergenic PA forms with impaired metal affinity are under trials for
immunotherapy of fish allergy [22]. PA is often expressed in tumors
and considered as a reliable marker of chromophobe renal cell

http://dx.doi.org/10.1016/j.ceca.2017.08.011
Received 11 May 2017; Received in revised form 8 August 2017; Accepted 31 August 2017

⁎ Corresponding authors at: Institute for Biological Instrumentation of the Russian Academy of Sciences, Institutskaya str., 7, Pushchino, Moscow region, 142290, Russia
⁎⁎ Corresponding author at: Department of Molecular Medicine, Morsani College of Medicine, University of South Florida, 12901 Bruce B. Downs Blvd., MDC07, Tampa, FL, 33647,

USA.
E-mail addresses: lisiks.av@gmail.com (A.A. Vologzhannikova), vuversky@health.usf.edu (V.N. Uversky), permyakov.s@gmail.com (S.E. Permyakov).

Abbreviations: IDP, intrinsically disordered protein; PA, parvalbumin/oncomodulin; intact PA, parvalbumin isolated from muscles; rWT PA, recombinant wild-type parvalbumin; α-PA,
α isoform of parvalbumin; β-PA, β isoform of parvalbumin; csPA, coho salmon PA; apo-csPA, metal-free form of coho salmon PA, prepared as described in Materials and methods chapter;
IPTG, isopropyl β-D-1-thiogalactopyranoside; PMSF, phenylmethanesulfonyl fluoride; 2-ME, 2-mercaptoethanol; DTT, DL-dithiothreitol; DTNB, 5,5′-dithiobis(2-nitrobenzoic acid); EDTA,
ethylenediaminetetraacetic acid; TCA, trichloroacetic acid; Tris, tris(hydroxymethyl)aminomethane; HEPES, N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid); MOPS, 3-(N-
morpholino)propanesulfonic acid; bis-ANS, 4,4′-dianilino-1,1′-binaphthyl-5,5′-disulfonic acid; GdmCl, guanidine hydrochloride; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel
electrophoresis; CD, circular dichroism spectroscopy; DSC, differential scanning calorimetry; DLS, dynamic light scattering; SI, sequence identity; CH-plots, charge–hydropathy plots;
CDF, Cumulative Distribution Function

Cell Calcium 67 (2017) 53–64

Available online 07 September 2017
0143-4160/ © 2017 Elsevier Ltd. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/01434160
http://www.elsevier.com/locate/ceca
http://dx.doi.org/10.1016/j.ceca.2017.08.011
http://dx.doi.org/10.1016/j.ceca.2017.08.011
mailto:lisiks.av@gmail.com
mailto:vuversky@health.usf.edu
mailto:permyakov.s@gmail.com
http://dx.doi.org/10.1016/j.ceca.2017.08.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceca.2017.08.011&domain=pdf


carcinoma and benign oncocytoma [23]. PA expressed in distal con-
voluted tubule affects handling of electrolytes in the kidneys [23],
while β-PA produced by cochlear outer hair cells is critical for cochlear
function [24]. Hormone-like activity has been reported for chicken β-
PA, which is expressed by epithelial cells in thymus and circulate in the
blood, stimulating development of cell-mediated immunity (reviewed
in [25]). Extracellular β-PA is a potent growth factor for mature optic
nerve and peripheral sensory neurons [26]. Furthermore, PAs found in
cutaneous mucus of several frog and fish genera participate in innate
bacterial defense and serve as chemoattractants for thamnophiine
snakes [27]. Although exact role of PA in neuronal tissue is still enig-
matic, PA-positive inhibitory interneurons maintain excitatory/in-
hibitory balance and high-frequency neuronal synchronization, and
they are impaired in schizophrenia, epilepsy, bipolar disorder, some
forms of autism, Alzheimer’s disease, Huntington’s disease and multiple
sclerosis [28–37]. Specific PA-positive neurons are engaged in the
control of attention [38] and sleep [39], long-term memory con-
solidation [40] and triggering of fear responses [26,41].

While Ca2+-bound PAs exhibit high resistance to thermal/chemical
denaturation and enzymatic proteolysis, metal depletion dramatically
destabilizes their structure [5]. For example, Ca2+-loaded pike α-PA
unfolds with mid-transition temperature of 120 °C [42], while its urea-
induced unfolding occurs at urea concentrations above 8 M [43].
Meanwhile, apo-form of pike α-PA lacks rigid tertiary structure and
resembles ‘molten globule’ state [44], which classifies it as an ‘in-
trinsically disordered protein’ (IDP) [45–48]. Unbound states of IDPs
fully or partially lack unique tertiary structure under physiological
conditions in vitro. They exist as dynamic ensembles of mutually
transmuting conformations, in which the polypeptide chains undergo
non-cooperative conformational changes over a broad range of time
scales. IDPs exert their function via interaction with specific partners,
such as small cofactors, nucleic acids, lipids or other proteins, which
often converts IDPs to more structured states. The structural flexibility
of IDPs and their target binding-induced folding enables involvement of
IDPs into regulation of numerous biological activities both in prokar-
yotes and eukaryotes. The database of experimentally validated IDPs,
DisProt (http://www.disprot.org/ [49]), currently includes at least 800
proteins (v0.5 11-05-2017).

The instability of apo-PA and its exceptional metal-induced struc-
tural stabilization [5] can be rationalized by charge-charge interactions:
apo-PA is destabilized due to the highly unfavorable electrostatic re-
pulsion of the nearby carboxylates within Ca2+-binding loops of PA,
which turns into favorable electrostatic attraction upon the metal as-
sociation [44]. The unfolding of apo-PA ensures high solvent entropy
gain upon the metal binding-induced folding of the protein [50,51],
thereby favoring high metal affinity (partly discussed in [52]) of PA,
which is vital for its functioning. Therefore, structural stability of apo-
form of PA likely directly affects its functional properties. Another
possibility is an exposure of the unfolded polypeptide regions of apo-PA
for interaction with some targets, as observed for other IDPs. This
phenomenon could reconsider the view that PA is a pure calcium buffer
(although some extracellular activities of β-PA point out its calcium
sensor function) [25].

In fact, unfolding of apo-PA is firmly established only for two PAs, α
and β isoforms of northern pike PA [44]. The experimental data re-
ported for baltic cod β-PA [53] suggest that its apo-form is also mostly
unfolded. In other cases, apo-PAs exhibit rigid tertiary structure with
lowered compared to the Ca2+-bound state stability. For example, apo-
forms of common carp β-PA [54], α and β isoforms of rat PA [9,55],
and chicken β-PAs [56,57] possess cooperative transitions with mid-
transition temperatures from 30 °C [9] to 66 °C [55], depending upon
species, buffer ionic strength and composition. Meanwhile, incidence of
unfolded apo-forms among PAs and structural origins of this phenom-
enon remain unclear. Discovery of novel members of PA group with
unfolded/intrinsically disordered apo-form could provide a basis for in-
depth analysis of structural traits of PAs crucial for their stability.

Since the reported unstable PAs (see above) are found exclusively
within cold-water fish species, whereas more stable PAs mostly origi-
nate from warm-blooded species, intrinsically disordered apo-PAs likely
should be searched in cold-blooded species adapted to living in cold
environment. In this sense, coho or silver salmon (Oncorhynchus kisutch)
is a proper choice due to the fact that the species is characterized by one
of the lowest median temperature preferences of 4 °C [58]. To validate
this hypothesis, parvalbumin β-1 from coho salmon (csPA) is studied
here with regard to the structural properties of its apo-state. The ex-
perimental data generated by several physical and biochemical tech-
niques univocally evidence that apo-csPA is a globally disordered pro-
tein. The structural analysis of all PAs shown to be unfolded in apo-state
reveals their structural signatures, which were applied for prediction of
incidence of unfolded apo-PAs. The predicted unstable PAs provide a
basis for search of PAs with maximal calcium affinity and likely pos-
sessing calcium sensor functions.

2. Materials and methods

2.1. Materials

Molecular biology grade HEPES and buffer grade MOPS were pur-
chased from Calbiochem and AppliChem, respectively. Ultra-grade Tris
and analytical grade PMSF were from Amresco. Biochemistry grade
sodium acetate and biotechnology grade DTT were bought from Diam
(Moscow, Russia). Ultra-grade H3BO3 and glycine, standard solution of
calcium chloride, EDTA, analytical grade DTNB, bis-ANS, formic acid,
horse heart myoglobin, premium grade bovine α-chymotrypsin and
Phenyl Sepharose 6 Fast Flow were from Sigma-Aldrich Co.
Biochemistry grade guanidinium chloride was a product of Merck. USP
grade sodium chloride, biotechnology grade 2-merсaptoethanol and
molecular mass markers for SDS-PAGE were from Helicon (Moscow,
Russia). Fura-2 was bought from Molecular Probes. HPLC grade acet-
onitrile was from Panreac Química S.L.U. SP Sepharose Fast Flow,
Sephadex G-25 and PD midiTrap G-25/Sephacryl S-100 HR were pro-
ducts of Amersham Biosciences Co., Pharmacia LKB and GE Healthcare,
respectively. Other chemicals were reagent grade or higher. All buffers
and other solutions were prepared using ultrapure water (Millipore
Simplicity 185 system). Plastics or quartz ware were used instead of
glassware, to avoid contamination of protein samples with Ca2+. DTT
solutions were freshly prepared from degassed buffers immediately
prior to the usage to avoid DTT oxidation. Thermo SnakeSkin dialysis
tubing (3.5 kDa MWCO) and Millipore Amicon Ultra centrifugal filters
(3.0 kDa MWCO) were used for dialysis and concentration of protein
solutions, respectively.

2.2. Methods

2.2.1. Preparation of standard solution of EDTA potassium salt
0.1 M stock solution of EDTA potassium salt was prepared by EDTA

weighting and its dissolution in deionized water by adjusting pH to
neutral values. Accurate concentration of the EDTA solution was de-
termined using CaCl2 standard solution. 2 mM EDTA solution in 50 mM
MOPS-KOH, 100 mM NaCl, pH 7.2 buffer was prepared from the EDTA
stock solution, followed by its titration by the CaCl2 solutions prepared
from 0.1 M CaCl2 standard solution in the presence of 3 μM Fura-2, a
calcium-sensitive fluorescent probe. The calcium concentrations ex-
ceeding EDTA concentration in the solution were accompanied by in-
crease in free calcium concentration and the respective changes in
fluorescence emission of Fura-2, detected using Cary Eclipse spectro-
fluorimeter, Varian Inc. (excitation at 340 nm).

2.2.2. Isolation of recombinant coho salmon parvalbumin
The amino acid sequence of parvalbumin β-1 from Oncorhynchus

kisutch (common name coho or silver salmon; NCBI Taxonomy Browser
ID: 8019), an anadromous fish of the salmon family, was extracted from
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TrEMBL entry E1UJ20. The DNA sequence was codon optimized for
expression in E. coli using EMBOSS Backtranambig service of EMBL-EBI
[59]. The ORF of coho salmon PA (csPA) was cloned into pET-29a(+)
vector (Novagen®) between the NdeI and XhoI restriction sites. Nu-
cleotide sequence of the PA gene was verified by automatic DNA se-
quencing. The resulting plasmid was transformed into E. coli strain
BL21-CodonPlus(DE3)-RIL. The cells were grown overnight at 37 °C in
64 ml of 2-YT media with 50 μg/ml kanamycin A and 0.4% D-glucose.
The grown cell culture was transferred into 3.2 l of the same media and
the cells were grown for 2–2.5 h until absorbance at 600 nm reached
0.5–0.8. 1 mM IPTG was added to the cell culture, followed by its in-
cubation at 22 °C for 4.5 h. The cells were harvested by centrifugation
at 5000 × g for 15 min at 4 °C, resuspended in 50 mM Tris-HCl, 1 mM
PMSF, 5 mM 2-ME, pH 7.4 buffer, and disintegrated using a French
press (IBI RAS, Pushchino, Russia). The lysate with 2 mM CaCl2 was
kept at 60 °C for 3 min, transferred into ice-water bath for 30 min, and
centrifuged at 15,500 × g for 30 min at 4 °C. The supernatant was
dialyzed at 4 °C: three times against 3 l of distilled water with 5 mM 2-
ME, and once against 1 l of 50 mM Tris-HCl, 5 mM EDTA, 1 mM 2-ME,
pH 7.4 (buffer A). The dialyzed solution was loaded onto Phenyl Se-
pharose 6 Fast Flow column (3 cm× 18 cm) equilibrated with buffer A.
The column was flushed by 50 mM Tris-HCl, 150 mM NaCl, 1 mM 2-
ME, pH 7.4 buffer. PA was eluted with 50 mM Tris-HCl, 5 mM CaCl2,
1 mM 2-ME, pH 7.4 buffer; elution rate was 2 ml/min. The fractions
with PA were collected and dialyzed at 4 °C: three times against 3 l of
distilled water with 5 mM 2-ME, and once against 1 l of 10 mM sodium
acetate, 1 mM 2-ME, pH 3.8 (buffer B). The dialyzed protein solution
was loaded onto SP Sepharose Fast Flow column (0.9 cm × 7.5 cm)
equilibrated with buffer B. PA was eluted with 10 mM Tris-HCl, 1 mM
2-ME, pH 8.0; elution rate was 1 ml/min. The fractions with PA were
collected, exhaustively dialyzed at 4 °C against distilled water with
5 mM 2-ME, and stored at −70 °C. The protein yield was 6–8 mg per
liter of cell culture.

The sample of recombinant wild-type (rWT) csPA was homogeneous
as judged by SDS-PAGE. Protein molecular mass was determined by
electrospray ionization mass spectrometry. The sample of 0.5 μM csPA
in 40:60 (v/v) mixture of deionized water and acetonitrile (10 mM
formic acid) was directly infused at rate of 40 μl/min into LCMS-
2010EV (Shimadzu Co., Kyoto, Japan) mass detector (electrospray io-
nization source coupled to a single quadrupole detector). Mass spec-
trometry spectra were collected in positive mode from 600 to 1500 m/z
at scan speed 125 amu/s, detector voltage 1.5 kV, and nebulizing ni-
trogen flow 1.5 l/min. Instrument calibration was carried out using
horse heart myoglobin. The csPA sample in distilled water with 5 mM of
2-ME was preliminary reduced by 5 mM DTT, followed by gel-filtration
using Sephadex G-25 column equilibrated with distilled water. The
major fraction (about 75%) of rWT csPA has a molecular mass of
11,710 Da, which is consistent with mass of the fully reduced form of
TrEMBL entry E1UJ20 without initiating Met residue, lacking other
postranslational modifications. Masses of minor fractions of the sample
are consistent with masses of oxidized or/and metal-loaded states of the
protein.

csPA lacks Trp/Tyr residues, but UV absorption and fluorescence
spectra of its sample reveal presence of Trp-containing contaminating
protein(s). Their minor contribution into absorbance of rWT csPA
sample at 258 nm (D258) was taken into account via subtraction of the
sample absorbance at 280 nm (D280) multiplied by a factor of 0.625
(D258 to D280 ratio for water solution of L-Trp). rWT csPA concentra-
tions were estimated spectrophotometrically using the molar extinction
coefficient at 258 nm, ε258 nm, of 2080 M−1 cm−1 and 2940 M−1 cm−1

for apo- and Ca2+-loaded forms of PA, respectively. The values of
ε258 nm are derived from the molar extinction coefficient at 205 nm
estimated according to [60].

2.2.3. Isolation of intact coho salmon parvalbumin
The frozen red muscles (220 g) cut from spine of coho salmon

(bought on local market and stored at −18 °C) were homogenized by
blender and mixed with 400 ml of 15 mM Tris-HCl, 1 mM PMSF, 5 mM
2-ME, pH 7.5 buffer. The mixture was kept under magnetic stirring at
4 °C for 1 h, then centrifuged at 5000 × g for 30 min at 4 °C. The su-
pernatant was subjected to addition of 2 mM CaCl2, heating up to 60 °C
(kept for 3 min), cooling using ice-water bath and centrifugation at
20,000 × g for 30 min at 4 °C. The resulting supernatant was filtered
through cotton wool. The calcium-induced elution of csPA from Phenyl
Sepharose 6 Fast Flow column was performed as described for rWT
csPA (see above). Finally, gel-filtration using Sephacryl S-100 HR
column (3 cm× 30 cm) was performed in 20 mM Tris-HCl, 150 mM
NaCl, 1 mM 2-ME, pH 7.5 buffer; elution rate was 1 ml/min.

The sample of intact csPA was homogeneous as judged by SDS-
PAGE. Electrospray ionization mass spectrometry measurements (see
above) revealed that the major fraction (> 67%) of intact csPA has a
mass of 11,752 Da, which is consistent with mass of the fully reduced
TrEMBL entry E1UJ20 without Met1 residue, but containing an N-
terminal acetyl group.

Intact csPA (contains Trp/Tyr-containing contaminating protein(s))
concentration was estimated spectrophotometrically using the molar
extinction coefficient at 258 nm, ε258 nm, of 1626 M−1 cm−1 and
1889 M−1 cm−1 for apo- and Ca2+-loaded forms of PA, respectively.
The values of ε258 nm are derived from the molar extinction coefficient
at 205 nm estimated according to [60].

2.2.4. Reduction of thiol groups in csPA
Quantitation of thiol groups of csPA (that has 4 Cys residues) was

performed according to the modified Ellman’s reagent test [61]. The
csPA sample in distilled water with 5 mM of 2-ME was reduced by
5 mM DTT, concentrated using Amicon Ultra-4 centrifugal filters at
7000 × g for 30 min at 20 °C, and purified from 2-ME and DTT by
passage through PD MidiTrap G-25 column equilibrated with 50 mM
Tris-HCl, 1 mM EDTA, pH 8.0 buffer. The csPA solution (20 μM) was
unfolded by 6 M GdmCl and treated by 1 mM DTNB for 10 min at 20 °C.
The kinetics of the reaction was monitored by absorbance at 412 nm
with a Cary 100 spectrophotometer (Varian Inc.) in a double-beam
mode versus the reference solution without the protein. The molar
extinction coefficient of 5-thio-2-nitrobenzoic acid at 412 nm of
13,700 M−1 cm−1 (manual to Thermo Scientific cat. #22582) was
used. Efficacy of the procedure used was confirmed by the analogous
examination of reduced glutathione solution. Since free thiol to rWT
csPA molar ratio was of 2.8, reduction of its thiols was optimized for the
highest yield of free thiols as follows. The csPA sample (0.8 mg/ml) in
distilled water with 5 mM of 2-ME was treated by 5 mM DTT in 20 mM
H3BO3-KOH, 2 mM CaCl2, pH 8.2 buffer, followed by the solution de-
gassing for 15 min and incubation for 1 h at 20 °C. The protein solution
was concentrated by Amicon Ultra-4 filters at 7000 × g for 30 min at
20 °C and passed through PD MidiTrap G-25 column equilibrated with a
buffer of choice. Free thiol to csPA molar ratio was 3.2 and 3.4 for intact
and rWT PA forms, respectively, as evidenced by the modified Ellman’s
test. The reduced protein was used for experiments as soon as possible.
In some cases, freshly prepared 0.18–1 mM DTT was added to the
protein solution to avoid its oxidation.

2.2.5. Removal of metal ions from csPA
The contaminating Ca2+/Mg2+ ions in csPA samples were removed

via precipitation by TCA [62] of the preliminary reduced protein (see
above) in 10 mM HEPES-KOH, 1 mM DTT, pH 7.3 or 8.2 buffer, fol-
lowed by the gel-filtration [63] using Sephadex G-25 column equili-
brated with 10 mM HEPES-KOH, pH 7.3 or 8.2 buffer. This approach
was applied for preparation of metal-free csPA for measurements of its
calcium affinity (gel-filtration at pH 8.2) and limited proteolysis (gel-
filtration at pH 7.3, followed by addition of 1 mM EDTA). In other
cases, only the gel-filtration [63] during the final step of the csPA re-
duction procedure (see above) was employed using 10 mM HEPES-
KOH, 1–2 mM EDTA, pH 7.3/8.2 or 10 mM H3BO3-KOH, 1.5 mM EDTA,
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pH 8.2–9.0 or 20 mM glycine-KOH, 1 mM EDTA, pH 9.2 buffer. In ei-
ther case, the resulting metal-free sample of reduced csPA is referred to
as ‘apo-csPA’. The Ca2+-loaded csPA was prepared in a manner iden-
tical to that for preparation of the apo-protein, but during the final gel-
filtration the column was equilibrated with the analogous buffer, but
using 1 mM CaCl2 instead of 1–2 mM EDTA (in the case of limited
proteolysis, 1 mM CaCl2 was added after the gel-filtration). The re-
spective sample of the reduced protein is referred to as ‘Ca2+-loaded’
csPA. In all cases, the final gel-filtration was carried out in the presence
of freshly prepared 0.18–1 mM DTT, except for the calorimetric mea-
surements, which are incompatible with DTT usage.

2.2.6. Circular dichroism measurements
Far-UV circular dichroism (CD) studies were carried out at 20 °C

with a J-810 spectropolarimeter (JASCO, Inc.), equipped with a Peltier-
controlled cell holder. The instrument was calibrated with an aqueous
solution of d-10-camphorsulfonic acid and purged with nitrogen. The
quartz cell with pathlength of 1 mm was used. csPA concentration was
10–16 μM. Buffer conditions: pH 8.8, 10 mM H3BO3-KOH, 180 μM DTT,
1.5 mM EDTA or 1 mM CaCl2 for apo- and Ca2+-loaded csPA, respec-
tively. The contribution of the buffer was subtracted from the experi-
mental spectra. Band width was 2 nm, averaging time 2 s, and accu-
mulation 3. Quantitative estimates of the secondary structure fractions
were performed using CDPro software package (http://lamar.colostate.
edu/∼sreeram/CDPro/main.html) [64]. The experimental data in
200–240 nm range were treated by SELCON3, CDSSTR and CONTIN
algorithms, using SDP48 and SMP56 reference protein sets. The final
secondary structure fractions represent the averaged values.

GdmCl-induced unfolding of apo-csPA was carried out using a set of
pre-incubated for 1 h solutions with equal protein concentrations
(10–13 μM), differing by GdmCl concentration. The volumetric effects
accompanying dilution of GdmCl stock solution were taken into ac-
count according to [65].

2.2.7. The scanning calorimetry measurements
The differential scanning calorimetry (DSC) studies were carried out

on a Nano DSC microcalorimeter (TA Instruments) at a heating rate of
1 K/min and an excess pressure of 4 bar. csPA concentration was
1.5–1.7 mg/ml. Buffer conditions: 10 mM H3BO3-KOH, 1 mM CaCl2, pH
9.0 or 20 mM glycine-KOH, 1 mM EDTA, pH 9.2. The DSC measure-
ments and calculations of protein specific heat capacity (Cp) were
performed as described in [66]. The partial molar volume of csPA and
specific heat capacity of the fully unfolded protein were estimated ac-
cording to [67] and [68], respectively.

2.2.8. Limited enzymatic proteolysis of csPA
3.5 μl of bovine α-chymotrypsin solution (0.1 mg/ml) in 10 mM

HEPES-KOH, 1 mM DTT, 1 mM EDTA/CaCl2, pH 7.3 buffer was added
to 100 μl of rWT csPA solution (0.7 mg/ml) in the same buffer. The
reaction proceeded overnight at 37 °C, and terminated by addition of
1 mM PMSF in 2-propanol. The proteolytic mixture was analyzed by
SDS-PAGE (15% resolving gel; 4 μg of csPA per lane). The gel was
stained with Coomassie Brilliant Blue R-250 and scanned using
Molecular Imager PharosFX Plus System (Bio-Rad Laboratories, Inc.).

2.2.9. Chemical crosslinking of csPA
The protein (1.2–2 mg/ml) crosslinking with 0.02% glutaric alde-

hyde was performed in 10 mM H3BO3, 1 mM DTT, 1.5 mM EDTA or
1 mM CaCl2, pH 8.2 buffer. The reaction proceeded overnight at 20 °C
and terminated with SDS sample buffer. The samples were subjected to
SDS-PAGE (5% concentrating and 15% resolving gels; 5 μg of csPA per
lane) and staining with Coomassie Brilliant Blue R-250. The gel was
scanned using Molecular Imager PharosFX Plus System (Bio-Rad
Laboratories, Inc.) and analyzed by Quantity One software.

2.2.10. Dynamic light scattering studies
Dynamic light scattering (DLS) measurements were carried out at

25.0 °C using a Zetasizer Nano ZS system (Malvern Instruments Ltd.).
The backscattered light from a 4 mW He-Ne laser (632.8 nm) was col-
lected at an angle of 173°. The csPA concentration was 1.5–2 mg/ml.
The protein samples were preliminarily passed through 0.02 μM
Whatman Anotop 10 syringe filters. The buffer conditions were pH 8.2,
10 mM H3BO3, 1 mM DTT, 1.5 mM EDTA or 1 mM CaCl2. The acqui-
sition time for a single autocorrelation function was 100 s. The resulting
autocorrelation functions were averaged values from ten measure-
ments. The intensity-weighted size distributions were calculated using
preset parameters for distilled water at 25 °C (refractive index of 1.33
and a viscosity value of 0.8882 cP). The estimates of mean hydro-
dynamic radii of csPA were derived from these distributions.

2.2.11. Fluorescence measurements
Fluorescence studies were carried out at 20 °C on a Cary Eclipse

spectrofluorimeter (Varian, Inc.), equipped with a Peltier-controlled
cell holder. Quartz cells with pathlength of 10 mm were used. csPA and
bis-ANS concentrations were 10–16 μM and 1 μM, respectively. Bis-ANS
concentration was estimated spectrophotometrically using molar ex-
tinction coefficient at 385 nm, ε385 nm, of 16,790 M−1 cm−1 [69].
Protein and bis-ANS fluorescence were excited at 258 nm and 385 nm,
respectively. Buffer conditions: 10 mM HEPES-KOH, 0.2–1 mM DTT,
pH 8.2; 1–2 mM EDTA or 1 mM CaCl2 for apo- and Ca2+-loaded csPA,
respectively. The maximum intensities (Imax) and maximum positions
(λmax) of fluorescence emission spectra were obtained from fits of the
spectra with log-normal curves [70] using LogNormal software (IBI
RAS, Pushchino).

2.2.12. Determination of calcium affinity of csPA from the protein titrations
by Ca2+/EDTA

The calcium affinity of csPA at 20 °C was estimated from the spec-
trofluorimetric titration of the apo-protein with CaCl2 standard solu-
tions, followed by titration of the Ca2+-loaded PA with EDTA potassium
salt standard solutions. PA concentration was 10–14 μM. Buffer condi-
tions: 10 mM HEPES-KOH, 0.2 mM DTT, pH 8.2. Intrinsic PA fluores-
cence intensities were corrected for the dilution effect via division of
the experimental values by a factor of (1–10^ (-Dexc)), where Dexc is the
protein absorption at the excitation wavelength [71]. The experimental
data were described by the sequential metal binding scheme, previously
validated for various PAs [9,44,72,73]:

↔

↔

+ ⋅

⋅ + ⋅

K

K
P M P M,

P M M P M ,

a

a

,1

,2

2 [I]

where P and M denote protein and metal ion, respectively; Ka,1 and Ka,2

are equilibrium metal association constants for the two active EF-hands
of the protein. Calculation of the metal association constants was per-
formed considering the competition between PA and EDTA for metal
ions, described by the scheme [I] and the following equilibrium:

+ ↔ ⋅

K
EDTA M EDTA M

EDTA
[II]

The calcium association constant for EDTA, KEDTA, was calculated
according to [74], using the thermodynamic constants derived from
IUPAC Stability Constants Database, SC-Database v.4.79 (Academic
Software, Timble, UK), and corrected for temperature and ionic
strength values using van’t Hoff and Davies equations, respectively. The
data were globally fitted according to the schemes [I] and [II] using
FluoTitr v.1.4 software (IBI RAS, Pushchino, Russia) and K1, K2 and
specific fluorescence intensities of the protein states as the fitting
parameters. The accuracy of the K1 and K2 estimates was about± 1/4
orders of their magnitudes.
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2.2.13. Estimation of calcium affinity of csPA using a Ca2+ buffer
Calcium affinity of PA at 20 °C was determined spectro-

fluorimetrically using a Ca2+ buffer, 1 mM EDTA in 10 mM HEPES-
KOH, 1 mM DTT, pH 8.2 solution. The Ca2+ standard solution was
added (27 μM–0.99 mM CaCl2) to the EDTA solution for control of free
Ca2+ concentration, [Ca2+], calculated using IBFluo v.1.1 software (IBI
RAS, Pushchino, Russia). The effective EDTA affinity to Ca2+ was cal-
culated according to [74], using the thermodynamic constants derived
from IUPAC Stability Constants Database, SC-Database v.4.79 (Aca-
demic Software, Timble, UK), and corrected for temperature and ionic
strength values using van’t Hoff and Davies equations, respectively.

The dependence of fluorescence emission intensity of bis-ANS
(1 μM), Fbis-ANS, in the presence of csPA (10 μM) on free Ca2+ con-
centration was described by the model of cooperative metal binding (P
and M denote protein and metal, respectively):

+ ⋅ ↔ ⋅

K
nP M P M

a

n [III]

where Ka is an equilibrium metal association constant, and n is a co-
operativity of metal binding (Hill coefficient). The experimental data
were approximated by a theoretical curve using Eq. (1):

= + ⋅ +

= − ⋅

F F F
n

( f )/(1 f),
f 10ˆ[lg K pM ]

bis ANS- 1 2

(1)

The fit was achieved by variation of lg K, n, F1 and F2 (fluorescence
intensities of apo- and metal-bound PA forms, respectively) using
OriginPro 9.0 software (OriginLab Corporation, Northampton, MA,
USA).

2.2.14. Sequence identity calculations
The identities of amino acid sequences of two proteins (SI) were

calculated using Clustal Omega (1.2.1) server (http://www.ebi.ac.uk/
Tools/msa/clustalo/ [75]) for multiple sequence alignments and Se-
quence Identity and Similarity (SIAS) server (http://imed.med.ucm.es/
Tools/sias.html), considering gaps: SI = 100 (Identical positions)/
(Length of the alignment).

2.2.15. Intrinsic disorder predictions
Charge–hydropathy plots (CH-plots) were constructed as described

in [76,77], using the PONDR analysis v.1 software (IBI RAS, Pushchino)
[78]. The loss of charge upon N-terminal acetylation of PA was taken
into account. Cumulative Distribution Function (CDF) analysis was
performed as described in [76,79]. Estimates of per-residue propensity
for intrinsic disorder in PAs were performed using PONDR analysis v.1
software, implementing the PONDR® VSL2P algorithm applicable to
protein regions of any length [80]. All operations with VSL2P scores,
including consideration of multiple sequences alignment (MUSCLE 3.8
algorithm [81]), averaging of the data for multiple sequences, calcu-
lations of the standard deviations and VSL2P score per residue
(<VSL2P>) were performed using the same software.

2.2.16. Analysis of amino acid composition of PAs
The average numbers of amino acid residues and their standard

deviations within PA groups were calculated using PONDR analysis v.1
software (IBI RAS, Pushchino) [78]. Calculations of amino acid com-
positions of separate PA sequences were performed using Geneious® Pro
5.6.6 Build 2012-10-15 software [82]. The Swiss-Prot database (release
2014_05 − May 14, 2014) was searched for full-length parvalbumin
and oncomodulin sequences, while PA-like and putative PA sequences
were excluded (the query “(name:parvalbumin OR name:oncomodulin
NOT name:like NOT name:putative) AND fragment:no AND re-
viewed:yes” was used). Three sequences with uncertain residues
(P09227, P86431 and P86432) were excluded from the found 72 en-
tries. The sequence of northern pike α-PA (P02628) was taken from
[83] (α1 isoform).

3. Results and discussion

3.1. Isolation of coho salmon parvalbumin

Parvalbumin β-1 from coho salmon (TrEMBL entry E1UJ20; ‘csPA’)
was either isolated from muscles (intact PA) or expressed in E. coli
(recombinant wild-type, ‘rWT’, protein). Both csPA forms were purified
to homogeneity as judged by SDS-PAGE (Fig. S1, panels A,C). Molecular
masses of the csPA samples (11,752 Da and 11,710 Da for intact and
rWT protein, respectively) determined by electrospray ionization mass
spectrometry (Fig. S1, panels B,D) are consistent with mass of the fully
reduced protein without Met1 residue, but with an N-terminal acetyl
group (extra 42 Da) in the case of intact protein. The protein purifica-
tion was based on application of hydrophobic interaction chromato-
graphy: csPA was retained by Phenyl Sepharose 6 Fast Flow medium in
the absence of Ca2+ (5 mM EDTA, pH 7.4) and eluted with the same
buffer containing CaCl2 instead of EDTA. Hence, apo-form of csPA is
characterized by high surface hydrophobicity, which decreases upon its
association with Ca2+. To the best of our knowledge, this principle of
PA isolation is reported here for the first time.

The csPA sample was isolated and stored in the presence of 2-ME to
prevent unwanted oxidation of its four Cys residues. The 2-ME mole-
cules were cleaved from the protein by DTT treatment, followed by
csPA cleaning from the reducing agents by gel-filtration (see Materials
and Methods section for details). The resulting free thiol content was 3.2
and 3.4 thiols per csPA molecule for intact and rWT forms, respectively,
as evidenced by Ellman’s test. The reduced sample of csPA was purified
from contaminating Ca2+ using combination of the protein precipita-
tion by TCA [62] and the gel-filtration method [63]. Alternatively, only
the gel-filtration during the final step of the csPA reduction procedure
was employed. In either case, the resulting Ca2+-free sample of reduced
csPA will be referred to as ‘apo-csPA’. The Ca2+-loaded sample of csPA
was prepared in an identical manner, but during the final gel-filtration
the column was equilibrated with the buffer containing 1 mM CaCl2
instead of 1–2 mM EDTA (in the case of limited proteolysis, 1 mM CaCl2
was added after the gel-filtration). Such sample of reduced csPA will be
referred to as ‘Ca2+-loaded’ csPA. In all cases, except for the calori-
metric measurements (incompatible with the presence of DTT), the
final gel-filtration and subsequent PA studies were carried out in the
presence of 0.18–1 mM DTT.

Since the experimental data for intact csPA are qualitatively iden-
tical to those for the rWT protein, for the sake of briefness we will first
describe the data for rWT csPA, followed by description of differences
between properties of these PA forms.

3.2. Secondary structure of rWT csPA

Analysis of the far-UV circular dichroism (CD) spectrum for Ca2+-
loaded csPA using CDPro software [64] gives the α-helices content of
54% (Table 1), which is similar to the value for its closest (according to
BLASTp [84]) PA with known tertiary structure, northern pike β-PA
(whose sequence identity, SI, with csPA is of 67%; Table 1). Calcium
depletion from csPA is accompanied by a drastic decrease in its α-he-
licity down to 22%, while its β-sheet content is markedly elevated from
6% to 22%. Similar Ca2+-induced changes in protein secondary struc-
ture were observed for pike β-PA [44]. Overall, the far-UV CD data
evidence that Ca2+-loaded csPA possesses a well-defined, mostly α-
helical secondary structure, typical for PAs, whereas the apo-protein is
mostly disordered (fraction of unordered structure is 37% versus 21%
for the Ca2+-loaded protein).

3.3. Conformational stability of rWT csPA

Thermal stability of csPA structure was explored by differential
scanning calorimetry (DSC), which provides the most direct informa-
tion on thermodynamics of protein thermal unfolding [66,85,86].
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Similarly to pike α-PA and cod PA [42], DSC data for Ca2+-loaded csPA
revealed a complex thermal behavior (Fig. 1a), namely, presence of two
distinct heat sorption peaks with apparent mid-transition temperatures
of 70 °C and 116 °C. The elevated noise level of the thermogram at
temperatures above 120 °C is indicative of protein aggregation. On the
contrary, the DSC data for apo-csPA in the temperature range from
10 °C to 130 °C did not exhibit measurable excess heat sorption peaks
characteristic for first-order thermal transitions (Fig. 1a). Such DSC
behavior is a hallmark of globally disordered proteins [66]. The ab-
sence of rigid tertiary structure in apo-csPA is supported by the sig-
nificantly elevated with respect to the folded Ca2+-loaded protein
(from 10 °C to 50 °C) specific heat capacity of the apo-protein, reaching
the level characteristic for the fully unfolded protein (Fig. 1a) [66].

Taken together, the DSC data strongly evidence the absence of rigid
tertiary structure in apo-csPA. This conclusion is further supported by
the data on GdmCl-induced unfolding of apo-csPA at 20 °C, monitored
by its molar ellipticity at 222 nm, [θ]222 nm (Fig. 1b). The gradual
changes in the [θ]222 nm value begin at low GdmCl concentrations,
thereby implying that the protein structure is nonresistant to the de-
naturant action, as expected for a non-rigid protein structure. Fur-
thermore, Ca2+ depletion from csPA makes it susceptible to the limited
proteolysis by bovine α-chymotrypsin at 37 °C (Fig. 1c). Since bovine α-
chymotrypsin is specific for aromatic residues [87], the lowered re-
sistance of apo-csPA to chymotrypsinolysis indicates an elevated sol-
vent exposure of Phe residues of the protein (csPA lacks Trp and Tyr),
consistent with a disordering of tertiary structure in apo-csPA. The in-
creased accessibility of hydrophobic surfaces of apo-csPA is further
confirmed by fluorescence of hydrophobic probe 4,4′-dianilino-1,1′-
binaphthyl-5,5′-disulfonic acid, bis-ANS [88]: maximum intensity of
bis-ANS fluorescence in the presence of apo-csPA exceeds that value for
the Ca2+-loaded protein by a factor of 8, while bis-ANS emission
spectrum maximum position (λmax) for apo-csPA is blue shifted by 2 nm
with respect to the λmax value for the Ca2+-bound protein (Table 1).

Overall, the experimental data on stability of tertiary structure of
apo-csPA (Fig. 1, Table 1) consistently evidence its global disorder, in
agreement with the drastic disordering of secondary structure of apo-
csPA, observed by CD (Table 1). The global disorder of apo-csPA
structure explains its retention on Phenyl Sepharose 6 Fast Flow column
(see above). The analogous results were previously reported for metal-
depleted pike PAs [9,44].

3.4. Quaternary structure of csPA

Since the increased solvent exposure of hydrophobic residues in
apo-csPA could promote its multimerization, quaternary structure of
csPA was probed by chemical crosslinking with 0.02% glutaric alde-
hyde at 20 °C, followed by SDS-PAGE (Table 2). Monomer and dimer of
csPA are the predominant protein forms (total fraction of 69–88%) with
bias towards the monomer (41–55%), regardless of calcium level. PA

multimerization was previously reported for intact and rWT forms of
pike α-PA [9]. Overall, calcium depletion virtually does not affect
multimerization state of csPA. Hence, the 43% higher with regard to the
Ca2+-loaded protein mean hydrodynamic radius, Rs, of apo-csPA, as
evidenced by dynamic light scattering (DLS) at 25.0 °C (Table 2), re-
flects an expansion of the protein molecule due to its unfolding (Rs

value for Ca2+-loaded csPA is close to that predicted for the native
monomer according to [89], see Table 2). Meanwhile, despite marked
dimerization of apo-csPA, its Rs value does not reach the value pre-
dicted for the monomeric protein unfolded by GdmCl [89] (Table 2).
Hence, apo-csPA remains partially structured, a conclusion supported
by the CD data and the high affinity of this form to bis-ANS (Table 1).

Summing up, the combination of hydrodynamic, thermodynamic,
spectral and biochemical techniques suggests the lack of defined ter-
tiary structure in apo-csPA, which is attained upon Ca2+ association.

3.5. Calcium-binding properties of rWT csPA

Considering that the decreased conformational stability of apo-
protein is expected to favor its higher metal affinity (discussed in [52]),
Ca2+ affinity of csPA at 20 °C has been estimated spectro-
fluorimetrically using protein titrations by Ca2+/EDTA and Ca2+ buffer
experiments (Fig. 2). The titration of apo-csPA by Ca2+ monitored by
changes in its intrinsic fluorescence intensity reveals saturation of the
fluorescent signal at Ca2+ to protein molar ratio of two (Fig. 2a), which
evidences the presence of two active Ca2+-binding sites. The experi-
mental data on the csPA titration by Ca2+ and EDTA can be described
by the sequential metal binding scheme [I], earlier validated for other PAs
[9,44,72,73], and competition for Ca2+ between the protein and EDTA
(Fig. 2a). The respective equilibrium Ca2+-binding constants of csPA,
Ka,1 and Ka,2, are 7 × 107 1/M and 9 × 108 1/M (dissociation constants
of 14 nM and 1.1 nM, respectively) (Table 3). The dependence of
fluorescence emission intensity of bis-ANS in the presence of csPA (10-
fold molar excess of csPA over bis-ANS) on free Ca2+ concentration
controlled by EDTA buffer was described by the cooperative metal
binding scheme [III] with half-transition pCa value of 8.2 and Hill
coefficient of 1.7 (Fig. 2b). Thus, Ca2+ binding to csPA is a cooperative
process with an apparent equilibrium Ca2+ association constant, Ka, of
1.6 × 108 1/M (dissociation constant of 6 nM), which is in line with the
Ka,1 and Ka,2 values.

The overall calcium affinity of PA can be estimated from the value
of total free energy change upon Ca2+ binding, ΔGCa, calculated as a
sum of free energy changes accompanying Ca2+ binding to the active
PA sites (−RT ln (Ka,i·[H2O]) [90], i = 1.2) (Table 3). The ΔGCa value
for csPA is increased compared to that for the close relative of csPA,
northern pike β-PA (SI of 67%), apo-form of which is also intrinsically
disordered [44]. Therefore, csPA possesses lower overall calcium affi-
nity, despite the decreased α-helices content in its apo-form with re-
spect to pike apo-β-PA (Table 1). Meanwhile, calcium affinity of csPA is

Table 1
The secondary structure fractions estimated by far-UV CD for rWT csPA, and parameters of fluorescence emission spectrum (λmax, maximum position; Imax, maximum intensity) of
hydrophobic probe bis-ANS in presence of the protein at 20 °C. csPA and bis-ANS concentrations were 10 μM and 1 μM, respectively. Buffer conditions: 10 mM H3BO3-KOH, 180 μM DTT,
pH 8.8 or 10 mM HEPES-KOH, 1 mM DTT, pH 8.2 for CD and fluorescence studies, respectively; 1.5–2 mM EDTA or 1 mM CaCl2 were added for apo- and Ca2+-loaded csPA, respectively.
Bis-ANS fluorescence was excited at 385 nm. The CD estimates using CDPro software [64] are compared with the literature values and the values derived from analysis of tertiary
structure of Ca2+-loaded northern pike β-PA (SI with csPA of 67%; X-ray PDB structure 2pvb) using DSSP algorithm [95], as implemented in PDB.

PA form Secondary structure fractions

csPA Pike β-PA Bis-ANS fluorescence

α-helices, % β-sheets, % α-helices, % β-sheets, % λmax, nm Imax, a.u

apo 22 22 28a n.a.c 505 850
Ca2+ 54 6 58a, 56b 2b 507 105

a Based on data reported in [44].
b X-ray PDB structure 2pvb.
c n.a., data not available.
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close to that for its more distant relative, baltic cod β-PA (SI of 51%),
with unfolded apo-form [53] (Table 3). Notably, apo-form of northern
pike α-PA is also disordered [44], but despite higher identity of pike α-
PA with csPA (SI of 59%), the calcium affinity of pike α-PA is sub-
stantially increased (Table 3). Furthermore, α isoforms of PA possess
markedly higher calcium affinity with respect to the β isoforms, re-
gardless of stability of the apo-protein: ΔGCa is −124 to −123 kJ/mol
for α-PAs versus −118 to −99 kJ/mol for β-PAs (Table 3). Interest-
ingly, several β-PAs shown to be folded at 15–25 °C possess lower cal-
cium affinity compared to the β-PAs with disordered apo-form: ΔGCa is
−112 to −99 kJ/mol versus −118 to −114 kJ/mol for β-PAs with
unfolded apo-state (Table 3). Hence, the lack of stable tertiary structure
in apo-β-PA seems to be associated with somewhat higher calcium af-
finity (δΔGCa of −19 to−2 kJ/mol). Overall, while stability of apo-α-PA
does not affect its calcium affinity, instability of apo-β-PA may serve as a
hallmark of increased calcium affinity of the protein.

3.6. Peculiarities of physico-chemical properties of intact csPA

α-N-acetylation of PAs may affect their properties, including stabi-
lity of secondary, tertiary and quaternary structure, and parameters of
metal-binding [9]. To explore this possibility, we compared properties
of intact csPA, which exhibits a molecular mass consistent with pre-
sence of an additional acetyl group (Fig. S1B,D), with those for the rWT
protein. Apo-form of intact csPA reveals even more disorganized sec-
ondary structure (α-helices content is lowered by 4% − Table S1),
more efficient penetration of bis-ANS molecules into the protein hy-
drophobic interior (λmax value for bis-ANS is blue shifted by 14 nm −
Table S1), lack of cooperative GdmCl-induced unfolding (Fig. S2), more
uniform distribution over oligomeric forms, notably shifted towards a
monomer (Table S2), and 4-fold higher affinity to Ca2+ for both EF-
hands (Table S3, Fig. S3). The observed effects are much less pro-
nounced compared to those for intact and rWT pike α-PAs [9]. Im-
portantly, the conclusion on global disordering of csPA molecule re-
mains valid for the intact protein.

3.7. Predictions of relative stabilities of apo-PAs

Since instability of apo-PA may serve as a factor favoring its high
calcium affinity, at least in the case of β-PAs (see above), ranging of PAs
by structural stability of their apo-forms could promote search for PAs
possessing highest/lowest calcium affinity and, respectively, having
elevated/lowered stability of their Ca2+-bound forms. These features of
PAs are of importance for the selection of PAs suited for use in im-
munotherapy of fish allergy, since PA forms with lowered Ca2+ affinity
were previously proposed for such purposes [22,91–94], and high
structural stability of food allergens is one of the factors contributing to
their allerginicity (reviewed in [19]).

Considering that the two currently available binary disorder pre-
dictors (i.e., predictors evaluating the probability of the whole protein
to be structured or globally disordered), CH-plot [76,77] and CDF
analysis [76,79], are unable to predict instability of the apo-PAs shown
to be unfolded (Table 3), some alternative approaches are required.
Since low structural stability of apo-PA can be attributed to unfavorable
electrostatic repulsion of carboxylates within EF-hands of the protein
[44], one may expect that stability of apo-PA could be predicted from
its mean charge or total negative charge of the protein molecule, or
total charge of the active EF-loops. Unfortunately, examination of these
opportunities for the two PA groups, differing by stabilities of their apo-
forms (Table 3), did not confirm this suggestion, although there is a
poorly defined tendency to decreased charge of CD-loop for PAs with
disordered apo-state (−5.8 ± 1.0 versus −5.0 ± 0.7 for PAs with
folded apo-form). Meanwhile, estimates of per-residue propensity for
intrinsic disorder in these two PA groups using the average PONDR®

VSL2P profiles [80] (Fig. 3) revealed a well-defined regularity: the N-
terminal PA region up to residue 35 of the aligned sequence (includes

Fig. 1. Stability of tertiary structure of rWT csPA, examined by DSC (a), GdmCl-induced
unfolding monitored by specific ellipticity at 222 nm (b), and chymotrypsinolysis (c). (a)
Temperature dependencies of specific heat capacity of csPA, derived from DSC data.
1.5–1.7 mg/ml csPA in 10 mM H3BO3-KOH, 1 mM CaCl2, pH 9.0 or 20 mM glycine-KOH,
1 mM EDTA, pH 9.2 buffer, for Ca2+-loaded and apo-csPA, respectively. Heating rate was
1 K/min. Grey curve corresponds to heat capacity of the fully unfolded protein, estimated
according to [68]. (b) GdmCl-induced unfolding of apo-csPA at 20 °C, traced by its spe-
cific ellipticity at 222 nm. 10 μM csPA in 10 mM H3BO3-KOH, 180 μM DTT, 1.5 mM
EDTA, pH 8.8 buffer. (c) The susceptibility of csPA to overnight proteolysis by bovine α-
chymotrypsin at 37 °C, monitored by SDS-PAGE (4 μg of csPA per lane). csPA con-
centration was 0.7 mg/ml; the enzyme to csPA weight ratio was 1:200. Buffer conditions:
pH 7.3, 10 mM HEPES-KOH, 1 mM DTT, 1 mM CaCl2 or 1 mM EDTA, for Ca2+-loaded
and apo-csPA, respectively. The csPA sample not subjected to proteolysis was used as a
control. The numbers in the right-hand column indicate molecular masses of markers
(‘M’) in kDa.
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α-helix A, AB-loop and N-terminal half of α-helix B) is predicted to be
less ordered in PAs with unfolded apo-state. Therefore, the PONDR®

VSL2P score per residue for fragment 1–35 of the aligned sequence
(<VSL2P> 1-35) could be used for discrimination between the folded
and disordered apo-PAs. Indeed, the <VSL2P> 1-35 value of 0.609
used as a borderline between the ordered and disordered apo-PAs
(criterion #1) results in an efficient discrimination between these two
PA groups (Table 3). Application of the criterion #1 to 69 unambiguous
PA sequences from Swiss-Prot database predicts that apo-forms for 11
of them (16%) are likely to be disordered (Table S4).

The analysis of amino acid compositions of the two PA groups with
different stabilities of their apo-forms (Table 3) reveals other regula-
rities useful for discrimination between them (Table 4). The elevated

content of Lys residues and the absence of Gln in the fragment 1–35 of
the aligned sequence are hallmarks of the PAs with disordered apo-
form. The increased content of Ala along with the decreased contents of
Thr and Ser residues are observed in the full-length amino acid se-
quences of the PAs with disordered apo-state (Table 4). Meanwhile,
being taken alone, none of the criteria presented in Table 4 ensures
correct predictions of disorder for all apo-PAs shown in Table 3. This is
achieved using the following formal criterion: apo-PA is disordered if its
fragment 1–35 of the aligned sequence does not contain Gln and in-
cludes at least four Lys residues (criterion #2). Application of this cri-
terion to the 69 unambiguous PA sequences from Swiss-Prot database
shows that 13 of them (19%) are expected to be disordered in apo-state
(Table S4), which is close to the estimate using the criterion #1.

Table 2
Distribution of rWT csPA over oligomeric forms according to its chemical crosslinking with 0.02% glutaric aldehyde (20 °C), and mean hydrodynamic radius (RS) of csPA according to DLS
data (25.0 °C). 1.5–2 mg/ml csPA in pH 8.2, 10 mM H3BO3, 1 mM DTT, 1.5 mM EDTA or 1 mM CaCl2, for the apo- and Ca2+-loaded protein, respectively. The fractions of multimeric PA
forms were estimated from SDS-PAGE data (staining with Coomassie Brilliant Blue R-250). The RS values predicted for native and unfolded forms of csPA monomer are calculated
according to [89].

Protein state Fractions of protein multimers, % RS, nm

12 kDa band 24 kDa band 36 kDa band 48–60 kDa bands > 67 kDa band DLS data Prediction for a monomer

Native Unfolded by GdmCl

apo 55 33 5 – 7 2.78 ± 0.04 1.77 ± 0.02 3.16 ± 0.06
Ca2+ 41 28 10 14 7 1.95 ± 0.03

Fig. 2. Spectrofluorimetric determination of calcium affinity
of rWT csPA at 20 °C from protein titrations by Ca2+/EDTA
(a) and Ca2+ buffer experiments (b). (a) The dependence of
intensity of csPA (14 μM) fluorescence (excitation at 258 nm)
on total concentration of Ca2+/EDTA (saturation of apo-csPA
with Ca2+, followed by Ca2+ removal by EDTA). Buffer
conditions: 10 mM HEPES-KOH, 0.2 mM DTT, pH 8.2. The
dashed curve is a theoretical fit to the data according to the
sequential metal binding scheme [I], considering the competi-
tion for Ca2+ between the protein and EDTA. (b) The Ca2+-
dependent changes in intensity of bis-ANS (1 μM) fluores-
cence (excitation at 385 nm) in the presence of csPA (10 μM).
Buffer conditions: 10 mM HEPES-KOH, 1 mM DTT, 1 mM
EDTA, 27 μM − 0.99 mM CaCl2, pH 8.2. The dashed curve is a
theoretical fit to the data according to the model of co-
operative metal binding [III].
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Notably, application of criteria #1 and #2 to PAs from Swiss-Prot da-
tabase provide markedly different results (Table S4), which is likely
related to the lower accuracy of the predictions using the criterion #1.
We see no evident contradiction here, since occurrence of the unfolded
apo-PAs predicted by criterion #1 is 2.5-fold higher among the apo-PAs
predicted to be unfolded using the more accurate criterion #2. At the
same time, comparison of the theoretical predictions using criteria #1
or #2 with the median temperature preferences of the marine fishes
(TP50 [58], Table S4) does not reveal strict correlation between them.
Apparently, accuracy of the both criteria should be further validated
using more extensive experimental analysis.

4. Conclusions

The global disorder observed in some of apo-PAs likely contributes
to their functioning as metal buffers and points out their calcium sen-
sory role. Meanwhile, the experimentally proven cases of globally dis-
ordered apo-PAs are scarce (Table 3) and limited to cold-blooded spe-
cies with a preference to cold habitat. On the contrary, the
experimentally confirmed folded apo-PAs (Table 3) mostly originate
from the warm-blooded species. Therefore, here we searched for PAs
with disordered apo-form in a cold-blooded species, adapted to ex-
tremely cold habitat, coho salmon (TP50 of 4 °C [58]). Indeed, apo-
state of recombinant csPA exhibited the whole spectrum of the

Table 3
The comparison of Ca2+ affinities of various PAs at 20 °C (pH 7.4–8.2, 10–25 mM HEPES) and experimental/predicted stabilities of their apo-forms under conditions of low ionic strength.
The equilibrium Ca2+-binding constants of two active sites of PA, Ka,i (i = 1.2), were estimated from spectrofluorimetric titrations of PA by Ca2+ and Ca2+ chelator using the sequential
metal binding scheme [I], or from isothermal titration calorimetry experiments as described in [96,97]. The total free energy change upon Ca2+ binding to PA, ΔGCa, was calculated as a
sum of free energy changes accompanying Ca2+ binding to active PA sites (−RT ln (Ka,i·[H2O]) [90], i = 1.2). Structural stability of apo-PA was probed by various techniques, including
DSC. The mid-transition temperature for thermal denaturation of apo-PA, T1/2, was estimated from DSC data. Structural stability of apo-PAs was predicted using the CH-plots [76,77] and
CDF [76,79] analyses and an original approach based on the value of VSL2P score per residue for fragment 1–35 of the aligned sequence (<VSL2P> 1-35). The borderline <VSL2P> 1-

35 value of 0.609 was used for discrimination between potentially folded and unfolded apo-PAs.

Organism, PA isoform
(UniProtKB entry)/intact or rWT

SI with
csPA, %

Ka,1, M−1 Ka,2, M−1 ΔGCa, kJ/
mol

T1/2, °C References CH-plot analysis
prediction

CDF analysis
prediction

<VSL2P> 1-35/
prediction

Apo-form is unfolded
Northern pike, α (P02628, see

α1 in [83])/intact
59 1.2 × 109 3 × 109 −124 n/aa [44] folded folded 0.726/unfolded

Coho salmon, β (E1UJ20)/rWT 100 7 × 107 9 × 108 −114 n/aa present work folded folded 0.612/unfolded
Northern pike, β (P02619)/

intact
67 7 × 108 5 × 108 −118 n/aa [44] folded folded 0.768/unfolded

Baltic cod, β (P02622)/intact 51 3 × 108 3 × 108 −115 n/aa,b [53,72] folded folded 0.569/folded
Apo-form is folded
Rat, α (P02625)/intact 49 3 × 109 d 2 × 109 d −123d 30 [9] folded folded 0.560/folded
Common carp, β (P02618)/

intact
70 6 × 108 2 × 107 −110 32 [54,73] folded folded 0.575/folded

Chicken, thymic, β (P19753)/
rWT

60 2.4 × 108 c,e 1.05 × 108 c,e −112c,e 43.0c [56,97] folded folded 0.402/folded

Chicken, thymic CPV3, β
(P43305)/rWT

49 4.5 × 107 c,e 2.4 × 107 c,e −104c,e 50.7c [57,97] folded folded 0.606/folded

Rat, β (P02631)/rWT 46 3.5 × 107 c,e 3.4 × 106 c,e −99c,e 39.8 [55,96] unfolded folded 0.524/folded

a n/a, not applicable.
b 0.1 M NaCl was used [53].
c 0.15 M KCl [96] or 0.15 M NaCl [56,57,97] was used.
d Temperature was 15 °C.
e Temperature was 25 °C [96,97].

Fig. 3. Distribution over aligned sequence of the average PONDR®

VSL2P scores [80] for the PAs with either folded (solid black curves)
or unfolded (dashed grey curves) apo-states (see Table 3). The curves
corresponding to highest and lowest estimates of the VSL2P scores are
shown (standard deviation is either appended or subtracted from the
average VSL2P curve). Positions of key secondary structure elements
of PA are indicated (taken from PDB entry 2pvb): helices from A to F,
and Ca2+-binding loops CD and EF.
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structural features specific to globally disordered proteins, including
expansion of the protein molecule, the respectively disorganized sec-
ondary structure, increased solvent exposure of hydrophobic surfaces
and susceptibility to chymotrypsinolysis, elevated specific heat capacity
and lack of enthalpy changes during thermal unfolding of the protein.
The establishment of csPA as a new representative of the PA group with
disordered apo-forms provides an opportunity to deepen our knowledge
of functional peculiarities of these PAs and to uncover structural basics
of their unusual behavior.

The instability of apo-csPA is expected to favor its metal affinity.
Indeed, calcium affinity of csPA exceeds that of the β-PAs with ex-
perimentally confirmed folded apo-forms. In fact, the increased calcium
affinity is observed for all β-PAs with unfolded apo-form. However, this
is not the case for α-PAs, which could be related to very limited in-
formation on structural stabilities of apo-α-PAs. Hence, predictions of
unstable apo-PAs could promote search for PAs with maximal calcium
affinity, at least in the case of β-PAs.

Although electrostatic interactions are believed to contribute to
destabilization of apo-PA structure, we did not reveal conclusive dif-
ferences between the PA groups differing by stabilities of their apo-
forms in several protein parameters, related to the intramolecular
charge-charge interactions. Instead, these PA groups clearly differ in
both amino acid composition and propensity for intrinsic disorder of
the N-terminal fragment 1–35(36), which includes α-helix A, AB-loop
and N-terminal half of α-helix B. Hence, structural stability/flexibility
of AB domain is likely crucial for the maintenance of tertiary structure
of apo-PA.

The two structural criteria developed for discrimination between
the PAs with ordered/folded and intrinsically disordered apo-states
based on the specific features of the N-terminal fragment 1–35(36)
predict that 16–19% of apo-PAs are globally disordered. Since these
criteria provide overlapping, but markedly different predictions,
lacking clear correlation with median temperature preferences of the
marine fishes, both criteria should be further validated using additional
experimental analysis. The theoretical predictions presented here pro-
vide a starting point for further search of the relatively rare cases of
apo-PAs with lowered structural stability. Discovery of new members of
this remarkable group of PAs will enable refinement of their structural
signatures.
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Supplementary materials

Table S1. The secondary structure fractions estimated by far-UV CD for intact and rWT forms of csPA,

and parameters of fluorescence emission spectrum (λmax, maximum position; Imax, maximum intensity) of

hydrophobic probe bis-ANS in presence of the protein at 20ºC. csPA and bis-ANS concentrations were

10-16 µM and 1 μM, respectively. Buffer conditions: 10 mM H3BO3-KOH, 180 µM DTT, pH 8.8 or 10

mM HEPES-KOH, 1 mM DTT, pH 8.2 for CD and fluorescence studies, respectively; 1.5-2 mM EDTA

or 1 mM CaCl2 were added for apo- and Ca2+-loaded csPA, respectively. Bis-ANS fluorescence was

excited at 385 nm. The CD estimates were performed using CDPro software [64].

PA

form

Secondary structure fractions Bis-ANS fluorescence

Intact csPA rWT csPA Intact csPA rWT csPA

α-helices,

%

β-sheets,

%

α-helices,

%

β-sheets,

%

λmax,

nm

Imax,

a.u

λmax,

nm

Imax,

a.u

apo 18 27 22 22 491 751 505 850

Ca2+ 33 17 54 6 496 73 507 105

Table S2. Distribution of intact and rWT csPA over oligomeric forms according to chemical crosslinking

with 0.02% glutaric aldehyde (20oC). 1.2-2 mg/ml csPA in pH 8.2 buffer, 10 mM H3BO3, 1 mM DTT,

1.5 mM EDTA or 1 mM CaCl2, for the apo- and Ca2+-loaded states, respectively. The fractions of

multimeric PA forms were estimated from SDS-PAGE data (staining with Coomassie Brilliant Blue R-

250).

csPA

form

Protein

state

Fractions of protein multimers, %

12 kDa

band

24 kDa

band

36 kDa

band

48-60 kDa

bands

>67 kDa

band

Intact
apo 75 25 - - -

Ca2+ 75 25 - - -

rWT
apo 55 33 5 - 7

Ca2+ 41 28 10 14 7
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Table S3. The equilibrium Ca2+-binding constants of intact and rWT forms of csPA, Ka,i (i=1..2),

estimated from spectrofluorimetric titrations of PA by Ca2+ and EDTA using the sequential metal

binding scheme [I], considering the competition for Ca2+ between the protein and EDTA. Protein

concentration was 10-14 μM. Buffer conditions: 10 mM HEPES-KOH, 0.2 mM DTT, pH 8.2.

csPA form Ka,1, M
-1 Ka,2, M

-1

Intact 3×108 4×109

rWT 7x107 9x108

Table S4. Theoretical predictions of global disorder in apo-PA structure for 69 unambiguous PA

sequences from Swiss-Prot database (release 2014_05 - May 14, 2014) using the following criteria: 1)

apo-PA is unfolded if its <VSL2P>1-36 value exceeds 0.609; 2) apo-PA is unfolded if its fragment 1-36 of

the aligned sequence does not contain Gln and includes at least four Lys residues. The experimental data

on global order/disorder in apo-PAs are referenced in Table 3. TP50 values are the median temperature

preferences of the marine fishes taken from [58].

Swiss-Prot

entry

Prediction using criterion

#1

Prediction using criterion

#2

Experimental

data
TP50

P02616 folded unfolded n.a. n.a.

P02619 unfolded unfolded unfolded n.a.

P02622 folded unfolded unfolded 6

P02626 folded unfolded n.a. n.a.

P02628 unfolded unfolded unfolded n.a.

P02629 folded unfolded n.a. n.a.

P05939 unfolded unfolded n.a. n.a.

P30563 folded unfolded n.a. n.a.

P59747 folded unfolded n.a. 23

P80026 folded unfolded n.a. n.a.

Q90YK7 folded unfolded n.a. 6
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Q91482 unfolded unfolded n.a. 9

Q9I8V0 folded unfolded n.a. n.a.

O35508 folded folded n.a. n.a.

P02614 folded folded n.a. n.a.

P02615 folded folded n.a. n.a.

P02617 folded folded n.a. n.a.

P02618 folded folded folded n.a.

P02620 folded folded n.a. 18

P02621 unfolded folded n.a. 11

P02623 folded folded n.a. n.a.

P02624 folded folded n.a. n.a.

P02625 folded folded folded n.a.

P02627 folded folded n.a. n.a.

P02630 folded folded n.a. 17

P02631 folded folded folded n.a.

P05940 folded folded n.a. n.a.

P05941 folded folded n.a. n.a.

P0CE72 folded folded n.a. n.a.

P18087 folded folded n.a. n.a.

P19753 folded folded folded n.a.

P20472 unfolded folded n.a. n.a.

P32848 folded folded n.a. n.a.

P43305 folded folded folded n.a.

P51879 folded folded n.a. n.a.

P56503 folded folded n.a. 7

P80050 folded folded n.a. n.a.

P80079 folded folded n.a. n.a.

P80080 unfolded folded n.a. n.a.

P86741 folded folded n.a. 9

P86743 folded folded n.a. 13

P86745 folded folded n.a. 11

P86747 folded folded n.a. 11

P86748 folded folded n.a. 11
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P86749 folded folded n.a. 11

P86750 folded folded n.a. 11

P86752 unfolded folded n.a. 7

P86753 folded folded n.a. 7

P86756 folded folded n.a. 17

P86757 folded folded n.a. 17

P86759 folded folded n.a. 14

P86761 folded folded n.a. 14

P86762 folded folded n.a. 14

P86764 folded folded n.a. 14

P86765 folded folded n.a. 18

P86766 folded folded n.a. 18

P86768 folded folded n.a. n.a.

P86769 folded folded n.a. n.a.

P86771 folded folded n.a. 26

P86773 folded folded n.a. 26

P86774 unfolded folded n.a. 15

P86775 folded folded n.a. 15

P86778 folded folded n.a. 21

P86779 folded folded n.a. 21

Q0VCG3 folded folded n.a. n.a.

Q804W2 unfolded folded n.a. n.a.

Q90YK8 folded folded n.a. 6

Q90YK9 folded folded n.a. 6

Q91483 unfolded folded n.a. 9

n.a., data not available
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Figure S1. Reducing SDS-PAGE (15%, staining by Coomassie brilliant blue R-250; panels A,C) and

electrospray ionization mass spectrometry (B,D) data for recombinant (A,B) and intact (C,D) csPA

samples. ‘M’ denotes the lanes with molecular mass standards (the masses in kDa are indicated). m/z

values and their respective relative charge values (+z) are indicated above the major peaks.
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Figure S2. Stability of tertiary structure of apo-forms of intact and rWT csPA, examined by GdmCl-

induced unfolding at 20°C monitored by specific ellipticity at 222 nm. 10-13 µM csPA in 10 mM

H3BO3-KOH, 180 µM DTT, 1.5 mM EDTA, pH 8.8 buffer.
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Figure S3. Spectrofluorimetric determination of calcium affinity of intact and rWT csPA at 20ºC from

protein titrations by Ca2+/EDTA. The dependence of intensity of csPA (10-14 µM) fluorescence

(excitation at 258 nm) on total concentration of Ca2+/EDTA (saturation of apo-csPA with Ca2+, followed

by Ca2+ removal by EDTA). Buffer conditions: 10 mM HEPES-KOH, 0.2 mM DTT, pH 8.2. The dashed

curves are theoretical fits to the data according to the sequential metal binding scheme [I], considering

the competition for Ca2+ between the protein and EDTA.
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