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Summary

Recently we found two highly conserved structural motifs in the proteins of the EF-hand calcium 

binding protein family. These motifs provide a supporting scaffold for the Ca2+ binding loops and 

contribute to the hydrophobic core of the EF-hand domain. Each structural motif forms a cluster 

of three amino acids called cluster I (‘black’ cluster) and cluster II (‘grey’ cluster). Cluster I is 

much more conserved and mostly incorporates aromatic amino acids. In contrast, cluster II 

includes a mix of aromatic, hydrophobic, and polar amino acids. The ‘black’ and ‘gray’ clusters 

in rat β-parvalbumin consist of F48, A100, F103 and G61, L64, M87, respectively. In the present 

work, we sequentially substituted these amino acids residues by Ala, except Ala100, which was 

substituted by Val. Physical properties of the mutants were studied by circular dichroism, scanning 

calorimetry, dynamic light scattering, chemical crosslinking, and fluorescent probe methods. The 

Ca2+ and Mg2+ binding affinities of these mutants were evaluated by intrinsic fluorescence and 

equilibrium dialysis methods. In spite of a rather complicated pattern of contributions of separate 

amino acid residues of the ‘black’ and ‘gray’ clusters into maintenance of rat β-parvalbumin 

structural and functional status, the alanine substitutions in the cluster I cause noticeably more 

pronounced changes in various structural parameters of proteins, such as hydrodynamic radius of 

apo-form, thermal stability of Ca2+/Mg2+-loaded forms, and total energy of Ca2+ binding in 

comparison with the changes caused by amino acid substitutions in the cluster II. These findings 

were further supported by the outputs of computational analysis of the effects of these mutations 

on the intrinsic disorder predisposition of rat β-parvalbumin, which also indicated that local 

intrinsic disorder propensities and the overall levels of predicted disorder were strongly affected 

by mutations in the cluster I, whereas mutations in cluster II had less pronounced effects. These 

results demonstrate that amino acids of the cluster I provide more essential contribution to the 

maintenance of structural and functional properties of the protein in comparison with the residues 

of the cluster II. 
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Introduction

Calcium-binding proteins play important roles in practically all biological processes. Based on 

their structural and functional peculiarities, calcium-binding proteins are grouped in several large 

families (for review see, for example, [1-3]). One of the most studied families of calcium-binding 

proteins is the EF-hand protein family (reviewed in [3]). The EF-hand calcium-binding domain is 

a structural and functional unit that consists of two helices and a calcium binding loop between 

them. This domain was first found in carp parvalbumin (pI 4.25) by Kretsinger et al. in 1972 [4-

6]. Most of the EF-hand family members, such as calmodulin and troponin C, function as Ca2+-

dependent sensor proteins. Others, mostly parvalbumin and calbindin, seem to serve as cytosolic 

Ca2+ buffers [1].

The EF-hand domains in Ca2+-binding proteins are usually paired. Examination of the 

representative tertiary structures of the EF-hand containing proteins from eleven structural 

subfamilies enabled us to reveal structural nonequivalence of individual EF-hands in the paired 

EF-hand domains [7]. In fact, as a result of comprehensive comparison, we found two highly 

conserved structural motifs, which provide a supporting scaffold for the Ca2+ binding loops and 

contribute to the hydrophobic core of the EF-hand domain. Each structural motif contains a cluster 

of three amino acids. These clusters were called cluster I (‘black’ cluster) and cluster II (‘grey’ 

cluster). Cluster I (‘black’) is much more conserved in the various members of the EF-hand protein 

family and mostly incorporates aromatic amino acids. It lacks destabilizing interactions and has a 

predominant aromatic mini-core that is stabilized by a set of linked CH-π and CH-O hydrogen 

bonds. Based on these observations, we suggested that cluster I is likely vital for structural 

stabilization of the EF-hand domain in its critical gate region, where the polypeptide chain enters 

and exits the domain [7]. 

In contrast, cluster II includes a mix of aromatic, hydrophobic, and polar amino acids of 

different sizes. It is much less conserved and lacks stabilizing interactions and contain residues 

that are more often engaged in destabilizing interactions. We suggested that the higher variability 

of cluster II (‘gray’) could promote adaptation of an EF-hand domain to the conformational and 

dynamic requirements imposed by the need to ensure wide range of kinetic and equilibrium metal 

binding constants, as well as recognition of various targets (proteins, lipids and so on) [7]. 

The analysis of the structures of clusters I and II and examination of their rearrangements 

in response to Ca2+ binding enabled us to propose a more detailed classification of the EF-hand 

proteins, which was different from the classical division of such proteins on metal sensors and 

calcium buffers [7]. Using a group of α- and β-parvalbumins as illustrative representatives of the 
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EF-hand protein family, we investigated the relationship between the location of the ‘black’ and 

‘gray’ structural clusters and local intrinsic disorder predisposition of these proteins [8]. This 

analysis showed that residues the vicinity of the ‘black’ and ‘gray’ structural clusters are enriched 

in the disorder-promoting residues, suggesting the presence of conserved structural dynamics in 

parvalbumins [8]. However, at the global level, structural and functional significance of the ‘black’ 

and ‘grey’ clusters in calcium-binding proteins remains to be elusive. The goal of the present work 

was to fill this gap in current knowledge. To this end, we conducted systematic experimental 

studies of the roles of the ‘black’ and ‘grey’ clusters in rat β-parvalbumin.

Parvalbumin (reviewed by Permyakov [9]) is a members of the EF-hand family of calcium 

binding proteins. It is a small (Mr 10.5–12 kDa), acidic (pI 3.9–6.6), cytosolic Ca2+-binding 

protein, found in lower and higher vertebrates, including humans (for reviews see [9-12]). 

Parvalbumin is present in fast-twitch muscle cells, specific neurons of the central and peripheral 

nervous system, certain cells of several endocrine glands, and sensory cells of the mammalian 

auditory organ, the organ of Corti, and some other cells. The highest concentration of parvalbumin 

(up to several millimoles per liter) was found in fast muscles (mainly in skeletal, but sometimes in 

cardiac) [13, 14]. Parvalbumin serves as a soluble relaxing factor accelerating Ca2+-mediated 

relaxation phase in fast muscles. This functional model is supported by the direct gene transfer 

experiments [15] and by studies of mice with knockout parvalbumin gene [16]. The exact functions 

of this protein in nerve cells are still unknown, nevertheless it is assumed that its major role is 

connected with Ca2+ buffering, Ca2+ transport, and regulation of various enzyme systems [9].

Parvalbumins evolutionarily diverged into two distinct sub-lineages, α and β [17-19], 

differing in their isoelectric points (α: pI > 5; β: pI < 5), length of the C-terminal helix (1 residue 

longer in α), and substitutions of at least 11 amino acid residues. A cysteine at position 18 and an 

aspartic acid at position 61 are characteristic of β-parvalbumins [20]. Parvalbumin possesses two 

active EF-hand Ca2+ binding sites formed by the CD and EE loops with flanking α-helices (CD 

and EF domains, respectively) (reviewed in [9]). The AB domain of PA cannot bind Ca2+ due to 

the shortened AB-loop and disturbed Ca2+ binding DxDxDG motif. Meanwhile, the AB domain 

covers the hydrophobic surface of the functional EF-hands and modulates their metal affinities 

[21-23]. 

Figure 1 shows the structure of rat β-PA (also known as oncomodulin) and demonstrates 

localization of the ‘black’ and ‘gray’ clusters, which include F48, A100, F103 and G61, L64, M87, 

respectively. In our work, we sequentially substituted the amino acids of the ‘black’ and ‘gray’ 

clusters by alanine and studied physical properties of the resulting mutant proteins. It turns out 

that, in spite of rather complicated pattern of contributions of separate residues of the clusters of 



5

rat β-parvalbumin to maintenance of the structural and functional properties of the protein, the 

changes in such parameters as hydrodynamic radius of apo-form, thermal stability of Ca2+/Mg2+-

loaded forms and total calcium binding energy, the alanine substitutions in the ‘black’ cluster (I) 

of β-parvalbumin result in essentially more pronounced effects in comparison with the analogous 

substitutions in the ‘gray’ cluster (II).

Materials and methods

Materials 

Molecular biology grade HEPES, ultra-grade H3BO3 and BioUltra-grade glycine were from 

Calbiochem, Fluka and Sigma-Aldrich Co, respectively. Ultra-pure grade Tris and analytical grade 

PMSF were purchased from Amresco. Buffer grade MOPS was from AppliChem. Biotechnology 

grade DTT was bought from DiaM (Moscow, Russia). DTNB from Aldrich was of analytical 

grade. Biochemistry grade guanidinium chloride was a product of Merck. USP grade sodium 

chloride, biotechnology grade 2-merсaptoethanol (ME) and molecular mass markers for SDS-

PAGE were from Helicon (Moscow, Russia). Analytical grade bis-ANS, formic acid and horse 

heart myoglobin were purchased from Sigma-Aldrich Co. Fura-2 from Molecular Probes® was of 

analytical grade. HPLC grade acetonitrile was from Panreac Química S.L.U. DEAE-Sephacel 

resin was from Amersham Biosciences. Toyopearl SuperQ-650M was purchased from TOSOH 

Bioscience. Sephadex G-25 and PD midiTrapTM G-25 were products of Pharmacia LKB and GE 

Healthcare, respectively. Standard solutions of calcium chloride and magnesium chloride (Ca2+ 

content of 0.0005%), ultra-grade EDTA and EGTA were from Sigma-Aldrich Co. Standard 

solution of magnesium nitrate was purchased from Fluka. Other chemicals were reagent grade or 

higher.

All buffers and other solutions were prepared using ultrapure water (Millipore Simplicity 

185 system). The buffers to be used with DTT were preliminarily degassed. Plastics or quartz ware 

was used instead of glassware, to avoid contamination of protein samples with Ca2+. DTT solutions 

were prepared using 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.
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Methods

Preparation of standard solution of EDTA/EGTA potassium salt

0.1 M stock solution of EDTA/EGTA potassium salt was prepared by EDTA/EGTA weighting 

and dissolution in deionized water followed by adjustment of pH to neutral values. Accurate 

concentration of the EDTA/EGTA solution was determined using CaCl2 standard solution. 2 mM 

EDTA/EGTA solution in 50 mM MOPS-KOH, 100 mM NaCl, pH 7.2 buffer was prepared from 

the EDTA/EGTA 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. 

Calcium concentration exceeding EDTA/EGTA concentration in the solution was detected by 

respective changes in fluorescence emission of Fura-2 with the use of Cary Eclipse 

spectrofluorimeter, Varian Inc. (excitation at 340 nm).

Mutagenesis, isolation and purification of parvalbumins

Recombinant rat (Rattus norvegicus) β-parvalbumin was produced and purified as described 

earlier [24]. One liter of culture typically yields 40-60 mg of pure protein. The purified rWT rat β-

parvalbumin was homogeneous as judged by SDS-PAGE. Its UV absorption and fluorescence 

spectra were characteristic for Tyr and Phe residues, since rat β-parvalbumin lacks Trp residues. 

Rat β-parvalbumin concentrations (rWT and its mutants) were estimated spectrophotometrically 

using molar extinction coefficients presented in Table S1 (see Supplementary Materials). The 

values of ε280nm were derived from the molar extinction coefficients at 205 nm estimated according 

to [25]. Molecular mass of rat β-parvalbumin was determined by electrospray ionization mass 

spectrometry (ESI-MS) as described in [26]. The rat β-parvalbumin sample in distilled water with 

1 mM of 2-ME was preliminary reduced by 5 mM freshly prepared DTT solution and purified 

from 2-ME and DTT by passage through PD MidiTrap G-25 column equilibrated with distilled 

water. Molecular masses evaluated for all the proteins analyzed in this study by ESI-MS are listed 

in Table S2 (see Supplementary Materials).

Site-directed mutagenesis [27] was carried out in order to modify the rat rWT β-

parvalbumin gene in the pET28a vector (Novagen), which was used previously for cloning and 

expression of recombinant rat β-parvalbumin (see above). Synthetic oligonucleotides for each 

mutant of rat rWT β-parvalbumin containing mismatches in the corresponding codon (Table S1) 

were synthesized. These oligonucleotides were used for replacement of the amino acid residue in 

the ‘black’ (F48, A100, F103) or ‘gray’ (G61, L64, M87) cluster by Ala, except Ala100, which 

was substituted by Val. 
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Rat β-parvalbumin cluster mutants were expressed and purified similar to rWT rat β-

parvalbumin with the following modifications. The Toyopearl SuperQ-650M column (0.9 cm × 

7.5 cm) was equilibrated with 20 mM Tris-HCl, 50-120 mM KCl, 1 mM 2-ME pH 8.5 (protein 

was dialyzed against the same buffer with 1 mM EDTA). The column was flushed by the same 

buffer and the protein was eluted as described for rat rWT β-parvalbumin [24]. The yield was 40-

60 mg of protein per liter of cell culture.

Determination of free thiol groups

Quantitation of thiol groups of rat β-parvalbumin and its mutants was performed according to the 

modified Ellman’s reagent test [28]. The protein (20 µM) was unfolded by 6M 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-1cm-1 (manual to Thermo Scientific cat. #22582) was used. Efficacy 

of the procedure used was confirmed by the analogous examination of reduced glutathione 

solution.

Chemical crosslinking of parvalbumins

Protein (1.5 to 1.7 mg/ml) crosslinking with 0.02% glutaric aldehyde was performed in 20 mM 

H3BO3, pH 8.4; 1.5 mM EDTA (for apo-proteins), 1 mM MgCl2 (for Mg2+-loaded proteins) or 1 

mM CaCl2 (for Ca2+-loaded proteins). The reaction proceeded for 16 hours at 15oC and was 

stopped by addition of 4-fold volume of the buffer used in SDS PAAG electrophoresis in the 

presence of 100 mM DTT. The samples were subjected to SDS-PAGE (5% concentrating and 15% 

resolving gels; 5 µg of β-parvalbumin per lane) and stained with Coomassie Brilliant Blue R-250. 

The gels were scanned using Molecular Imager PharosFX Plus System (Bio-Rad Laboratories, 

Inc.) and analyzed by Quantity One software.

Calorimetry measurements

Differential scanning calorimetry (DSC) studies were carried out on a Nano DSC microcalorimeter 

(TA Instruments) at a 1 K/min heating rate and excess pressure of 4 bar. Parvalbumin 

concentrations were 1.0 – 3.3 mg/ml. Buffer conditions: 10 mM H3BO3-KOH, 1 mM CaCl2, pH 

9.0 (Ca2+-loaded proteins); 20 mM glycine-KOH, 1 mM EDTA, pH 9.2 (apo-proteins) or 20 mM 
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glycine-KOH, 1 mM MgCl2, pH 9.2 (Mg2+-loaded proteins). The DSC measurements and 

calculations of protein specific heat capacity (Cp) were performed as described in [29]. The partial 

molar volume of parvalbumin and specific heat capacity of the fully unfolded protein were 

estimated according to [30] and [31], respectively. The experimental data were fitted by the 

equations derived earlier [32] using Microcal OriginPro 8.0 (Origin Lab Corporation, 

Northampton, MA, USA) software. The heat capacity change accompanying the thermal transition 

(∆Cp) was supposed to be independent of temperature. ∆Cp, mid-transition temperature (Tm), 

enthalpy of protein denaturation at temperature Tm (∆H0), and n were used as fitting parameters 

(in some cases n was set to 1).

Circular dichroism measurements

Circular dichroism (CD) studies were carried out 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 according to the manufacturer’s instruction. The cell 

compartment was purged with nitrogen (dew-point of –40ºC). The quartz cell with pathlength of 

1.00 mm was used for far-UV measurements. Protein concentration was 6.0 – 7.2 µM. Buffer 

conditions: 10 mM H3BO3, pH 8.8, 1.5 mM EDTA or 1 mM CaCl2 (for apo- and Ca2+-loaded 

proteins, respectively), or 10 mM Tris-HCl, 1 mM EGTA, 10 mM MgCl2, pH 7.3 (for Mg2+-loaded 

parvalbumins); 15°C. A small contribution of buffer was subtracted from experimental spectra. 

Band width was 2 nm, averaging time 2 s, and accumulation 3. Quantitative estimates of the 

secondary structure contents were carried out using the CDPro software package [33] 

(http://lamar.colostate.edu/~sreeram/CDPro/main.html). SELCON3, CDSSTR and CONTIN 

algorithms were used for evaluation of secondary structure fractions. SDP48 and SMP56 reference 

protein sets were used for these evaluations. The final secondary structure fractions represent 

averaged values.

Dynamic light scattering studies

Dynamic light scattering (DLS) measurements were carried out at 20ºC using a Zetasizer Nano ZS 

system (Malvern Instruments Ltd.). The backscattered light from a 4 mW He-Ne laser (632.8 nm) 

was collected at an angle of 173º. β-parvalbumin concentration was 1.5 – 1.7 mg/ml. Before the 

measurements the protein samples were passed through 0.02 µm Whatman Anotop 10 syringe 

filters. The buffer conditions were 20 mM H3BO3, pH 8.4. 1.5 mM EDTA (for apo-proteins), 1 

http://lamar.colostate.edu/~sreeram/CDPro/main.html
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mM MgCl2 (for Mg2+-loaded proteins) or 1 mM CaCl2 (for Ca2+-loaded proteins). Acquisition time 

for a single autocorrelation function was 100 s. The resulting autocorrelation functions were 

averaged values from ten measurements. The intensity-weighted size distributions were calculated 

using preset parameters for distilled water at 20ºC (refractive index of 1.33 and a viscosity value 

of 1.1442 cP). The estimates of mean hydrodynamic radii of PAs were derived from these 

distributions. Apparent molecular weights of parvalbumins were calculated using Mark-Houwink 

equation, as implemented for proteins in the Zetasizer Nano ZS software.

Fluorescence measurements

Fluorescence studies were performed with a Cary Eclipse spectrofluorimeter (Varian, Inc.), 

equipped with a Peltier-controlled cell holder. Quartz cells with pathlength of 10 mm were used. 

Protein concentrations were 3-12 µM. Fluorescence of Tyr residues of parvalbumin was excited 

at 275 nm. In titration experiments all spectra were corrected for dilution according to the equation:

Fλ× (1 – 10-D
0) / (1 – 10-D

0
/k) [1]

where Fλ denotes value of protein fluorescence at a wavelength λ, D0 is absorption of rWT rat β-

parvalbumin at the excitation wavelength, k is dilution coefficient.

Bis-ANS concentration was estimated spectrophotometrically using molar extinction 

coefficient at 385 nm, ε385nm, of 16,790 M-1cm-1 [34]. Bis-ANS fluorescence was excited at 385 

nm. Buffer conditions for experiments with bis-ANS: 10 mM HEPES-KOH, pH 8.2, 1.5 mM 

EDTA or 1 mM CaCl2 for apo- and Ca2+-loaded proteins, respectively, or 10 mM HEPES-KOH, 

pH 7.3, 1 mM EGTA, 1 mM MgCl2 for Mg2+-loaded form. Concentrations of parvalbumin and 

bis-ANS were 10 μM and 1 μM, respectively. Maximum intensity (Imax) and maximum position 

(λmax) of fluorescence emission spectra were obtained from fits of the spectra with log-normal 

curves [35] using LogNormal software (IBI RAS, Pushchino).

Estimation of metal affinity of parvalbumins using Ca2+ or Mg2+ buffers

Calcium and magnesium affinity of proteins at 15°C was determined spectrofluorimetrically using 

calcium or magnesium ion buffer, respectively, with EDTA (1 mM) serving as a 

Ca2+/Mg2+chelator. This method is based on the concept that when chelator concentration greatly 

exceeds protein concentration, free metal concentration is determined unequivocally from the total 

chelator and metal concentrations, respectively, and is practically not affected by the protein. Thus, 
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one can accurately change free metal concentration over several orders of magnitude by 

performing stepwise titrations using precalculated additions of metal ion. Consequently, 

monitoring the cation equilibrium by a suitable physical parameter such as intrinsic fluorescence 

as a function of calculated [Ca2+]free allows obtaining an accurate estimate of the protein–metal 

equilibrium constant (within 0.3 pK values) [36].

Buffer conditions used: 30 mM МES-KOH, pH 6.0, HEPES-KOH, pH 7.0-8.2 and H3BO3-

KOH pH 9.0, protein concentration 11-22 μM, 17 μM - 1 mM CaCl2 (for Ca2+ buffers) or 30 мМ 

HEPES-KOH, pH 7.0-7.3, 1 mM EDTA-KOH, 1 mM EGTA-KOH (to prevent Ca2+ 

contamination), protein concentration 3-12 μM, 16 μM - 10 mM MgCl2 (for Mg2+ buffers). Stock 

solutions of Ca2+ and Mg2+ standard were added to the solution to achieve the desired free Ca2+ 

and Mg2+ concentrations, which were calculated using IBFluo v.1.1 software (IBI RAS, 

Pushchino, Russia). The effective EDTA/EGTA affinity to Ca2+ and Mg2+ was calculated 

according to [37], using thermodynamic constants taken 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 experimental data were described by the sequential metal binding scheme, previously 

shown to be valid for various PAs ([38]; reviewed in [1-3]):

       K1

   Protein + M ↔ Protein·M

       K2

Protein·M + M ↔ Protein·M2,

[I]

where M denotes metal ion, K1 and K2 are equilibrium metal-binding constants for the two active 

EF-hands of the protein.

Equilibrium dialysis experiments

Mg2+ binding constants of PAs were determined using equilibrium dialysis method. Teflon block 

(HT-Dialysis) with 96 wells (each well of 500 μL volume) was used for these experiments. The 

block consisted of 9 bars sequentially assembled by two stainless steel rods and pressed by 

stainless steel plate [39]. Dialysis membrane (regenerated cellulose, 3.5 kDa MWCO) was placed 

between the bars, so each well was divided into two equal parts by the membrane. According to 

the producer’s recommendation, the membrane was preliminarily soaked in 20% ethanol. The 

membrane and the block (preliminarily washed with non-ionic detergent Contrad and rinsed with 

hot distilled water) were treated according to the procedure described in [40] in order to remove 

metal ions adsorbed on the surface. The equipment was rinsed sequentially with hot 0.1M HNO3, 
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repeatedly with hot distilled water, 1 mM EDTA and repeatedly (at least six times) with hot 

ultrapure water (Millipore Ireland Ltd.). The membrane, the block and other equipment (only 

polypropylene equipment was used) were rinsed with ultrapure water before use until 

concentration of Mg2+ lowered to the concentration in ultrapure water.

15-150 μM of parvalbumins in a buffer (30 mM HEPES-KOH, 1 mM EGTA, pH 7.4) and 

2-1700 μM Mg2+ in the same buffer of equal volume (200 μL) were placed on different sides of 

the membrane. In order to avoid a change of concentration due to evaporation of water the wells 

were tightly covered with a film. Equilibrium was achieved under continuous shaking at 

(15.0±0.5)oC. It was established in separate series of experiments that 17 – 20 hours were enough 

to reach the equilibration.

Concentration of Mg2+ ions in the equilibrated solutions in both parts of the wells was 

measured by atomic absorption spectrometer with electro thermal atomization equipped with 

Zeeman background correction (Thermo Scientific iCE 3000). Standard solution of Mg(NO3)2 was 

used for calibration. 10 μL of a sample was placed into graphite cuvette covered with pyrolytic 

graphite; argon was used as an inert gas. Absorption band at 202.6 nm was used as an analytical 

signal. 

Dilution of the analyzed solutions did not exceed 500 times. Each solution was diluted and 

measured 2 – 3 times. Reproducibility of the parallel dilutions for each solution was better than 

3%. The standard uncertainty of the Mg2+ concentration was determined as standard deviation of 

the mean and amounted to 3 – 5%. Calibration with known Mg2+ concentration (0 – 40) μg·L-1 in 

the same buffer was carried out before each series of the analysis. The protein concentration was 

determined spectrophotometrically after the equilibrium dialysis experiment.

In separate experiments we found that the Gibbs-Donnan effect does not significantly 

influence the binding constant value under such conditions.

The sequential metal binding scheme [I] was used to treat the experimental data. According 

to the scheme, the dependence of the bound metal on the free metal concentration is described by 

the following equation:

,
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where [bM]/[P] and [fM] are the amount of bound metal per 1 mole of the protein and 

concentration of free metal, respectively. K1, K2 in eq. 2 were used as fitting parameters in 

nonlinear least-squares Marquardt procedure using OriginPro 9.0 software (OriginLab 
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Corporation, Northampton, MA, USA). The weighting factor for every experimental point was 

calculated from an estimated standard uncertainty as .2

1

i
iw




Estimation of Ca2+ association/dissociation rate constants

Stopped-flow fluorescence measurements were performed using an RX.2000 Rapid Mix 

Accessory (Applied Photophysics Ltd, Leatherhead, UK) with a dead time of 6 ms. Temperature 

of all solutions was kept at 15ºC using NESLAB RTE 7 bath circulator (Thermo Fisher Scientific 

Inc.) and Peltier-controlled cell holder. Equal volumes (0.3 ml) of 12-19 µM protein (Ca2+ was 

added to the metal-depleted protein in molar ratio of 2:1) and 1 mM EGTA in 10 mM HEPES-

KOH buffer, pH 8.2 were mixed using pneumatic drive. The excitation wavelength was 275 nm 

and emission was measured at 305 nm. Each experiment was repeated 4 times. The experimental 

data were approximated by a theoretical curve fit using equations described earlier [29].

Evaluation of intrinsic disorder predisposition of rat β-parvalbumin and its cluster mutants

Intrinsic disorder predisposition of rat β-parvalbumin (UniProt ID: P02631) and its cluster mutants 

(F48A, A100V, and F103A in the ‘black’ cluster and G61A, L64A, M87A in the ‘gray’ cluster) 

were evaluated using several commonly utilized disorder predictors, such as PONDR® VLXT, 

PONDR® VSL2, PONDR® VL3, PONDR® FIT, and IUPred. Justification for the selection of these 

tools is provided below. Sequences of all proteins analyzed in this study (rat β-parvalbumin and 

its cluster mutants) are listed in Supplementary Materials. 

Being the first computational tool for the prediction of predisposition of a query protein 

for intrinsic disorder, PONDR® VLXT is a neural network-based disorder predictor with high 

sensitivity to changes in local peculiarities of the query amino acid sequence [41]. PONDR® 

VLXT-based disorder profiles often contain characteristics “dips”, where disorder level of a short 

motif located within a longer disordered region sharply drops below a particular threshold. Many 

of such “dips” were shown to be correlated with short disordered regions that are capable of 

undergoing the binding-induced disorder-to-order transition at interaction with a specific partner. 

Such regions serve as Molecular Recognition Features (MoRFs), which are disorder-based 

functional motifs playing important roles in molecular recognition, signaling and regulation [42, 

43].
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PONDR® VSL2B was selected since this tool is a fastest member of the PONDR® VSL2 

predictor family, which employ two-step predictions [44]. In the first step, the disorder predictions 

for long and short regions are given by support vector machines. In the second step, another 

support vector machine is applied to optimize the results of the first step. The differences among 

various versions of PONDR® VSL2 family come from the selection of input features. Being 

without multiple sequence alignment, PONDR® VSL2B is significantly faster than other versions. 

Meanwhile, the accuracy of PONDR® VSL2B is only slightly lower than the PONDR® VSL2P 

version, which was ranked as the No.1 predictor in CASP6 [45] and CASP7 [46]. The members 

of PONDR® VSL2 series are among the more accurate intrinsic disorder predictors [47, 48]. 

PONDR® VL3 was designed for accurate prediction of long disordered regions in query 

proteins  [44].  This tool combines the predictions of 30 neural networks for the entire protein 

sequence and was trained using disordered regions from more than 150 proteins characterized by 

the methods mentioned above plus circular dichroism, limited proteolysis and other physical 

approaches [49].

IUPred was designed to recognize intrinsically disordered protein regions (IDPRs) from 

the amino acid sequence alone based on the estimated pairwise energy content [50, 51]. This 

algorithm has two implementations, IUPred_short and IUPRder_long, designed to predict short 

and long IDPRs, respectively. 

A meta-predictor, PONDR-FIT, is based on the combination of the outputs of six 

individual predictors, such as TopIDP [52], PONDR® VSL2 [53], PONDR® VL3 [44], PONDR® 

VLXT [41], IUPred [50], and FoldIndex [54]. Although component predictors are characterized 

by different accuracies, their combination makes PONDR-FIT relatively more accurate than its 

most accurate components [47].

Furthermore, in addition to the use of this set of six disorder predictors, all predictor-

specific per-residue disorder profiles were averaged to generate a mean per-residue intrinsic 

disorder profile of a given protein, and this mean disorder profile was also added to the 

corresponding plot. Use of consensus for evaluation of intrinsic disorder is motivated by empirical 

observations that this approach usually increases the predictive performance compared to the use 

of a single predictor [55-57]. The outputs of the evaluation of the per-residue disorder propensity 

by these tools are represented as the real numbers between 1 (ideal prediction of disorder) and 0 

(ideal prediction of order). A threshold of ≥0.5 was used to identify disordered residues and regions 

in query proteins, whereas residues/regions characterized by the disorder scores ranging from 0.2 

to 0.5 are classified as flexible.
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Results and discussion

The ‘black’ and ‘gray’ clusters in recombinant rat β-parvalbumin (β-PA) consist of F48, A100, 

F103 and G61, L64, M87, respectively. All these amino acids were successively substituted by 

Ala, except Ala100, which was substituted by Val. The resulting mutants were successfully 

expressed in E. coli and their molecular masses were measured by means of mass spectrometry. 

Practically all the samples were a mixture of forms with and without N-terminal Met (about 50 to 

50 per cent). Molar extinction coefficients of recombinant wild type rat β-PA and its cluster 

mutants were determined according to [25]. The corresponding ε280nm data for recombinant rat β-

PA and its cluster mutants are collected in the Table S1 in Supplementary Materials. 

Rat β-PA contains a single Cys residue per protein molecule. It is well known [58] that 

prolonged incubation of native rat β-PA at room temperature in the absence of reductant does not 

result in generation of disulfide-linked dimers, both in the presence or absence of Ca2+. We 

checked redox state of the mutant proteins by means of the Ellman’s method [28]. It turned out 

that in most cases 65 to 85 % of SH groups in the mutant proteins were reduced. The only exception 

was the A100V mutant, which was reduced by 38 %. 

The effects of the cluster mutations on the secondary structure of rat recombinant wild type 

β-parvalbumin (rWT β-PA) were studied by means of circular dichroism spectroscopy. Far-UV 

CD spectra of this protein and its cluster mutants measured at 15°С for various protein forms (apo-

forms (1 mM EDTA-KOH), as well as Mg2+-loaded (1 mM EGTA-KOH, 1 mM MgCl2), and Ca2+-

loaded (1 mM CaCl2) forms) are shown in Figure 1, whereas Table 1 represents data on the 

secondary structure contents of these proteins estimated from the corresponding far-UV CD 

spectra. This analysis revealed that in comparison with the rat rWT β-PA, all apo-forms of the 

mutants have a decreased α-helical content, except A100V and G61A mutants, which are 

characterized by an increased α-helical content. Furthermore, in comparison with the rat rWT β-

PA, all calcium-bound forms of the mutant proteins demonstrated 10 to 15 % decrease in the α-

helical content and increased contributions of other secondary structure elements, such as β-

structure, turns, and unordered structures (2 to 7 % each). All Mg2+-loaded forms of the mutant 

proteins show 10 to 20 % decrease in α-helical content (about 30 % in the case of L64A mutant) 

and an increase in the contributions of other secondary structure elements (3 to 10 % increase in 

β-structure content, which is mounting to 15 % increase in the case of L64A) in comparison with 

the wild type recombinant rat β-parvalbumin, 
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Structural compactness of rat β-PA and its cluster mutants was studied by means of 

fluorescent probe bis-ANS. A transition of bis-ANS (and 8-ANS as well) from aqueous 

environment to hydrophobic environment (e.g., that of solvent-exposed hydrophobic clusters of 

proteins) results in a blue shift of its fluorescence maximum and in an increase of its fluorescence 

quantum yield (fluorescence intensity) ([59-61], for review see [62]). Table 2 shows fluorescence 

parameters of bis-ANS bound to rat β-PA and its cluster mutants under the variety of conditions. 

It is evident that the mutations in the ‘black’ and ‘gray’ clusters resulted in a decrease in protein 

compactness and hence in an increase in bis-ANS binding regardless of the metal binding state. 

This was manifested by the blue shift of the bis-ANS fluorescence maximum and concomitant 

increase in fluorescence intensity of this dye. The effect was most pronounced in the case of apo-

proteins. However, it was less pronounced in the case of the Mg2+-bound forms and minimal in 

the case of the Ca2+-loaded forms of all the PA analyzed in this study. The only exception is a 

decrease in the bis-ANS fluorescence intensity in spite of the blue shift of its spectral maximum 

recorded in the presence of apo-G61A. The data are in a good agreement with the results of far-

UV CD analysis. In fact, Figure 3 shows that an increase in the α-helical content (protein folding) 

was accompanied by a decrease in bis-ANS fluorescence (bis-ANS binding). 

The results of the chemical crosslinking method (Table 3) demonstrate the absence of 

oligomeric forms of rat rWT β-PA and its cluster mutants both in the absence of metal ions and in 

the presence in magnesium ions. The binding of calcium resulted in a weak tendency for 

dimerization of all the proteins. However, in the case of proteins with mutations in the ‘gray’ 

cluster, this tendency was more pronounced. The results of the dynamic light scattering method 

(Table 3) show that apo-forms of the proteins with mutations in the ‘black’ cluster demonstrate 

noticeable increase in hydrodynamic radius Rh by 11 to 16 per cent in comparison with the wild 

type protein, while the proteins with mutation in the ‘gray’ cluster are characterized by essentially 

smaller increase in Rh (by 4 per cent) or even by a decrease in Rh, which means a decrease in the 

protein molecule volume. Mean values of absolute changes in Rh of the apo-proteins caused by 

alanine substitutions in the ‘black’ cluster were about three times larger than those in the case of 

alanine substitution in the ‘gray’ cluster (Figure 4). The binding of Ca2+ and Mg2+ violates this 

rule.

It is of interest that the mutations in the ‘black’ cluster always increase the hydrodynamic 

radius, while the mutations in the ‘gray’ cluster can both increase and decrease hydrodynamic 

radius of the protein. Theoretical evaluation of Rh for native and guanidine hydrochloride-unfolded 

monomeric recombinant rat β-PA [63] gives values of 1.78±0.04 nm and 3.20±0.08 nm, 

respectively. Table 3 shows that the experimental Rh values for the mutants are between these two 
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values, which suggest that they seem to be partially unfolded but still conserve some ordered 

structure. In fact, theoretical evaluation of the Rh values for the molten globular and pre-molten 

globular forms of a protein with the molecular mass of rat β-PA (12,188 Da) [64] gives values of 

2.05±0.05 nm and 2.46±0.05 nm, respectively. Therefore, the apo-forms of the rat rWT β-PA and 

its cluster mutants are either molten globules (WT, G61A, L64A, and M87A) or pre-molten 

globules (F48A, A100V, and F103A). The binding of metals results in a decrease in the Rh 

differences for the rat rWT β-PA and its cluster mutants. Figure 5 shows a correlation between the 

α-helical content and hydrodynamic radii for the whole collection of PA forms (wild type and 

mutant parvalbumins under the variety of conditions studied). An increase in helical content is 

accompanied by a decrease in the hydrodynamic radius of a protein molecule, which seems to be 

quite logical.

Figure 6 shows temperature dependencies of the specific heat capacity for apo, Mg2+- and 

Ca2+-loaded forms of the rat rWT β-PA and its cluster mutants measured by differential scanning 

calorimetry. Table 4 lists thermodynamic parameters of the thermal denaturation of these proteins 

under the variety of conditions obtained from the corresponding differential scanning calorimetry 

data using the two-state model of thermal denaturation. These data show that the mutations in the 

‘black’ and ‘gray’ clusters can cause both an increase and a decrease in mid-transition temperature 

of the metal-loaded proteins. However, all mutations invariantly resulted in a decrease in the 

transition enthalpy of the metal-loaded proteins. It is of importance that mean values of the 

absolute changes in thermal stability of Ca2+/Mg2+-loaded proteins caused by alanine substitutions 

in the ‘black’ cluster were about three times larger than those caused by the alanine substitutions 

in the ‘gray’ cluster (Figures 7 and 8). In most cases, the mutations in the ‘black’ and ‘gray’ clusters 

resulted in an increase in the thermal stability (mid-transition temperature and transition enthalpy) 

of apo-forms of the proteins except F48A (which did not show any cooperative transition) and 

M87A (which was characterized by a decrease in thermal stability) (Figure 9).

Figure 10a shows a correlation between the α-helical content and the transition mid-

temperature for the whole collection of the wild type and mutant parvalbumins. An increase in the 

α-helical content resulted in an expected increase in the protein thermal stability. Figure 10b 

demonstrates that the increase in protein thermal stability is lineally related to an increase in the 

thermal transition enthalpy.

Parvalbumins are supposed to function as a Ca2+/Mg2+-buffer, modulating the divalent ion 

flows in muscle cells. Therefore, Ca2+/Mg2+ binding can be considered as one of the physiological 

functions of parvalbumins. Table 5 contains equilibrium Ca2+ and Mg2+ binding constants of the 

rat rWT β-PA and its cluster mutants at 15ºС, evaluated according to the successive binding 
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scheme by means of Ca2+/Mg2+-buffers and equilibrium dialysis methods. These analyses revealed 

that the mutations in both ‘black’ and ‘gray’ clusters either practically did not change or decreased 

calcium and magnesium affinity of the protein. Importantly, the alanine substitutions in the ‘black’ 

cluster caused noticeably more pronounced decrease in the Ca2+ affinity than analogous 

substitutions in the ‘gray’ cluster, except for A100V (Figure 11).

Figure 12 shows the kinetics courses of the Ca2+ dissociation from the rat rWT β-PA and 

its cluster mutants at 15ºС monitored by changes in the intensity of their tyrosine fluorescence. 

Table 6 represents the corresponding dissociation rate constants koff evaluated from the 

experimental data fitted by the theoretical curves computed according to the successive binding 

scheme. Figure 12 and the Table 6 do not contain kinetic data for the F48A and F103A mutants, 

since in these two cases, Ca2+ dissociation was too fast to measure (within the dead time of the 

instrument, which is ~6 mc). This means that the mutations F48A and F103A in the black cluster 

resulted in an essential increase in the Ca2+ dissociation rate. All other mutations practically do not 

change koff1, but increase koff2.

Since cluster mutations affected structure of rat β-PA at different levels and modified its 

conformational stability and functional properties, we decided to check how these mutants would 

influence the intrinsic disorder predisposition of rat β-PA (UniProt ID: P02631). To this end, we 

utilized several members of the PONDR® family, such as PONDR® VLXT, PONDR® VL3, 

PONDR® VSL2, and a meta predictor PONDR® FIT, together with the IUPred computational 

platform that allows identification either short or long regions of intrinsic disorder. Here, each 

disorder predictor generates its own disorder profile for a given protein. To visualize 

similarities/differences between the outputs of various disorder predictors, the six disorder profiles 

obtained for each protein were placed on one plot. Furthermore, in addition to the use of this set 

of six disorder predictors, all predictor-specific per-residue disorder profiles were averaged to 

generate a mean per-residue intrinsic disorder profile of a given protein, and this mean disorder 

profile was also added to the corresponding plot. Results of this multifactorial analysis are 

represented in Supplementary Materials (see Figures S1-S7), where combined disorder profiles 

for each individual protein are shown. Figure 13A summarizes results of this analysis by showing 

the overlapped mean per-residue intrinsic disorder profiles of the rat β-PA and its cluster mutants. 

Analogous data showing overlapped per-residue intrinsic disorder profiles of these proteins 

generated by other predictors are presented in Figure S8 (see Supplementary Materials). Results 

of these analyses clearly show that the mutations in ‘black’ cluster caused more essential changes 

in the local disorder propensity in comparison with the effects of the mutations in ‘gray’ cluster. 

This is further illustrated by Table 7, where protein-average disorder scores calculated from the 
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outputs of different disorder predictors are listed for all seven protein analyzed in this study. 

Furthermore, Figure 13B shows that mutation-induced changes in the intrinsic disorder propensity 

of rat β-PA correlate reasonably well with changes in helical propensity and equilibrium Ca2+ 

binding constants (log K1) of this protein, suggesting that key-residues of ‘black’ and ‘gray’ 

clusters are important for maintenance of structural integrity and functionality of β-PA.

The only study analyzing the Ca2+-induced changes in environment of one of the residues 

in the ‘black’ cluster of parvalbumin is the work by Henzl et al. [65]. These authors studied Ca2+-

induced structural changes in chicken parvalbumin 3, which is identical to rat β-parvalbumin at 75 

of 108 residues and found several regions that most significantly changed their conformation upon 

calcium binding. Large changes were expectedly revealed in the calcium-binding loops and in 

some other regions including residues 46-50 ( that contains F47 of the ‘black’ cluster) in the C-

terminal half of helix C, and residues 65-78 (that includes one residue of the ‘gray’ cluster), 

corresponding to the C-terminal half of the D-helix and the extended D/E loop. The removal of 

Ca2+ induced an essential increase in the solvent accessibility of F47, which belongs to the ‘black’ 

cluster. In fact, although only an edge of the F47 residue had a significant surface exposure when 

Ca2+ is bound, the entire phenyl ring became accessible to solvent in the apo-protein [65]. It was 

shown also that Ca2+ removal is accompanied by a partial reconfiguration of the hydrophobic core 

of this protein.

There are also several studies on the rat β-parvalbumin and its mutants. For example, Agah 

et al. [66] found that individual mutations P21A and P26A (both prolines are in the AB domain) 

lowered the mid-temperature of the metal-free rat β-parvalbumin thermal transition by 3.2°C. 

Simultaneous replacement of P21 and P26 by alanines caused more pronounced decrease in the 

protein thermal stability (∆Tm = 7.6°C). It is of interest that the P21A/P26A mutations do not 

change Ca2+ affinity of the protein. Based on these observations, the authors concluded that 

structural alterations in the AB domain do not necessarily influence the divalent ion affinity of the 

CD-EF domain [66].

Mutations of the amino acid residues participating in the direct coordination of Ca2+ give 

the most pronounced effects on Ca2+/Mg2+-binding properties of parvalbumins. There were several 

studies considering mutations of the amino acid residues directly participating in the chelation of 

calcium ions in rat β-PA. For instance, Henzl et al. [67] have found that the introduction of a fifth 

carboxylate at +z position in the CD coordination sphere (S55D) or at -x position in the EF 

coordination sphere (G98D) significantly increased the affinity of these sites for Ca2+. The S55D 

mutation decreases Ca2+ dissociation constant KCa for the CD site from 800 to 67 nM, whereas the 
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G98D mutation reduced KCa for the EF site from 45 to 4 nM. Both mutations destabilized the apo-

form of rat β-PA and increased the thermal stability of the Ca2+-loaded state [67]. The S55D 

mutation also increased the affinity of the rat β-PA CD site for Mg2+, decreasing the dissociation 

constant from > 1 mM to approximately 30 μM, and increasing thermal stability of the Mg2+-bound 

form of the protein (79.0°C vs. 68.5°C). The authors explained these effects of mutations by the 

preferential destabilization of the apo-protein by the additional carboxylate [67]. It was also shown 

that the S55D mutation improved the Ca2+-binding enthalpy, whereas the G98D mutation 

improved the binding entropy [67, 68]. Furthermore, these mutations differently affected peptide 

backbone dynamics at various levels [68]. In fact, an average order parameter of the G98D mutant 

was slightly greater than that of the wild-type protein, whereas in S55D mutant, an average order 

parameter was slightly lower than that of the β-PA. Also, as many as 52 of the 93 residues analyzed 

in S55D showed internal motion on the 20-200-psec time-scale, whereas in G98D, there were only 

two backbone N-H bonds with this behavior [68]. 

In order to develop new therapies to remediate relaxation abnormalities in different heart 

diseases and heart failure by means of the engineered parvalbumin, Zhang et al. [69] introduced 

two mutations into the CD calcium binding site of rat β-PA, S55D and E62D. Each mutation 

increased Mg2+ affinity up to five fold, whereas combined mutations increased the Mg2+ affinity 

of the protein ∼13-fold. Mg2+ dissociation rate (172 s-1) for the engineered S55D and E62D 

parvalbumin was slow enough for the delayed Ca2+ buffering, whereas the engineered protein 

retained high Ca2+ affinity (132 nM) and fast rate of Ca2+ dissociation (64 s-1) [69].

To check the hypothesis that the remarkable difference in the ion binding efficiency 

between the rat β-PA and the chicken parvalbumin 3 (CPV3) were due to the local sequence non-

identities of the CD sites in these two proteins, Henzl and Ndubuka [70] analyzed the effects of 

rat β → CPV3 mutations at residues 49, 50, 57, 58, 59, and 60 on structural properties and the 

Ca2+/Mg2+-binding properties of rat β-PA. Four mutants were generated, with replaced residues 49 

and 50 (yielding β-PA 49/50), 49, 50, 57, and 58 (β-PA 49/50/57/58), 49, 50, 57, 58, and 59 (β-

PA 49/50/57/58/59), and 49, 50, 57, 58, 59, and 60 (β-PA 49/50/57/58/59/60). The resulting 

F49I/I50L/Y57F/L58I/D59E/G60E hexa-mutant of β-PA had a CD site identical to that of the 

CPV3 at 27 of 30 residues, with the remaining three non-identical residues being conservative 

amino acid substitutions [70]. Although all four mutant proteins displayed increased divalent ion 

affinity, these increases were very modest, clearly indicating that the structural features outside 

the metal ion-binding motif must contribute to the divalent ion-binding behavior of the rat β-PA 

CD site [70].
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Henzl et al. [71] found that Leu85 located within the E helix strongly influences divalent 

ion affinity of the rat β-PA. Curiously, being introduced to the wild-type protein, L85F mutation 

primarily affected the EF site of the β-PA. Whereas when this mutation was incorporated into the 

hexa-mutant containing 49/50/57/58/59/60 substitutions in the CD site, the resulting protein was 

characterized by the enhanced Ca2+ and Mg2+ affinity of the CD site. This effect was particularly 

sensitive to the identities of the residues 59 and 60 [71].

Therefore, literature analysis shows the lack of studies on the effect of mutations of 

residues in the clusters I and II on physical and functional properties of parvalbumins. Our study 

filled this gap in the current knowledge and showed that in spite of a rather complicated pattern of 

contributions of individual amino acid residues from the ‘black’ and ‘gray’ clusters into 

maintenance of the β-PA structure and function, the alanine substitutions in the ‘black’ cluster 

caused larger changes in such parameters as hydrodynamic radius of apo-form, thermal stability 

of Ca2+/Mg2+-loaded forms, and total energy of Ca2+ binding in comparison with the changes 

caused by similar substitutions in the ‘gray’ cluster. These results demonstrate that amino acids of 

the ‘black’ cluster provide more significant contribution to the maintenance of structural and 

functional integrity of the protein in comparison with the residues of the ‘gray’ cluster.
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Figure 1. Tertiary structure of Ca2+-loaded (1RRO) rat β-PA. Bound calcium ions and residues of 

the ‘black’ and ‘grey’ clusters are shown.
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Figure 2.  Far-UV CD spectra of apo (1 mM EDTA) (a and b correspond to mutants with 
mutations in the ‘black’ and ‘gray’ clusters, respectively), Mg2+- (1 mM EGTA-KOH, 1 mМ 
MgCl2) (c and d correspond to mutants with mutations in the ‘black’ and ‘gray’ clusters, 
respectively) and Ca2+-loaded (1 mM CaCl2) (e and f correspond to mutants with mutations in the 
‘black’ and ‘gray’ clusters, respectively) forms of recombinant rat β-PA and its cluster mutants at 
15°C. The following buffers were used: 10 mM H3BO3-KOH, pH 8.8 for apo- and Ca2+-loaded 
forms of β-PA and 10 mM Tris-HCl, pH 7,3 for Mg2+-loaded forms of this protein. Proteins were 
purified from metal ions using a combination of two methods, reprecipitation of the proteins with 
3% TCA [72] followed by the gel-filtration on a Sephadex G-25 column [73] for purification of 
the proteins from TCA. The protein concentration is 6.0-7.2 μM. Optical path of cuvette 1 mm.
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Figure 3. Correlation between α-helical content and fluorescence intensity at 500 nm of bound 

bis-ANS fluorescent probe for the whole collection of the wild type rat β-PA and its cluster mutants 

under the variety of conditions. 
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Figure 4. Effects of cluster mutations on hydrodynamic radius of metal-free recombinant rat β-
PA: a – mutations in the ‘black’ cluster; b – mutations in the ‘gray’ cluster.
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Figure 5. Correlation between α-helical content and hydrodynamic radius for the whole collection 
of the wild type rat β-PA and its cluster mutants under the variety of conditions analyzed in this 
study.
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Figure 6. Temperature dependencies of specific heat capacity for apo (1 mM EDTA) (a and b 
correspond to mutants with mutations in the ‘black’ and ‘gray’ clusters, respectively), Mg2+- (1 
мМ MgCl2) (c and d correspond to mutants with mutations in the ‘black’ and ‘gray’ clusters, 
respectively) and Ca2+-loaded (1 mM CaCl2) (e and f correspond to mutants with mutations in the 
‘black’ and ‘gray’ clusters, respectively) forms of recombinant rat β-PA and its cluster mutants. 
DSC data were analyzed according to [29]. Dotted curves are theoretical ones fitted to the 
experimental data. 
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Figure 7. Effects of cluster mutations on thermal transition mid-temperature of Ca2+-loaded 

recombinant rat β-PA: a – mutations in the ‘black’ cluster; b – mutations in the ‘gray’ cluster. 
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Figure 8. Effects of cluster mutations on thermal transition mid-temperature of Mg2+-loaded 

recombinant rat β-PA: a – mutations in the ‘black’ cluster; b – mutations in the ‘gray’ cluster. 
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Figure 9. Effects of cluster mutations on thermal transition mid-temperature of metal-free 

recombinant rat β-PA: a – mutations in the ‘black’ cluster; b – mutations in the ‘gray’ cluster. 
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Figure 10. a – Correlation between α-helical content and transition mid-temperature for the whole 
collection of the wild type rat β-PA and its cluster mutants under the variety of conditions. b - 
Correlation between transition mid-temperature and transition enthalpy for the whole collection of 
the wild type rat β-PA and its cluster mutants under the variety of conditions.

 



36

rWT F48A A100V F103A

-4

-3

-2

-1

0

l
og

K

Protein

 logK1

 logK2

a

rWT G61A L64A M87A

-5

-4

-3

-2

-1

0

1

l
og

K

Protein

 logK1

 logK2
b

Figure 11. Effects of cluster mutations on Ca2+-affinity of recombinant rat β-PA: a – mutations in 

the ‘black’ cluster; b – mutations in the ‘gray’ cluster.



37

0,0 0,5 1,0 1,5 2,0
0,7

0,8

0,9

1,0
No

rm
al

ize
d 

flu
or

es
ce

nc
e 

at
 3

05
  n

m

Time, s

rWT

L64A

G61A

M87A

Figure 12. Kinetics of EGTA-induced dissociation of Са2+ for recombinant rat β-PA and its cluster 
mutants at 15°C. Protein concentration 12-19 μM, buffer solution: 10 мМ HEPES-KOH, pH 8.2. 
Са2+ to protein molar ratio 2:1; Са2+ removal was initiated by fast addition of 1 mM EGTA. 
Fluorescence was excited at 275 nm. Points are experimental, curves are theoretical ones computed 
according to the successive binding scheme and fitted to the experimental data. 
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Figure 13. Intrinsic disorder predisposition (A) and its correlation with structural and functional 
characteristics of rat β-PA and its cluster mutants (B). Plot A represents intrinsic disorder profiles 
of rat β-PA and its cluster mutants corresponding to the per-residue mean disorder propensity 
calculated for each protein by averaging disorder profiles of six individual predictors (PONDR® 
VLXT, PONDR® VL3, PONDR® VSL2, PONDR® FIT, IUPred_short, and IUPred_long). In plot 
B a correlation is shown between the protein-average disorder propensity helical propensity and 
equilibrium Ca2+ binding constants (log K1) of rat β-PA and its cluster mutants. 
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Tables
Table 1. Secondary structure fractions estimated from CD spectra for apo (1 mM EDTA-KOH), 
Mg2+-loaded (1 mM EGTA-KOH, 1 mM MgCl2) and Ca2+-loaded (1 mM CaCl2) forms of rat rWT 
β-parvalbumin and its cluster mutant at 15°С. 

Protein Protein state α-helices β-
structure Turns Unordered structure

rWT 32.4±4.3 17.1±3.0 17.4±0.8 30.2±0.9

F48A 17.4±0.05 24.4±0.5 18.7±0.4 38.0±0.8

A100V 40.1±0.2 12.4±0.4 17.3±0.3 29.0±0.7

B
la

ck
 c

lu
st

er

F103A 31.2±1.9 16.7±0.5 18.6±1.3 31.2±1.1

G61A 40.0±0.3 12.0±0.3 18.0±0.4 29.2±0.5

L64A 19.0±0.4 23.8±0.9 19.7±1.0 35.9±1.1

G
ra

y 
cl

us
te

r

M87A

apo

26.8±0.4 20.5±0.5 17.2±0.3 31.0±0.5

rWT 53.2±4.3 9.1±3.4 12.7±1.0 25.0±1.2

F48A 34.16±0.05 14.8±0.5 19.4±0.4 30.8±0.8

A100V 44.3±0,2 11.7±0.4 17.0±0.3 26.9±0.7

B
la

ck
 c

lu
st

er

F103A 32.5±1.9 18.0±0.5 17.5±1.3 30.8±1.1

G61A 41.2±0.3 13.3±0.3 17.6±0.4 27.4±0.5

L64A 23.0±0.4 23.9±0.9 18.2±1.0 30.9±1.1

G
ra

y 
cl

us
te

r

M87A

Mg2+

39.4±0.4 12.9±0.5 18.5±0.3 28.7±0.5

rWT 54.8±4.3 8.0±3.4 12.1±1.0 24.7±1.2

F48A 44.7±0.05 11.0±0.5 17.2±0.4 27.8±0.8

A100V 38.6±0.2 14.5±0.4 19.1±0.3 27.4±0.7

B
la

ck
 c

lu
st

er

F103A 40.0±1.9 15.3±0.5 19.1±1.3 25.4±1.1

G61A 40.0±0.3 13.9±0.3 18.8±0.4 27.1±0.5

L64A 43.9±0.4 10.9±0.9 16.3±1.0 28.5±1.1

G
ra

y 
cl

us
te

r

M87A

Ca2+

47.0±0.4 10.1±0.5 13.7±0.3 28.4±0.5
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Table 2. Fluorescence parameters of bis-ANS (λmax, spectral maximum wavelength; Imax, maximal 
fluorescence intensity), in the presence of apo (1.5 mM EDTA-KOH), Mg2+-loaded (1 mM MgCl2, 
1 mM EGTA-KOH) and Ca2+-loaded (1 mM CaCl2) form of recombinant rat β-parvalbumin and 
its cluster mutants at 15ºC. 10 μM β-parvalbumin, 1 μM bis-ANS. 10 mM HEPES-KOH, pH 8.2 
for apo- and Ca2+-loaded forms and pH 7.3 for Mg2+-loaded forms of β-parvalbumin. Fluorescence 
of bis-ANS was excited at 385 nm.

Protein Protein state λmax, nm Imax, a.u.

Free bis-ANS 536 3.0

rWT 498 28.3

F48A 494 80.3

A100V 496 35.1

B
la

ck
 c

lu
st

er

F103A 496 60.4

G61A 498 24.4

L64A 492 119.0

G
ra

y 
cl

us
te

r

M87A

apo

496 50.5

Free bis-ANS 536 3.0

rWT 502 7.1

F48A 490 86.6

A100V 492 28.5

B
la

ck
 c

lu
st

er

F103A 494 149.3

G61A 498 9.8

L64A 488 55.7

G
ra

y 
cl

us
te

r

M87A

Mg2+

492 37.7

Free bis-ANS 536 3.0

rWT 510 4.5

F48A 506 7.0

A100V 498 18.2

B
la

ck
 c

lu
st

er

F103A 504 13.0

G61A 504 7.5

L64A 502 17.7

G
ra

y 
cl

us
te

r

M87A

Ca2+

496 11.5
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Table 3. Oligomers of rat β-parvalbumin and its cluster mutants revealed by means of chemical 
crosslinking by glutaric aldehyde and from measurements of mean hydrodynamic radius (Rh) by 
dynamic light scattering method. Protein concentration 1.5-1.7 mg/mL. Buffers: 20 mM H3BO3-
KOH, pH 8.4, 1.5 mM EDTA-KOH (apo-proteins), 1 mM MgCl2, (Mg2+-loaded proteins) or 1 
mM CaCl2 (Ca2+-loaded proteins). MW is molecular mass determined by dynamic light scattering 
method; MWm is monomer molecular mass.

Oligomers fractions, % Data of DLS method

Protein Protein state 12-13 kDa 

band, %

24 - 26 kDa 

band, %
Rh, nm MW/MWm

rWT 100 - 2.06±0.03 1.49±0,06

F48A 100 - 2.39±0.03 2.16±0.08

A100V 100 - 2.29±0.03 1.90±0.07

B
la

ck
 

cl
us

te
r

F103A 100 - 2.31±0.04 2.02±0.09

G61A 100 - 1.91±0.02 1.26±0.05

L64A 100 - 2.02±0.07 1.44±0.12

G
ra

y 
cl

us
te

r

M87A

apo

83 17 2.14±0.11 1.65±0.22

rWT 100 - 1.92±0.03 1.27±0.05

F48A 100 - 1.95±0.02 1.34±0.05

A100V 100 - 1.99±0.02 1.37±0.06

B
la

ck
 

cl
us

te
r

F103A 100 - 2.08±0.02 1.53±0.04

G61A 100 - 1.85±0.04 1.15±0.08

L64A 80 20 1.88±0.02 1.22±0.01

G
ra

y 
cl

us
te

r

M87A

Mg2+

75 25 2.07±0.07 1.54±0.12

rWT 82 18 1.81±0.02 1.12±0.05

F48A 89 11 1.91±0.05 1.28±0.09

A100V 87 13 1.83±0.03 1.13±0.06

B
la

ck
 

cl
us

te
r

F103A 80 20 1.83±0.04 1.13±0.05

G61A 64 36 1.85±0.03 1.15±0.05

L64A 70 30 1.79±0.03 1.09±0.05

G
ra

y 
cl

us
te

r

M87A

Ca2+

75 25 1.99±0.12 1.41±0.19
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Table 4. Thermodynamic parameters of thermal denaturation of recombinant rat β-parvalbumin 
and its cluster mutants obtained from differential scanning calorimetry data with the use of the two 
state transition scheme. 

Protein Protein state Tm, ºC ΔH0, J/g ΔCp , 
J/(g·K) n*

rWT 30.7 11.3 0.59 0.83

F48A - - - -

A100V 33.1 12.9 0.36 0.85

B
la

ck
 

cl
us

te
r

F103A 31.3 12.3 0.43 0.72

G61A 35.5 13.0 0.37 0.86

L64A 34.5 12.7 0.13 0.90

G
ra

y 
cl

us
te

r

M87A

apo

28.4 7.5 0.28 1.08

rWT 60.9 27.2 0.26 0.83

F48A 50.0 18.3 0.27 1.05

A100V 66.5 18.8 0.23 1.58

B
la

ck
 

cl
us

te
r

F103A 44.5 12.1 0.24 1.18

G61A 68.3 17.4 0.04 1.56

L64A 60.8 17.1 0.14 1.45

G
ra

y 
cl

us
te

r

M87A

Mg2+

57.8 13.1 0.13 1.67

rWT 89.3 52.9 -0.31 0.77

F48A 77.9 31.9 0.002 1.15

A100V 91.9 30.2 -0.65 1.27

B
la

ck
 

cl
us

te
r

F103A 74.5 22.8 -0.02 1.26

G61A 92.2 34.0 -0.69 1.10

L64A 84.8 27.9 -0.10 1.49

G
ra

y 
cl

us
te

r

M87A

Ca2+

85.3 22.0 -0.27 1.80

n* was used as an additional fitting parameter. 
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Table 5. Equilibrium Ca2+ and Mg2+ binding constants of recombinant rat β-parvalbumin and its 
cluster mutants at 15ºС, evaluated according to the successive binding scheme by means of 
Ca2+/Mg2+-buffers and equilibrium dialysis methods. 

Ca2+ Mg2+

Ca2+-buffers Mg2+-buffers Equilibrium dialysisProtein

log K1 log K2 log K1 log K2 log K1 log K2

rWT 9.7±1.2 8.27±0.09 4.7±0.2 4.4±0.4 4.77±0.12 4.09±0.11

F48A 6.0±1.1 4.9±0.3 - - 3.91±0.15 3.38±0.12

A100V 8.5±0.3 8.3±0.2 4.74±0.09 3.3±0.2 - -

F103A B
la

ck
 c

lu
st

er

5.2±0.4 5.5±0.9 - - 3.82±0.11 3.74±0.12

G61A 9.5±0.3 9.01±0.04 4.97±0.05 2.9±0.2 - -

L64A 9.9±0.2 7.98±0.05 4.27±0.05 2.7±0.3 - -

M87A G
ra

y 
cl

us
te

r

8.2±0.2 6.9±0.4 - - 3.81±0.19 3.32±0.19
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Table 6. Equilibrium Ca2+ binding constants, K1 and K2 and dissociation rate constants koffi (i=1,2) 
of recombinant rat β-parvalbumin and its cluster mutants at 15ºС. Dissociation rate constants koffi 
(i=1,2) were evaluated according to the successive binding scheme using the data of fluorescent 
stopped-flow method. The association rate constants, koni (i=1,2), were computed from Ki and koffi. 

Protein K1, M-1 K2, M-1
kon1,

M-1с-1

kon2,

M-1с-1
koff1, с-1 koff2, с-1

rWT 5.0×109 1.9×108 (3.3±0.6)×1010 (3.5±0.5)×108 6.6±1 1.9±0.4

B
la

ck
 

cl
us

te
r

A100V 3.2×108 2.0×108 (1.0±0.7)×109 (7.7±1.0)×109 3.1±0.6 39±10

G61A 3.2×109 1.0×109 (4.7±1.1)×109 (1.9±0.5)×1011 4.7±0.4 48±10

L64A 7.9×109 9.6×109 (4.0±0.5)×1010 (1.1±0.4)×109 5.0±0.8 12.0±2.0

G
ra

y 
cl

us
te

r

M87A 1.6×108 7.9×106 (6.9±1.0)×108 (4.7±0.8)×107 4.4±0.8 5.9±0.9
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Table 7. Intrinsic disorder propensity of rat β-parvalbumin and its cluster mutants evaluated by a 
series of commonly used disorder predictors. 

Protein PONDR® 
VLXT

PONDR® 
VL3

PONDR® 
VSL2

PONDR® 
FIT

IUPped 
short

IUPred 
long Mean

WT 0.36±0.32 0.58±0.17 0.62±0.11 0.51±0.28 0.44±0.19 0.41±0.28 0.48±0.18

F48A 0.37±0.31 0.59±0.16 0.63±0.10 0.53±0.27 0.46±0.18 0.44±0.14 0.50±0.17

A100V 0.34±0.31 0.57±0.16 0.60±0.10 0.49±0.26 0.43±0.18 0.39±0.14 0.47±0.17

B
la

ck
 c

lu
st

er

F103A 0.39±0.35 0.59±0.18 0.64±0.14 0.53±0.29 0.45±0.20 0.44±0.17 0.51±0.20

G61A 0.36±0.32 0.56±0.19 0.61±0.12 0.51±0.28 0.43±0.20 0.40±0.16 0.47±0.19

L64A 0.36±0.32 0.58±0.18 0.63±0.11 0.53±0.27 0.46±0.18 0.43±0.14 0.50±0.18

G
ra

y 
cl

us
te

r

M87A 0.36±0.32 0.58±0.17 0.61±0.11 0.51±0.28 0.44±0.19 0.41±0.15 0.48±0.18



CONFLICT OF INTEREST

We, Sergei E. Permyakov, Alisa A. Vologzhannikova, Polina A. Khorn, Marina P. Shevelyova, 
Alexei S. Kazakov, Victor I. Emelyanenko, Alexander I. Denesyuk, Konstantin Denessiouk, 
Vladimir N. Uversky, and Eugene A. Permyakov, authors of the manuscript entitled 
“Comprehensive analysis of the roles of ‘black’ and ‘gray’ clusters in structure and function of 
rat β-parvalbumin”, wish to confirm that there are no known conflicts of interest associated with 
this publication and there has been no significant financial support for this work that could have 
influenced its outcome.



AUTHOR AGREEMENT/DECLARATION  

 

We, Sergei E. Permyakov, Alisa A. Vologzhannikova, Polina A. Khorn, Marina P. Shevelyova, 

Alexei S. Kazakov, Victor I. Emelyanenko, Alexander I. Denesyuk, Konstantin Denessiouk, 

Vladimir N. Uversky, and Eugene A. Permyakov, authors of the manuscript entitled 

“Comprehensive analysis of the roles of ‘black’ and ‘gray’ clusters in structure and function of 

rat β-parvalbumin”, wish to confirm that there are no known conflicts of interest associated with 

this publication and there has been no significant financial support for this work that could have 

influenced its outcome. 

 

We confirm that the manuscript has been read and approved by all named authors and that there 

are no other persons who satisfied the criteria for authorship but are not listed. We further 

confirm that the order of authors listed in the manuscript has been approved by all of us. 

 

We confirm that we have given due consideration to the protection of intellectual property 

associated with this work and that there are no impediments to publication, including the timing 

of publication, with respect to intellectual property. In so doing we confirm that we have 

followed the regulations of our institutions concerning intellectual property.  

 

We understand that the Corresponding Author is the sole contact for the Editorial process 

(including Editorial Manager and direct communications with the office). He is responsible for 

communicating with the other authors about progress, submissions of revisions and final 

approval of proofs. We confirm that we have provided a current, correct email address which is 

accessible by the Corresponding Author and which has been configured to accept email from 

(vuversky@health.usf.edu). 

 

Signed by the corresponding author, Prof. Vladimir N. Uversky, on behalf of all the authors. 

 

 

 

 

mailto:vuversky@health.usf.edu


1

Supplementary Materials

Comprehensive analysis of the roles of ‘black’ and ‘gray’ clusters in structure 

and function of rat β-parvalbumin

Sergei E. Permyakov,a,b Alisa A. Vologzhannikova,a,* Polina A. Khorn,a Marina P. Shevelyova,a 
Alexei S. Kazakov,a Victor I. Emelyanenko,a Alexander I. Denesyuk,a,c Konstantin 

Denessiouk,c,d Vladimir N. Uversky,a,e and Eugene A. Permyakova,b

a Institute for Biological Instrumentation of the Russian Academy of Sciences, Pushchino, Moscow 
region, 142290 Russia

b Department of Biomedical Engineering, Pushchino State Institute of Natural Sciences, 
Pushchino, Moscow region, 142290 Russia

c Structural Bioinformatics Laboratory, Faculty of Science and Engineering, Åbo Akademi 
University, Turku 20520, Finland
d Pharmaceutical Sciences Laboratory, Faculty of Science and 
Engineering, Pharmacy, Åbo Akademi University, Turku 20520, Finland
e Department of Molecular Medicine and USF Health Byrd Alzheimer's Research Institute, 
Morsani College of Medicine, University of South Florida, Tampa, Florida 33612, USA



2

Table S1. The values of ε280nm for recombinant rat β-PA and its cluster mutants (the values of 

ε280nm were derived from the molar extinction coefficients at 205 nm estimated according to [25]) 

and substitutions in the corresponding codons of synthetic oligonucleotides for each mutants of rat 

rWT Ocm.

ε280, M-1см-1Protein Substitution

apo-form Mg2+-form Ca2+-form

rWT 2409 2721

F48A TTC by GCC 2316 2207 2829

A100V GCG by GTG 2556 2067 2341

B
la

ck
 c

lu
st

er

F103A TTC by GCT 2511 1987 2523

G61A GGA by GCG 2265 2693 2387

L64A CTC by GCC 2367 2304 2276

G
ra

y 
cl

us
te

r

M87A ATG by GCT 2261 2464 2782
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Table S2. Some characteristics of the rat rWT β-parvalbumin and its cluster mutants 

Protein
Theoretical 
molecular 
mass, Da 

Molecular mass 
according to ESI-
MS data (Da) and 

its content in a total 
sample 

Nolecular mass of 
additional components 

(Da) and their identitites

Abbreviated 
name

12058 / 51 -
β-PA (rWT) 12057

12188 / 25 131 / Met 
rWT

11982 / 66 -

12113 / 23 131 / Metβ-PA 
(F48A) 11981

12022 / 11 40 / Ca, O, Na, etc.

F48A

12085 / 48 -β-PA 
(A100V) 12085

12216 / 52 131 / Met
A100V

11980 / 53 -

12112 / 36 131 / Met

12149 / 3 168 / Met, Ca, O, etc.

12020 / 4 39 / Ca, O, Na, etc.

B
la

ck
 c

lu
st

er

β-PA 
(F103A) 11981

12055 / 3 64 / Ca, O, Na и др.

F103A

12070 / 36 -β-PA 
(G61A) 12071

12202 / 64 131 / Met
G61A

12014 / 50 -β-PA 
(L64A) 12015

12145 / 50 131 / Met
L64A

11996 / 50 -G
ra

y 
cl

us
te

r

β-PA 
(M87A) 11997

12127 / 50 131 / Met
M87A
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Wild type protein

>sp|P02631|ONCO_RAT Oncomodulin OS=Rattus norvegicus OX=10116 GN=Ocm PE=1 
SV=2
MSITDILSAEDIAAALQECQDPDTFEPQKFFQTSGLSKMSASQVKDIFRFIDNDQSGYLDG
DELKYFLQKFQSDARELTESETKSLMDAADNDGDGKIGADEFQEMVHS
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Figure S1. Amino acid sequence and intrinsic disorder predisposition of the wild type of the rat 
β-PA. Disorder profiles representing per-residue disorder predispositions of this protein were 
generated by PONDR® VLXT, PONDR® VL3, PONDR® VSL2, PONDR® FIT, IUPred_short and 
IUPred_long shown by solid black, long dashed red, medium dashed green, dot-dashed pink, short 
dashed yellow, and dotted blue lines, respectively. Bold blue line shows the mean disorder 
propensity calculated for this protein by averaging disorder profiles of individual predictors. Cyan 
shadow around the mean disorder plot shows distribution of standard deviations. In these analyses, 
the predicted intrinsic disorder scores above 0.5 are considered to correspond to the disordered 
residues/regions, whereas regions with the disorder scores between 0.2 and 0.5 are considered 
flexible.
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Black cluster mutants

>sp|P02631|ONCO_RAT Oncomodulin OS=Rattus norvegicus OX=10116 GN=Ocm PE=1 
SV=2 F48A
MSITDILSAEDIAAALQECQDPDTFEPQKFFQTSGLSKMSASQVKDIARFIDNDQSGYLD
GDELKYFLQKFQSDARELTESETKSLMDAADNDGDGKIGADEFQEMVHS
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Figure S2. Amino acid sequence and intrinsic disorder predisposition of the F48A mutant of the 
rat β-PA. Disorder profiles representing per-residue disorder predispositions of this protein were 
generated by PONDR® VLXT, PONDR® VL3, PONDR® VSL2, PONDR® FIT, IUPred_short and 
IUPred_long shown by solid black, long dashed red, medium dashed green, dot-dashed pink, short 
dashed yellow, and dotted blue lines, respectively. Bold blue line shows the mean disorder 
propensity calculated for this protein by averaging disorder profiles of individual predictors. Cyan 
shadow around the mean disorder plot shows distribution of standard deviations. In these analyses, 
the predicted intrinsic disorder scores above 0.5 are considered to correspond to the disordered 
residues/regions, whereas regions with the disorder scores between 0.2 and 0.5 are considered 
flexible.
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>sp|P02631|ONCO_RAT Oncomodulin OS=Rattus norvegicus OX=10116 GN=Ocm PE=1 
SV=2 A100V
MSITDILSAEDIAAALQECQDPDTFEPQKFFQTSGLSKMSASQVKDIFRFIDNDQSGYLDG
DELKYFLQKFQSDARELTESETKSLMDAADNDGDGKIGVDEFQEMVHS
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Figure S3. Amino acid sequence and intrinsic disorder predisposition of the A100V mutant of the 
rat β-PA. Disorder profiles representing per-residue disorder predispositions of this protein were 
generated by PONDR® VLXT, PONDR® VL3, PONDR® VSL2, PONDR® FIT, IUPred_short and 
IUPred_long shown by solid black, long dashed red, medium dashed green, dot-dashed pink, short 
dashed yellow, and dotted blue lines, respectively. Bold blue line shows the mean disorder 
propensity calculated for this protein by averaging disorder profiles of individual predictors. Cyan 
shadow around the mean disorder plot shows distribution of standard deviations. In these analyses, 
the predicted intrinsic disorder scores above 0.5 are considered to correspond to the disordered 
residues/regions, whereas regions with the disorder scores between 0.2 and 0.5 are considered 
flexible.
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>sp|P02631|ONCO_RAT Oncomodulin OS=Rattus norvegicus OX=10116 GN=Ocm PE=1 
SV=2 F103A
MSITDILSAEDIAAALQECQDPDTFEPQKFFQTSGLSKMSASQVKDIFRFIDNDQSGYLDG
DELKYFLQKFQSDARELTESETKSLMDAADNDGDGKIGADEAQEMVHS
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Figure S4. Amino acid sequence and intrinsic disorder predisposition of the F103A mutant of the 
rat β-PA. Disorder profiles representing per-residue disorder predispositions of this protein were 
generated by PONDR® VLXT, PONDR® VL3, PONDR® VSL2, PONDR® FIT, IUPred_short and 
IUPred_long shown by solid black, long dashed red, medium dashed green, dot-dashed pink, short 
dashed yellow, and dotted blue lines, respectively. Bold blue line shows the mean disorder 
propensity calculated for this protein by averaging disorder profiles of individual predictors. Cyan 
shadow around the mean disorder plot shows distribution of standard deviations. In these analyses, 
the predicted intrinsic disorder scores above 0.5 are considered to correspond to the disordered 
residues/regions, whereas regions with the disorder scores between 0.2 and 0.5 are considered 
flexible.
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Gray cluster mutants

>sp|P02631|ONCO_RAT Oncomodulin OS=Rattus norvegicus OX=10116 GN=Ocm PE=1 
SV=2 G61A
MSITDILSAEDIAAALQECQDPDTFEPQKFFQTSGLSKMSASQVKDIFRFIDNDQSGYLDA
DELKYFLQKFQSDARELTESETKSLMDAADNDGDGKIGADEFQEMVHS
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Figure S5. Amino acid sequence and intrinsic disorder predisposition of the G61A mutant of the 
rat β-PA. Disorder profiles representing per-residue disorder predispositions of this protein were 
generated by PONDR® VLXT, PONDR® VL3, PONDR® VSL2, PONDR® FIT, IUPred_short and 
IUPred_long shown by solid black, long dashed red, medium dashed green, dot-dashed pink, short 
dashed yellow, and dotted blue lines, respectively. Bold blue line shows the mean disorder 
propensity calculated for this protein by averaging disorder profiles of individual predictors. Cyan 
shadow around the mean disorder plot shows distribution of standard deviations. In these analyses, 
the predicted intrinsic disorder scores above 0.5 are considered to correspond to the disordered 
residues/regions, whereas regions with the disorder scores between 0.2 and 0.5 are considered 
flexible.
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Figure S6. Amino acid sequence and intrinsic disorder predisposition of the L64A mutant of the 
rat β-PA. Disorder profiles representing per-residue disorder predispositions of this protein were 
generated by PONDR® VLXT, PONDR® VL3, PONDR® VSL2, PONDR® FIT, IUPred_short and 
IUPred_long shown by solid black, long dashed red, medium dashed green, dot-dashed pink, short 
dashed yellow, and dotted blue lines, respectively. Bold blue line shows the mean disorder 
propensity calculated for this protein by averaging disorder profiles of individual predictors. Cyan 
shadow around the mean disorder plot shows distribution of standard deviations. In these analyses, 
the predicted intrinsic disorder scores above 0.5 are considered to correspond to the disordered 
residues/regions, whereas regions with the disorder scores between 0.2 and 0.5 are considered 
flexible.
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Figure S7. Amino acid sequence and intrinsic disorder predisposition of the M87A mutant of the 
rat β-PA. Disorder profiles representing per-residue disorder predispositions of this protein were 
generated by PONDR® VLXT, PONDR® VL3, PONDR® VSL2, PONDR® FIT, IUPred_short and 
IUPred_long shown by solid black, long dashed red, medium dashed green, dot-dashed pink, short 
dashed yellow, and dotted blue lines, respectively. Bold blue line shows the mean disorder 
propensity calculated for this protein by averaging disorder profiles of individual predictors. Cyan 
shadow around the mean disorder plot shows distribution of standard deviations. In these analyses, 
the predicted intrinsic disorder scores above 0.5 are considered to correspond to the disordered 
residues/regions, whereas regions with the disorder scores between 0.2 and 0.5 are considered 
flexible.
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Figure S8. Intrinsic disorder predisposition of the rat β-PA (black lines) and its cluster mutants,  
F48A (dotted red lines), A100V (short dashed green lines), F103A (dot-dot-dashed yellow lines), 
G61A (long dashed blue lines), L64A (dot-dahed pink lines), and M97A (medium dashed cyan 
lines) represented in a form of overlapped per-residue intrinsic disorder profiles generated by 
PONDR® VLXT, PONDR® VL3, and PONDR® VSL2 (top raw from left to right), IUPred_short, 
IUPred_long, and PONDR® FIT (bottom raw from left to right. In these analyses, the predicted 
intrinsic disorder scores above 0.5 are considered to correspond to the disordered residues/regions, 
whereas regions with the disorder scores between 0.2 and 0.5 are considered flexible.


