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ARTICLE INFO ABSTRACT

A comparative study of His-tagged and non-tagged rat -parvalbumin (rWT B-PA), calcium binding protein with
the EF-hand calcium binding domains, has been carried out. The attachment of His-tag increases a-helical
content and decreases B-sheets and B-turns content of the metal free form (apo-state) of B-PA. In contrast to this,
the attachment of His-tag decreases a-helical content by more than 10% and increases contents of B-sheets and
B-turns of the Ca®*-loaded state. According to the dynamic light scattering analysis, apo-state of His-tagged rat
B-PA seems to be less compact compared with the apo-state of non-tagged rat 3-PA. Surprisingly, the attachment
of His-tag practically does not change mean hydrodynamic radius of Ca®*-loaded rat B-PA. The attachment of
His-tag shifts thermal denaturation peaks of both apo- and Ca®*-loaded states of rat B-PA towards higher
temperatures by 3-4 °C and slightly decreases its Ca®* affinity. These results should be taken into consideration
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in the use of His-tagged parvalbumins.

1. Introduction

Poly-histidine-tag at the N- or C-terminus of a protein is an artificial
amino acid motif, which consists of at least six histidine residues [1].
Poly-histidine tags are most often used for affinity purification of re-
combinant proteins expressed in prokaryotic expression systems [2-4].
Ni-affinity chromatography uses the ability of His to bind nickel, which
is bound to an agarose bead by chelation using nitroloacetic acid (NTA)
beads. The general method is to apply the poly-histidine-tagged protein
onto the column, by mixing the beads with the sample, then pouring the
slurry of NTA beads and protein into a column. Low concentrations of
phosphate and imidazole buffers are used to remove low affinity bound
proteins. Finally, higher concentrations of imidazole are used to elute
the target protein from the NTA-beads. The use of His-tags essentially
simplifies the process of protein purification. At the same time, physical
properties of His-tagged proteins can be different from those of the non-
tagged proteins. In the present work we carried out a comparative study
of His-tagged and non-tagged parvalbumins, calcium binding proteins
with the EF-hand calcium binding domains.

Parvalbumins are small (molecular mass about 12 kDa), acidic (pI
3.5-5.0) cytosolic proteins contained in large concentrations in fast

skeletal and sometimes in cardiac muscles, some types of neurons and
cells of several endocrine glands (for review see, for example, [5-71).
Parvalbumin possesses two active EF-hand Ca®* binding sites formed
by the CD and EE loops with flanking a-helices (CD and EF domains,
respectively) (reviewed in [5]). The AB domain of PA cannot bind Ca%*
due to the shortened AB-loop and disturbed Ca?* binding DxDxDG
motif. Sometimes His-tags are used for fast and effective extraction and
purification of PAs. In this study, we have compared structural, con-
formational and functional properties of His-tagged and non-tagged PAs
and found that some essential physical properties of these PA forms are
different, and this fact should be taken into consideration in the use of
His-tagged proteins.

2. Materials and methods
2.1. Materials

Molecular biology grade HEPES, ultra-grade H3BOs/glycine/Tris
were from Calbiochem, Fluka, Sigma-Aldrich Co., and Amresco, re-

spectively. Pharma grade KCl and ultra-grade TCA were purchased from
Panreac AppliChem. Biotechnology grade DTT was purchased from
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DiaM (Moscow, Russia). Biotechnology grade 2-ME and molecular mass
markers for SDS-PAGE were from Helicon (Moscow, Russia). Ultra-
grade KOH, EDTA and standard solutions of CaCl, were purchased from
Sigma-Aldrich Co. Standard solutions of EDTA potassium salt was
prepared as described in [8]. Molecular biology grade glutaric aldehyde
was from Amersham Biosciences. Biochemistry grade Coomassie Bril-
liant Blue R-250 was products of Merck. Toyopearl SuperQ-650 M was
purchased from Tosoh Bioscience. Sephadex G-25 and PD MidiTrap~ G-
25 were products of Pharmacia LKB and GE Healthcare, respectively. -
10-camphorsulfonic acid was from JASCO, Inc. 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 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
(3.0kDa MWCO) were used for dialysis and concentration of protein
solutions, respectively.

2.2. Expression and purification of rWT B-PA and rWT His-tag -PA

Recombinant wild-type rat (Rattus norvegicus) B-parvalbumin (rWT
B-PA) was isolated and purified as described earlier [9]. The rat rWT p-
PA gene was cloned into pET28a vector between the Xhol and Xbal
restriction sites. The resulting gene contained 6xHis-tag at the C-
terminal end (fWT His-tag B-PA). The tagged rWT His-tag B-PA was
expressed and purified similarly to rWT (3-PA since the classical method
of affinity purification of poly-histidine-tagged proteins provides low
yield of the protein. In our work, the yield was 40-60 mg of protein per
liter of cell culture for both -PA samples. Purity of the protein samples
was confirmed by native and SDS-PAGE and characteristic UV absorp-
tion and fluorescence spectra (rat 3-PA contains Tyr and Phe residues,
but lacks Trp). Both purified 3-PA samples were exhaustively dialyzed
against distilled water with 1 mM 2-ME at 4 °C, freeze-dried and stored
at —20°C. Before experiments, the dried B-PAs (rWT B-PA and rWT
His-tag B-PA) were dissolved in distilled water, reduced by addition of
freshly prepared 5mM DTT and purified from 2-ME and DTT by pas-
sage through PD MidiTrap G-25 column equilibrated with a buffer of
choice. The reduced protein was used for experiments as soon as pos-
sible. Molecular masses of the reduced 3-PA samples were checked by
electrospray ionization mass spectrometry (ESI-MS) coupled with re-
verse-phase high performance liquid chromatography as described in
[10]. The sample of 0.5puM B-PA in 15:75 (v/v) mixture of deionized
water and acetonitrile (10 mM formic acid) was purified using HPLC in
an Easy-nLC 1000 (Thermo Scientific, United States) nanoflow liquid
chromatograph in a column filled with C18 sorbent (granule diameter
was 2.7 um and pore size was 300 A) in 15-100% acetonitrile gradient
for 220 min at flow rate 0.25 uL/min. Mass spectra were measured by
Orbitrap Elite mass spectrometer. Acquisition was carried out in a po-
sitive ion mode from 600 to 2000 m/z at detector voltage 1.8 kV, ca-
pillary temperature 240 °C and nebulizing nitrogen flow 1.01/min. -
PA concentrations were calculated spectrophotometrically using the
molar extinction coefficient at 280 nm, e,g0,m, derived from the molar
extinction coefficients at 205 nm estimated according to [11]: 2409
M~ em™! and 2721 M~ em ™! for apo- and metal-loaded rWT B-PA,
respectively; 2423 M~ ecm ™! and 2486 M~ ! em ! for apo- and metal-
loaded rWT His-tag [3-PA, respectively.

2.3. Removal of metal ions from f3-PAs

The contaminating Ca*>*/Mg>* ions were removed from 3-PAs via
precipitation by TCA [12] of the preliminary reduced protein (see
above) (10 mM HEPES-KOH, pH 8.2 or 20 mM H3BO3;-KOH, pH 8.4
buffer), followed by purification from Ca®*/Mg?* and TCA by gel-fil-
tration method [13] using Sephadex G-25 column equilibrated with a
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respective buffer. To protect the reduced proteins from oxidation, 5 mM
freshly prepared DTT solution was added prior to the precipitation by
TCA and before the gel-filtration. This procedure was used for metal
removal from rWT -PA and rWT His-tag 3-PA for CD measurements of
apo-form f-PAs, chemical cross-linking and DLS measurements and
metal affinity studies. Only the gel-filtration method [13] was used for
CD measurements of Ca>*-loaded B-PAs, DSC measurements of apo-
and Ca®*-loaded B-PAs.

2.4. 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
p-10-camphorsulfonic acid according to the manufacturer’s instruction.
The cell compartment was purged with nitrogen (dew-point of —40 °C).
The quartz cell with path length of 1.00mm was used for far-UV
measurements. Protein concentration was 5-11 pM. Buffer conditions:
10 mM H3BO3-KOH, pH 8.8, 1.5 mM EDTA or 1 mM CacCl, (for apo- and
Ca®"-loaded proteins, respectively); 20°CA small contribution of
buffer was subtracted from experimental spectra. Band width was 2 nm,
averaging time 2s, and accumulation 3. Quantitative estimates of the
secondary structure contents were carried out using the CDPro software
package [14] (http://lamar.colostate.edu/ ~ sreeram/CDPro/main.
html). SELCON3, CDSSTR and CONTIN algorithms were used for eva-
luation of secondary structure fractions. SDP48 and SMP56 reference
protein sets were used for these evaluations. The final secondary
structure fractions represent averaged values.

2.5. Scanning 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. 3-PA concentrations were 1.0-2.1 mg/
ml. Buffer conditions: 10 mM H3BO3-KOH, 1 mM CaCl,, pH 9.0 for
Ca®*-bound B-PA and 20 mM glycine-KOH, pH 9.2, 1 mM EDTA for
apo-B-PA. The DSC measurements and calculations of protein specific
heat capacity (C,) were performed as described in [10]. The partial
molar volume of 3-PA and specific heat capacity of the fully unfolded
protein were estimated according to [15] and [16], respectively. The
temperature dependence of C, was analyzed according to the co-
operative two-state model:

n'N <= nD ()

where N and D denote native and denatured protein states, respectively;
n is a number of molecules involved in the transition. The experimental
data were fitted by the equations derived earlier [17] using Microcal
OriginPro 8.0 (Origin Lab Corporation, Northampton, MA, USA) soft-
ware. The heat capacity change accompanying the thermal transition
(AC,) was supposed to be independent of temperature. ACp,, mid-tran-
sition temperature (T,), enthalpy of protein denaturation at tempera-
ture T,,, (AHp), and n were used as fitting parameters (in some cases n
was set to 1).

2.6. Dynamic light scattering studies

Dynamic light scattering (DLS) measurements were carried out at
20 °C using a Zetasizer Nano ZS system (Malvern Instruments Ltd.). The
backscattered light of a 4 mW He-Ne laser (632.8 nm) was collected at
an angle of 173°. Concentration of [-PA in these experiments was
1.5 mg/ml. Before the measurements the protein samples were passed
through 0.02 um Whatman Anotop 10 syringe filters. The following
buffer conditions were used: 20 mM H3BO3-KOH, pH 8.4, 1.5 mM EDTA
(for apo-proteins) or 1mM CaCl, (for Ca®*-loaded proteins).
Acquisition time for a single autocorrelation function was 100s. The
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resulting autocorrelation functions were averaged values from ten
measurements. The intensity-weighted size distributions were calcu-
lated using preset parameters for distilled water at 20 °C (refractive
index of 1.33 and a viscosity value of 1.0031 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.

2.7. Chemical crosslinking of -PAs

Protein (1.5 mg/ml) crosslinking with 0.02% glutaric aldehyde was
performed in 20 mM H3;BO3-KOH, pH 8.4; 1.5 mM EDTA (for apo-pro-
teins) or 1 mM CaCl, (for Ca2*-loaded proteins). The reaction pro-
ceeded for 16 h at 15 °C and was stopped by addition of 4-fold volume
of the buffer used in SDS PAAG electrophoresis. The samples were
subjected to SDS-PAGE (5% concentrating and 15% resolving gels; 5 ug
of B-PA 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.

2.8. Intrinsic fluorescence measurements

Fluorescence studies were performed with a Cary Eclipse spectro-
fluorimeter (Varian, Inc.), equipped with a Peltier-controlled cell
holder. Quartz cells with path length of 10 mm were used. Protein
concentrations were 10-16 uM. Buffer conditions: 10 mM HEPES-KOH,
pH 8.2. Fluorescence of Tyr residues of PAs was excited at 275 nm. In
titration experiments, all spectra were corrected for dilution according
to the equation:

F,x (1 -10P0) / (1 - 10P07%) (¢))

where F, denotes protein fluorescence intensity at a wavelength A, Dy is
absorption of B-PAs at the excitation wavelength, k is dilution coeffi-
cient.

2.9. Calcium binding measurements

The binding of Ca®* ions to rat B-PA can be described by a se-
quential Ca®*-binding scheme [18]:

K,1
P+ M < P-M,
Kg2
P-M + M < P-M,, (I

where K; and K, are equilibrium Ca®*-binding constants for the two
active EF-hands of parvalbumin. The calcium affinity of (-PA was es-
timated from a spectrofluorimetric titration of the Ca®*-free protein
with a CaCl, standard followed by a spectrofluorimetric titration of the
Ca®" -loaded protein with EDTA potassium salt at a fixed pH. Calcula-
tions of the Ca®* association constants from the experimental data were
performed using a competition between the protein and the chelator for
Ca?" ions, which is described by the scheme (II) with the addition of
equilibrium (II1):

Kgpra
EDTA + M < EDTA-M (IID)

The Ca?" association constant for EDTA, Kgpra, was calculated
according to [19]. The experimental data were globally fitted using
FluoTitr v.1.2 software [20]. The fit was achieved by variation of the
binding constants K; and K. The quality of the fit was judged by the
randomness of residuals distribution. The resulting accuracy of the
Ca®*-binding constants was about *+ 1/4 orders of their magnitudes.
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2.10. Evaluation of intrinsic disorder predisposition of rat B-parvalbumin
and its C-terminally His-tagged form

Intrinsic disorder predisposition of rat B-parvalbumin (UniProt ID:
P02631) and its C-terminally His-tagged form were evaluated using
several commonly utilized disorder predictors, such as PONDR® VLXT
[21], PONDR" VSL2 [22], PONDR" VL3 [22,23], PONDR" FIT [24],
IUPred_short, and IUPred_long [25,26]. Justification for the selection of
these tools is provided in our previous publications (e.g. [27,28],). We
also generated a mean per-residue intrinsic disorder profile for a given
protein by averaging the outputs of these six per-residue disorder pre-
dictors, and this mean disorder profile was also added to the corre-
sponding plot. Use of consensus for evaluation of intrinsic disorder is
motivated by empirical observations that this approach usually in-
creases the predictive performance compared to the use of a single
predictor [29-31]. 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 O (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.

2.11. Search for intrinsic disorder-based binding sites in rat 3-parvalbumin
and its C-terminally His-tagged form

Many intrinsically disordered proteins or proteins containing in-
trinsically disordered regions possess disorder-based binding sites,
known as molecular recognition features (MoRFs) [32-35], which are
located within longer IDPRs, are mostly disordered in their unbound
states, but can undergo disorder-to-order transitions at interaction with
specific binding partners [36-38]. Such potential disorder-based pro-
tein binding sites in rat B-parvalbumin and its C-terminally His-tagged
form were identified by the ANCHOR algorithm [39,40]. This algorithm
utilizes the pair-wise energy estimation approach originally used by
IUPred [25,26], This approach acts on the hypothesis that long regions
of disorder include localized potential binding sites which are not
capable of folding on their own due to not being able to form enough
favorable intrachain interactions, but can obtain the energy to stabilize
via interaction with a globular protein partner [39,40].

3. Results and discussion

We produced recombinant non-tagged and His-tagged rat p-par-
valbumin (rfWT [-PA and rWT His-tag 3-PA, respectively) and studied
physical properties of their metal-free (apo-) and Ca®*-loaded states.
Electrospray ionization mass spectrometry (ESI-MS) measurements re-
vealed the two major fractions of rWT -PA samples. One of them (ca
45%) had a mass of 12,057 Da, which is consistent with the mass of the
reduced form of a protein (UniProt entry P02631) without Met1 residue
and N-terminal acetyl group. The other rWT B-PA fraction (ca 46%) was
131 Da heavier, in line with the presence of Metl residue. The minor
fractions (ca 9%) of this protein corresponded to Ca®*-bound and
oxidized states of the aforementioned forms. Similar data were obtained
for rWT His-tag B-PA samples (with and without Met1 residue) but the
contribution of the Ca®*-bound and oxidized states was about 50%.
Experiments on chemical crosslinking of the protein samples with
0.02% glutaric aldehyde (15°C) showed that apo- and Ca®*-loaded
states of both non-tagged and His-tagged rat B-PA were monomeric.

Secondary structure of the non-tagged and His-tagged rat (3-PA in
various states was evaluated by circular dichroism method. Far-UV
circular dichroism spectra for apo (1.5 mM EDTA), Mg2+- (1 mM EGTA,
1 mM MgCl,) and Ca®*-loaded (1 mM CaCl,) forms of rWT p-PA and its
His-tagged mutant, rWT His-tag B-PA, at 20 °C are shown on Fig. 1.
These spectra were used to evaluate the secondary structure composi-
tion of different forms of this protein (see Table 1). It is clearly seen that
the His-tag grafting changes the secondary structure of rat [3-PA,
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Fig. 1. Far-UV circular dichroism (CD) data for apo (1.5mM EDTA), Mg2+-

(1 mM EGTA, 1 mM MgCl,) and Ca?*-loaded (1 mM CaCl,) forms of rWT p-PA

of rat and its His-tagged mutant rWT His-tag B-PA at 20 °C. Buffer conditions:

10 mM H3BOs, pH 8.8.

causing increase in the a-helical content and decrease in the f-sheet
and B-turn contents of the apo-state (Table 1). At the same time, ac-
cording to the dynamic light scattering (DLS) data (Table 2), mean
hydrodynamic radius of the apo-state of rWT His-tag 3-PA is 0.05 nm
larger than that of the apo-state of the non-tagged rat (3-PA, which
means that it is slightly less compact. It is of interest to compare the
measured Rs values of the WT and His-tagged rat B-PA with those
calculated for the various conformations of globular protein of com-
parable molecular masses. According to a set of equations correlating
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Table 1

Contributions of the secondary structure elements to the far UV CD spectra of
apo (1.5 mM EDTA), and Ca?*-loaded (1 mM CaCl,) states of rat FWT B-PA and
its His-tagged mutant rWT His-tag B-PA at 20 °C. Protein concentration was
5-11 uM. Buffer conditions: 10 mM H3BO3-KOH, pH 8.8. Decomposition of the
CD spectra was carried out by CDRpro software (http://lamar.colostate.edu/
~ sreeram/CDPro/main.html. Standard deviations for mean estimation of sec-
ondary structure contributions are shown.

Protein Protein state  a-helices B-sheets B-turns random coil
rWT B-PA  apo-state 324 £ 43 171 £ 3.0 174 = 08 30.2 * 0.9
rWT His- 372 £ 35 157 =47 144 £ 39 314 * 31
tag B-
PA
rWT B-PA  Ca®*-loaded 54.8 + 43 8.0 * 3.04 121 + 0.8 247 + 0.9
rWT His- 437 £ 58 107 = 2.0 17.8 + 1.7 273 * 44
tag B-
PA
Table 2

Mean hydrodynamic radius (Rs) of apo (1.5 mM EDTA) and Ca?"-loaded (1 mM
CaCl,) states of rat FWT [-PA and its His-tagged mutant rWT His-tag B-PA at
15°C measured by DLS (20.0°C). Rat B-PAs concentration was 1.5 mg/ml.
Buffer conditions: 20 mM H3BO3;-KOH pH 8.4.

PA Protein state DLS data

Rs, nm MW/MW,,
r'WT B-PA apo 2.18 + 0.05 1.69 + 0.12
rWT His-tag B-PA 2.23 * 0.04 1.65 + 0.11
rWT B-PA Ca2*-loaded 1.76 + 0.03 0.98 * 0.15
rWT His-tag B-PA 1.76 + 0.02 0.97 + 0.04

the Rs values with molecular masses of globular proteins in various
conformations, the native states of proteins with molecular masses of
the WT and His-tagged rat 3-PA (12,057.12 and 13,122.24 Da, respec-
tively) are expected to have the Rg values of 17.9A and 18.5 Z\, the
molten globular forms of such proteins should have the Rg values of
20.4 A and 21.0 A, their pre-molten globular word are expected to be
characterized by the Rg values of 2454 and 25.4 A, whereas the
GdmCl-unfolded forms should have the Rg values of 31.1 A and 32.6 A.
This places the measured Rg values (21.8 + 0.5 and 22.3 *+ 0.4 [o\)
between the Rg values evaluated for the molten globular and pre-
molten globular states of proteins with molecular masses of the WT and
His-tagged rat B-PA.

In contrast to the aforementioned effects of the His-tag grafting on
structural properties of apo-form of rat (-PA, attachment of His-tag
decreases a-helical content (more than 10% change) and increases
content of B-sheets and p-turns of the Ca®*-loaded state of the rWT His-
tag 3-PA (Table 1). This means that His-tag perturbs structure of the
Ca®"-loaded states of rat B-PA. Surprisingly, the attachment of His-tag
does not change mean hydrodynamic radius of Ca®*-loaded rat -PA
(Table 2), and the measured Rg value (17.6 A) corresponded well to the
Rs value estimated for a native state of a protein with corresponding
molecular mass.

Fig. 2 shows temperature dependencies of specific heat capacities of
apo- and Ca®*-bound states for rat r‘WT B-PA and its His-tagged mutant
rWT His-tag 3-PA derived from the differential scanning calorimetry
(DSC) data. Thermodynamic parameters of thermal denaturation of
various forms of rat 3-PA estimated from these DSC data are collected in
Table 3. The grafting of His-tag makes the protein more resistant to
thermal denaturation, shifting the thermal transition peaks of both apo-
and Ca®*-loaded states towards higher temperatures by 3 to 4 °C. The
shape of the heat sorption peak for Ca®*-loaded rWT His-tag B-PA
suggests that its thermal denaturation is accompanied by protein ag-
gregation, and this process decreases the magnitude of the high tem-
perature shift of the heat sorption peak.
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Fig. 2. Temperature dependencies of specific heat capacities of apo- and Ca**-

bound states for rtWT -PA of rat and its His-tagged mutant rWT His-tag 3-PA
derived from DSC data. Protein concentration was 1.0-2.1 mg/ml. Buffer con-
ditions: 10 mM H3BO3-KOH, 1mM CaCl,, pH 9.0 for Ca?*-bound PA and
20 mM glycine-KOH, pH 9.2, 1 mM EDTA for apo-PA. Dotted black curve cor-
responds to the heat capacity of the fully unfolded protein, as estimated ac-
cording to ref. [16].

Table 3

Thermodynamic parameters of thermal denaturation of various states of rat 3-
PA estimated from the DSC data shown in Fig. 1 according to the cooperative
two-state model [I]: mid-transition temperature (Tp), enthalpy of protein de-
naturation at temperature T, (AH,), heat capacity change accompanying the
transition (AC,), and number of molecules involved in the transition (n).

Protein Protein state To, °C AH,, J/8 ACy, J/(gK) N*
rWT B-PA apo 30.7 11.3 0.59 0.83
Ca®* 89.3 52.9 -0.31 0.77
rWT His-tag B-PA  apo 33.3 9.5 0.59 1.04
ca?* 93.8 23.9 —1.03 1.24
2 n value is used as an additional fitting parameter.
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Fig. 3. Spectrofluorometric Ca®*- and EDTA-titration of rat rWT B-PA and its
His-tagged mutant rWT His-tag 3-PA at 20 °C. Points are experimental, dashed
curves are theoretical fits computed according to the sequential metal-binding
schemes [II] and [III] (see Table 4), considering the competition between the
protein and EDTA for Ca®*. Intrinsic tyrosine fluorescence was excited at
275 nm. Buffer conditions: 10 mM HEPES-KOH, pH 8.2. Protein concentration
was.10-16 pM.

Fig. 3 shows the results of spectrofluorimetric Ca?*- and EDTA-ti-
tration of rat rWT B-PA and its His-tagged mutant rWT His-tag 3-PA.
Points are experimental data, whereas dashed lines are theoretical fits
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Table 4

The values of equilibrium Ca®* and Mg?* association constants at 20 °C for
untagged and His-tagged rat 3-PA, estimated from the fluorimetric titrations
data (Fig. 2) according to the sequential metal-binding schemes [II] and [III].
Protein concentration was 10-16 uM. Buffer conditions: 10 mM HEPES-KOH,
pH 8.2. The accuracy of the K,; and K,, estimates was about + 1/4 orders of
their magnitudes.

Ca®*-binding

Protein form logK; logK>
rWT B-PA 9.0 7.3
rWT His-tag B-PA 8.9 7.1

computed according to the sequential metal-binding scheme, considering
the competition between the protein and EDTA for Ca®* (schemes II
and III). The results of this fining collected in Table 4 show that the
attachment of His-tag to rat B-PA slightly decreases its affinity to Ca®*.
However, one should keep in mind that the corresponding change is
practically within the accuracy of the binding constants evaluation.

To understand how grafting of the His-tag affects intrinsic disorder
predisposition of rat B-PA, we utilized a set of per-residue disorder
predictors of PONDR® family (PONDR® VLXT, PONDR® VL3, PONDR’
VSL2, and PONDR" FIT) access to which was provided by the DisProt
database (http://original.disprot.org/) [41]. We also used IUPred
platform [25] to evaluate predisposition of these proteins to have short
and long intrinsically disordered regions. Results of these analyses are
presented in Fig. 4. In line with previous reports [20,27,28], this mul-
tiparametric analysis of the intrinsic disorder predisposition of rat WT
B-PA revealed that both N- and C-terminal regions of this protein (re-
sidues 1-19 and 76-108) are expected to be disordered, with C-tail
being more disordered (see Fig. 4A). Fig. 4B shows that the His-tag
grafting noticeably increased intrinsic disorder predisposition of the rat
B-PA C-tail (residues 76-116), which is a rather expected output, since
of the eight His-tag residues (Leu-Glu-His-His-His-His-His-His), seven
(Glu-His-His-His-His-His-His) belong to the category of disorder-pro-
moting residues [42-44]. It is likely that this increase in the intrinsic
disorder content from 48.1% in rat WT 3-PA to 51.7% in WT His-tag p-
PA can be responsible for the reported His-tag-induced decrease in
protein compaction. Finally, utilization of the ANCHOR algorithm re-
vealed that the addition of His-tag increased the disorder-based inter-
activity of parvalbumin. In fact, although only two MoRFs were found
in rat rtWT [-PA (residues 17-18 and 98-104), its His-tagged mutant
rWT His-tag B-PA was predicted to have three such disorder-based
binding sites (residues 16-19, 83-91, and 96-116). These observations
suggested that grafting of His-tag to the intrinsically disordered C-tail
can modulate functionality of rat rtWT [3-PA.

Some other researchers studied effects of His-tag attachment on
properties of various proteins. For example, Carson et al. (2007) sur-
veyed and compared crystal structures of proteins with and without His
tags [45]. They showed that these purification tags generally have no
significant effect on the structure of the native protein: resolution and R
factors are not affected, but the overall B factors are slightly higher.
Chen et al. (2015) found that His-tag has no effect on polymeric state,
optimal temperature and optimal pH of chondroitinase ABC I but it has
little negative impact on specific enzyme activity, k.,/Ky, and its sec-
ondary-structure [46]. Zhao et al. (2015) solved structures of the cat-
alytic N-acetyltransferase (NAT) domain of the bifunctional N-acetyl-t-
glutamate synthase/kinase (NAGS/K) from Xylella fastidiosa bound to
N-acetyl-L-glutamate (NAG) with and without an N-terminal His tag and
refined them at 1.7 and 1.4 A resolution, respectively [47]. These au-
thors found that the His tag does not generally affect the structure. The
structural differences between xfNAT-His-tag and xfNAT are compar-
able to the structural differences among the different subunits in the
crystallized forms of both xfNAT-ht and xfNAT [47]. Zhao and Huang
(2016) studied effects of His-tag on properties and structure of a Zn-
finger protein ZNF191(243-368) using spectroscopic techniques and
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Fig. 4. Evaluating intrinsic disorder propensity of the rWT 3-PA (UniProt ID:
P02631) (A) and its His-tagged form rWT His-tag 3-PA containing residues Leu-
Glu-His-His-His-His-His-His at the end of the C-tail (B). Disorder propensities
were evaluated by PONDR’ VLXT (black curves), PONDR" VL3 (red curves),
PONDR’ VSL2 (green curves), PONDR’ FIT (pink curves), IUPred_short (yellow
curves), and IUPred_long (blue curves). Mean disorder predisposition was cal-
culated by averaging of all predictor-specific per-residue disorder profiles (bold,
dashed, dark cyan curves). Light pink shadow around the PONDR® FIT curve
represents error distribution for this predictor, whereas light blue shadow
around the mean disorder curve show distribution of standard deviations (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

hydrolase experiment [48]. They found that insertion of a His-tag at the
N-terminal or C-terminal end of ZNF191(243-368) has different effects
on the protein. Furthermore, they revealed that ZNF191(243-368)-Hisg
does not have the original structure with zinc ion coordination because
eight continuous histidines at the C-terminal end hinder the normal
coordination of peptide chain with zinc ions [48]. Thielges et al. (2011)
found that attachment of a His tag to the N terminus of myoglobin leads
to only minor changes in the electrostatic environment of the heme
pocket [49]. Experiments employing 2D IR vibrational echo spectro-
scopy of the heme bound CO, however, revealed that significant
changes occur in the short time scale (ps) dynamics of myoglobin as a
result of His tag incorporation. The His tag mainly reduces the dy-
namics on the 1.4ps timescale and also alters protein motions of
myoglobin on the slower, > 100 s ps timescale. The results suggest that
affinity tags may have effects on protein function.

The results of the present work clearly show that His-tag can ser-
iously affect physical properties of the EF-hand protein family proteins.
The attachment of His-tag to B-parvalbumin increases its a-helical
content and decreases f-sheets and p-turns content of the metal free
(apo-) state and decreases a-helical content by more than 10% and
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increases content of B-sheets and p-turns of the Ca®*-loaded state. The
attachment of His-tag practically does not change mean hydrodynamic
radius of Ca®*-loaded rat B-PA but shifts thermal unfolding peaks of
both apo- and Ca®*-loaded states towards higher temperatures by
3-4°C and slightly decreases Ca>™" affinity of B-PA. These results should
be taken into consideration in the use of His-tagged parvalbumins.
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