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a  b  s  t  r  a  c  t

The  effect  of  alpha-N-acetylation  (Nt-acetylation)  on  the  properties  of  parvalbumin  (PA),  a Ca2+-binding
relaxing  factor  of  skeletal  muscles  and  major  food  allergen,  has  been  explored.  Intact  PA  contains  an  N-
terminal  acetyl  group  which  is  absent  in  the  protein  expressed  in  Escherichia  coli  (rWT),  as confirmed  by
mass  spectrometry.  Compared  to intact  pike  �-PA,  its rWT  form  exhibits  essentially  altered  profile  of  ther-
mal unfolding,  lowered  �-helicity,  and  decreased  affinities  to  Ca2+ and  Mg2+. The structural  destabilization
of  the  rWT  protein  results  in  lowered  resistance  to chymotryptic  digestion  and  increased  propensity  to
oligomerization.  The  rate  constants  of  Ca2+ dissociation  from  the rWT  PA  are  markedly  increased,  which
indicates  that  Nt-acetylation  modifies  functional  status  of  the protein.  Rat �-PA demonstrates  similar
properties  for  intact  and  rWT  forms.  The  drastic  difference  in  the  effects  induced  by  Nt-acetylation  in
the  PA  orthologs  can be rationalized  by  higher  disorder  level  of AB  domain  in pike  PA. Though  evolution
of  PA’s  genes  resulted  in  the  protein  sequences  with  highly  divergent  properties,  Nt-acetylation  unifies
their  functional  properties.  The  structural  stability  conferred  to  PA  by  Nt-acetylation  may  contribute  to
its  allergenicity.  Overall,  Nt-acetylation  is shown  to be a  prerequisite  for maintenance  of structural  and
functional  status  of  some  parvalbumins.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

N-terminal acetylation (Nt-acetylation) is a universal irre-
versible co- or post-translational enzymatic protein modification
involving a transfer of an acetyl group from acetyl-coenzyme A
to the �-amino group of the first amino acid of a protein [1–9].

Abbreviations: Nt-acetylation, N-terminal acetylation; NAT, N-terminal
acetyltransferase; PA, parvalbumin/oncomodulin; �-PA, � isoform of parval-
bumin; intact PA, parvalbumin isolated from muscles; rWT  �-PA, recombi-
nant wild-type �-parvalbumin; IPTG, isopropyl �-d-1-thiogalactopyranoside;
Tris, tris(hydroxymethyl)aminomethane; HEPES, N-(2-hydroxyethyl)piperazine-
N′-(2-ethanesulfonic acid); PMSF, phenylmethanesulfonyl fluoride; DTT, dl-
dithiothreitol; EDTA, ethylenediaminetetraacetic acid; EGTA, ethylene glycol-
bis(2-aminoethylether)-N,N,N′ ,N′-tetraacetic acid; TCA, trichloroacetic acid; GdmCl,
guanidine hydrochloride; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel
electrophoresis; ESI-MS, electrospray ionization mass spectrometry; DSC, differ-
ential scanning calorimetry; CD, circular dichroism spectroscopy; NMR, nuclear
magnetic resonance.
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While Nt-acetylation is rarely reported in prokaryotes [10–12],
about 57% of yeast proteins [7],  70% of proteins in Drosophila
melanogaster [13], and 84% in humans [7] are �-N-acetylated. Nt-
acetylation is catalyzed by several N-terminal acetyltransferases
(NATs) with unique substrate selectivity in regard to several N-
terminal amino acids (except for RimL in Escherichia coli, which
seem to recognize also some other protein segments, and eukary-
otic NatD, substrate specificity of which lies within the first 30–50
residues) [4,7,8,11,14]. In E. coli single-chain NATs (RimI, RimJ,
RimL) act likely post-translationally. Eukaryotic NAT machinery is
more sophisticated: single or multi-subunit NATs (NatA to NatE,
and NatF in higher eukaryotes) associated with ribosomes (found
in humans also in non-ribosomal form) act primarily cotransla-
tionally. The catalytic subunit Naa10p of human NatA may  also act
post-translationally. Furthermore, plants possess a dedicated path-
way for post-translational Nt-acetylation of organelle-targeted
proteins [15]. Higher eukaryotes have a more complex system of
NatA (the major NAT) subunits than found in lower eukaryotes.
Compared to yeast, at least four combinations of human NatA
complex are possible [4].  Besides, different mammalian Naa10p
(subunit of NatA) variants are produced by alternative splicing [16].
Recently an acetylation of �-amino group was reported for human
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Naa10p [17–19],  thereby establishing a link between NATs and
lysine acetyltransferases.

The existence of a specialized Nt-acetylation system, which acts
in concert with other N-terminal processing systems, suggests that
it serves some vital function(s). Indeed, a single S37P mutation in
human Naa10p subunit gives rise to a lethal disorder of infancy [20].
Furthermore, knockdown of the subunits of human NATs triggers
apoptosis in human cell lines (NatA [21]), disrupts normal cell-cycle
progression and induces growth inhibition in human cell cultures
(NatB [22]), causes p53-dependent cell death and reduced growth
of human cell lines (NatC [23]). Though Nt-acetylation is evidently
essential for normal proliferation and survival of eukaryotic cell,
multiple attempts to establish the primary function of this modifi-
cation at the molecular level had revealed surprisingly complicated
and partly contradictory picture.

Since ubiquitination of N-terminal �-amino group may  trigger
degradation of a protein [24], a blocking of this group via acetyla-
tion should prevent from ubiquitin-mediated protein degradation.
Indeed, in vivo studies evidence that Nt-acetylation inhibits degra-
dation of some proteins by the ubiquitin proteolytic system [25].
The ability of N-terminal acetyl group to confer resistance to pro-
teolysis by exopeptidases (e.g., [26–31])  should further impede the
ubiquitin-dependent protein degradation. Finally, Nt-acetylation
may  also inhibit the ubiquitin-independent proteasomal degra-
dation [32]. Surprisingly, recent findings favor the opposite view:
Nt-acetylation may  act as a degradation signal (degron), targeted
by the Doa10 ubiquitin ligase [33]. Presumably the effect of Nt-
acetylation (degradation or stabilization) depends upon particular
protein and cellular conditions.

Other functions demonstrated for N-terminal acetyl group
include inhibition of protein targeting to the endoplasmic
reticulum [34], mediation of protein–protein [9,35–42] and
protein–membrane [43,44] interactions. The ability of Nt-
acetylation to affect protein–protein interactions (partly due to
the loss of positive charge of the �-amino group) may  be a
general phenomenon, causing multiple alterations in the cellu-
lar interaction networks. In this case the functional consequences
of Nt-acetylation may  greatly vary depending upon a particular
protein and its respective target. Since some proteins normally sub-
jected to Nt-acetylation do not require this modification for their
functional activity [45–47],  Nt-acetylation seems to be a functional
prerequisite only for a specific subset of proteins.

Calcium signaling via numerous Ca2+-binding proteins affects
every aspect of cell’s life and death [48–52].  Many of the
Ca2+-binding proteins are Nt-acetylated (e.g., annexins, calbindin,
calmodulin, calpain, myosin regulatory light chains, parvalbumin,
protein kinase C, S100 proteins, troponin C), but functional sig-
nificance of this modification remains unclear. Here we present a
detailed study of the effect of Nt-acetylation on structural and func-
tional properties of a classical Ca2+-buffering protein, parvalbumin
[53–55].  Parvalbumin (PA) is a vertebrate-specific cytosolic small
acidic protein (106–113 residues, pI 3.9–5.5) of the EF-hand super-
family of Ca2+-binding proteins, which is expressed in fast-twitch
muscles (mainly in skeletal, but sometimes in cardiac), specific
neurons, certain kidney and endocrine glands cells, Corti’s cells,
and others. While function of PA in non-muscle tissues has not
been firmly established, multiple studies showed that PA serves
as a soluble relaxing factor accelerating the Ca2+-mediated relax-
ation in the fast muscles [55–59].  Though molecular details of this
process are not fully clear, the kinetics of Ca2+ and Mg2+ associa-
tion and dissociation of their complexes with PA are believed to
reflect the functional status of the protein. Parvalbumin is a major
cross-reactive fish allergen [60–65].  It represents the second largest
animal food allergen family. In sensitized individuals producing IgE
antibodies against PA a contact with or consumption of fish-related
products can lead to urticaria and dermatitis, angioedema, diarrhea,

asthma, systemic anaphylactic reactions and death. The high struc-
tural stability of Ca2+-loaded PAs seems to promote sensitization of
patients despite cooking and exposure to the gastrointestinal tract.

Regardless of the phylogenetic lineage (� or �), parvalbumin
consists of three 30-residue-long subdomains, each containing
a central loop flanked by short amphipatic �-helices (labeled
A–F) [53,66].  Helices C,D and E,F with their corresponding loops
form two  EF-hand type Ca2+/Mg2+-binding motifs (defined in
PDOC00018 entry of PROSITE database), termed CD and EF
subdomains. The AB subdomain is non-functional because of a two-
residue deletion in the AB-loop. The N-terminal residue (mostly, Ala
or Ser) of PA is �-N-acetylated [66–69].  Since comparative stud-
ies of intact and recombinant PA forms, differing by presence of
the N-terminal acetyl group in the intact protein, did not reveal
marked difference in their IgE-binding properties [70], it is gener-
ally assumed that structural consequences of the Nt-acetylation are
negligible. Here we  show that Nt-acetylation is able to induce dras-
tic changes in the key physico-chemical properties of some PAs,
including structural stability, protease resistance, propensity to
oligomerization, and equilibrium and kinetic parameters of metal
binding. Since this effect was not observed in an orthologous PA,
one may  conclude that evolution of PA’s genes resulted in the pro-
tein sequences with highly divergent properties, but the ancient
covalent modification unifies their properties to ensure proper
functional status. Thus, Nt-acetylation seems to be a functional pre-
requisite for parvalbumin. Besides, the structural stabilization and
protease resistance conferred to PA by Nt-acetylation suggests that
this process contributes to allergenicity of parvalbumin.

2. Materials and methods

2.1. Materials

Ultra-grade HEPES, H3BO3 and glycine were from Sigma–Aldrich
Co., Fluka and Merck Biosciences, respectively. Biochemical grade
Tris was  purchased from Panreac Química, S.A. Biochemistry grade
guanidinium chloride was from Merck Biosciences. DEAE-Sephacel
and SP Sepharose FF resins were from Amersham Biosciences.
Toyopearl SuperQ-650M was  purchased from TOSOH Bioscience.
Sephadex G-25 was  a product of Pharmacia LKB. Calcium and mag-
nesium chloride standard solutions (Ca2+ content of 0.0005%) were
from Fluka. EDTA and EGTA acids were from Sigma–Aldrich Co.
and Fluka, respectively. Analytical grade PMSF was purchased from
Amresco. Premium grade �-chymotrypsin from bovine pancreas
was from Sigma–Aldrich Co. Molecular mass markers for SDS-PAGE
and sodium chloride were purchased from Helicon (Moscow, Rus-
sia). Silver staining of electrophoresis gels was carried out using
Amersham Biosciences PlusOne protein silver staining kit. Other
chemicals were reagent grade or higher. All buffers and other
solutions were prepared using ultrapure water (Millipore Sim-
plicity 185 system). Plastics or quartz ware were used instead of
glassware, to avoid contamination of protein samples with Ca2+.
SnakeSkin dialysis tubing (3.5 kDa MWCO) from Thermo Scientific
was used.

2.2. Isolation of parvalbumins

Northern pike (Esox lucius)  skeletal muscle �-PA was isolated as
described earlier [69,71,72].  Previously we have found two variants
of pike �-PA, �1 and �2, differing by three residues [69]. In the
present work the major �1-isoform (>99%; will be referred to as
“�-PA”) was studied.

The rat (Rattus norvegicus)  �-PA was  isolated and purified using
the described earlier procedures [61,71,72] with the following
modifications. 750 g of rat skeletal muscles were homogenized in
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blender in 30 mM Tris–HCl buffer, 100 mM NaCl, 0.5 mM PMSF,
1 mM DDT, 1 mM EDTA, pH 8.0. The homogenate (volume of 2.2 L)
was periodically stirred at 4 ◦C for 1 h, followed by centrifugation at
10,000 × g for 20 min  at 4 ◦C. The supernatant was filtered through
cotton wool and 2 mM CaCl2 was added. The solution was heated
for 20 min  up to 70 ◦C, kept at 70 ◦C for 5 min, cooled using ice-
water bath and filtered through cotton wool. 10% TCA was added
to the solution, followed by incubation at 4 ◦C for 30 min. The result-
ing suspension was centrifuged at 14,000 × g for 20 min  at 4 ◦C.
The pellet was resuspended in 1 M Tris–HCl buffer, pH 8.0, and
loaded onto Sephadex G-75 column (5 cm × 23 cm)  equilibrated
with 20 mM Tris–HCl, 60 mM NaCl, pH 8.0. The elution rate was
2 ml/min; the fractions with PA were collected and precipitated by
TCA as described above. The resulting pellet was dissolved in 20 mM
Tris–HCl pH 8.0 buffer (buffer A), and 3–4-fold dialyzed against
buffer A at 4 ◦C. The dialyzed solution was loaded onto Toyopearl
SuperQ-650M column (0.9 cm ×5 cm)  equilibrated with buffer A.
The column was flushed by buffer A containing 15 mM NaCl. The
protein was eluted with buffer A and 45 mM NaCl; elution rate
was 1 ml/min. The fractions with PA (ca 250 mg)  were collected,
exhaustively dialyzed against distilled water at 4 ◦C, freeze-dried
and stored at −18 ◦C.

The synthetic E. coli codon optimized gene encoding North-
ern pike (E. lucius)  �-PA, the major �1-isoform [69], was cloned
into the pET28b vector (Novagen) between the XbaI and XhoI
restriction sites. The plasmid was transformed into E. coli strain
BL21(DE3). The cells were grown at 22 ◦C in 2-YT media (3–4 L)
with 50 �g/ml kanamycin and 0.4% d-glucose. PA expression was
induced by 1 mM IPTG. The cells were grown for 3 h, collected by
centrifugation at 5000 × g for 15 min  at 4 ◦C, and stored at −18 ◦C.
Purification of pike �-PA was based on the procedure described
in [69,71,72].  The cells were lysed in 50 mM Tris–HCl, 1 mM PMSF,
1 mM DTT, pH 7.4, using a French press (IBI RAS, Pushchino, Russia).
1 mM CaCl2 was added to the lysate and the mixture was heated
up to 80 ◦C (kept for 3 min), then cooled in ice-water bath and
centrifuged at 15,500 × g for 30 min  at 4 ◦C. The supernatant was
dialyzed at 4 ◦C first against distilled water and then against 5 mM
HEPES, pH 7.4 (buffer B). The dialyzed solution was loaded onto
DEAE-Sephacel column (2.6 cm × 10 cm)  equilibrated with buffer
B. PA was eluted with a linear gradient of CaCl2 (300 ml  of buffer
B – 300 ml  of 300 mM CaCl2); elution rate was 1 ml/min. The frac-
tions with PA were collected, concentrated via freeze-drying, and
dialyzed against 20 mM Tris–HCl, 60 mM KCl, 2 mM EDTA, pH 8.0
(buffer C), at 4 ◦C. The dialyzed solution was loaded onto Toyopearl
SuperQ-650M column (0.9 cm × 7.5 cm)  equilibrated with buffer C.
The protein was eluted with 20 mM Tris–HCl, 20 mM CaCl2, pH 8.0;
elution rate was 0.5 ml/min. The fractions with PA were collected,
exhaustively dialyzed against distilled water at 4 ◦C, freeze-dried
and stored at −18 ◦C. The yield was 40–60 mg  of protein per liter of
cell culture.

Rat (R. norvegicus)  �-PA gene was re-cloned from the pRV6 vec-
tor (derivative of pBlueScript II SK(+) vector) into the pET29a vector
(Novagen) between the XbaI and XhoI restriction sites (the pRV6
plasmid was kindly provided by Prof. Michael T. Henzl, University
of Missouri, USA). The plasmid was transformed into E. coli strain
BL21(DE3). rWT  rat �-PA was purified similarly to rWT  pike �-PA,
with the following modifications. The DEAE-Sephacel column was
replaced by SP Sepharose FF column (0.9 cm × 7.5 cm)  equilibrated
with 10 mM sodium acetate buffer, 0.5 mM CaCl2, pH 4.5. The pro-
tein was eluted with 10 mM Tris–HCl pH 8.0 buffer; elution rate
was 1 ml/min. The yield was 40–60 mg  of protein per liter of cell
culture.

The PA samples were homogeneous as judged by native and
SDS-PAGE. Their UV absorption and fluorescence spectra were
characteristic for Phe residues, since �-PA lacks Trp/Tyr residues.
Protein concentrations were estimated spectrophotometrically

using molar extinction coefficients of ε259 nm = 1810 M−1 cm−1 and
ε258 nm = 1600 M−1 cm−1 for pike [73] and rat [74] �-PAs, respec-
tively.

2.3. The purification of protein samples from metal ions

Metal depletion from protein samples was  performed using
a combination of the TCA protein precipitation method [75] and
the Sephadex G-25 gel-filtration method [76]. Both methods were
combined for preparation of metal-free states of pike �-PAs, for
Mg2+-titrations of rat �-PAs, and chemical crosslinking experi-
ments. In other cases only the Sephadex G-25 gel-filtration method
was employed.

2.4. Mass spectrometry measurements

Protein molecular masses were determined by electrospray ion-
ization mass spectrometry (ESI-MS). The sample of 0.1–0.5 �M PA
in 50:50 (v/v) mixture of 1 mM formic acid and acetonitrile was
directly infused into LCMS-2010EV (Shimadzu Co.) mass detector,
ESI probe coupled to a single quadrupole detector. Mass spectrom-
etry spectra were collected in positive mode from 600 to 1200 amu
at scan speed 128 amu/s, interface voltage 4.5 kV, and nebulizing
nitrogen flow 1.5 L/min.

2.5. The scanning calorimetry measurements

The scanning calorimetry studies were carried out on a
Nano DSC microcalorimeter (TA Instruments) at a 1 K/min heat-
ing rate and excess pressure of 4 bar (pH 9.0–9.2, 10 mM
H3BO3–KOH or 20 mM  glycine–KOH buffer). PA concentrations
were 0.6–2.1 mg/ml. The protein specific heat capacity (Cp) was
calculated as described by Privalov and Potekhin [77]. The par-
tial molar volume of PA and specific heat capacity of the fully
unfolded protein were estimated according to Häckel et al. [78]
and Makhatadze and Privalov [79], respectively. The temperature
dependence of Cp was  analyzed according to either the cooperative
two-state model [I] or the model of two successive transitions [II]:

Nn↔ Dn [I]

N ↔ I ↔ D, [II]

where N, I and D denote native, intermediate and denatured protein
states, respectively; n is a number of molecules involved in the tran-
sition (cooperativity of thermal transition). n is equivalent to the
ratio of van’t Hoff enthalpy to calorimetric enthalpy (�HVH/�Hcal).
The experimental data were fitted using Microcal OriginPro 8.0
(OriginLab Corporation, Northampton, MA,  USA) software, using
the equations derived earlier [80]. The heat capacity change accom-
panying a transition (�Cp) was  supposed to be independent of
temperature. �Cp, mid-transition temperature (T0), enthalpy of
protein denaturation at temperature T0 (�H0), and n for the model
[I] were used as fitting parameters (in some cases n was set to 1).
Double set of the fitting parameters was  used for the model [II].

2.6. Refolding of pike parvalbumin samples

The 6 �M protein solution in 10 mM H3BO3–KOH pH 9.0 (buffer
D) with addition of 1.5 mM EDTA and 6 M GdmCl (the conditions
ensuring complete unfolding of intact pike PA [81]) was dialyzed at
room temperature against buffer D containing 1.5 mM EDTA, then
against buffer D, and finally against buffer D with 1 mM CaCl2. The
ratio of volumes of the buffers used for dialysis and the protein solu-
tion was about 10. Finally, the protein was exhaustively dialyzed
against distilled water, freeze-dried and stored at −18 ◦C.

dx.doi.org/10.1016/j.ceca.2012.06.002


Please cite this article in press as: S.E. Permyakov, et al., The impact of alpha-N-acetylation on structural and functional status of parvalbumin,
Cell  Calcium (2012), http://dx.doi.org/10.1016/j.ceca.2012.06.002

ARTICLE IN PRESSG Model

YCECA-1417; No. of Pages 11

4 S.E. Permyakov et al. / Cell Calcium xxx (2012) xxx– xxx

2.7. 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 −40 ◦C). The quartz cell with
pathlength of 1.00 mm was used for far-UV region measure-
ments. Protein concentration was 6–10 �M.  Buffer conditions:
10 mM H3BO3, pH 8.9, 1.5 mM  EDTA or 1 mM CaCl2 (for apo-
and Ca2+-loaded PA states, respectively), or 10 mM Tris–HCl,
1 mM EGTA, 1 mM MgCl2, pH 7.3 (for Mg2+-loaded PA). The
small contribution of buffer was subtracted from experimen-
tal spectra. Band width was 2 nm,  averaging time 2 s, and
accumulation 3. Quantitative estimates of the secondary struc-
ture contents were made using the CDPro software package
[82] (http://lamar.colostate.edu/∼sreeram/CDPro/main.html). The
experimental data in 190–240 nm range were treated by SELCON3,
CDSSTR and CONTIN algorithms, using SDP48 and SMP56 refer-
ence protein sets. The final secondary structure fractions represent
averaged values.

2.8. Limited proteolysis by ˛-chymotrypsin

5 �l of bovine �-chymotrypsin solution (0.1 mg/ml) in 10 mM
HEPES–KOH buffer, 1 mM CaCl2, pH 7.3 were added to 100 �l of PA
solution (0.91–0.99 mg/ml) in the same buffer. The reaction pro-
ceeded overnight at 37 ◦C and was stopped by addition of 1 mM
PMSF in 2-propanol. The proteolytic mixture was analyzed by SDS-
PAGE (15% resolving gel; 4 �g of protein per lane). The gel was
stained with Coomassie Brilliant Blue R-250 and scanned using
Molecular Imager PharosFX Plus System (Bio-Rad Laboratories,
Inc.).

2.9. Fluorescence measurements

Fluorescence studies were performed on a Cary Eclipse spec-
trofluorimeter (Varian, Inc.), equipped with a Peltier-controlled cell
holder. Quartz cells with pathlength of 10 mm were used. Protein
concentrations were 4–16 �M.  Fluorescence of Phe residues of par-
valbumin was excited at 258–259 nm.

2.10. Estimation of equilibrium and kinetic metal
association/dissociation constants

The binding of Ca2+/Mg2+ to parvalbumin can be successfully
described by the sequential metal-binding scheme [80,83,84]:

Protein + M
K1←→Protein × M,

Protein× M + M
K2←→Protein × M2,

[III]

where M denotes metal ion, K1 and K2 are equilibrium metal-
binding constants for the two active EF-hands of the protein. The
metal affinity of PA was estimated from the spectrofluorimetric
titration of the metal-depleted protein with a CaCl2/MgCl2 stan-
dard stock solution, followed by a titration of the metal-loaded
protein with EDTA potassium salt standard solution. Protein con-
centration was 9–16 �M.  Buffer conditions: 10 mM HEPES–KOH,
pH 8.2 (Ca2+-binding experiments) or 10 mM HEPES–KOH, 1 mM
EGTA, pH 7.3 (Mg2+-binding experiments). Fluorescence inten-
sities were corrected for the dilution effect. Estimation of the
metal association constants was performed taking into account a

competition between protein and chelator for the metal ion, which
is described by the scheme [III] and the equilibrium [IV]:

EDTA + M
KEDTA←→EDTA × M [IV]

The metal association constant for EDTA, KEDTA, was  calculated
according to Schwarzenbach and Flaschka [85]. The data were glob-
ally fitted according to the schemes [III] and [IV] using FluoTitr
v.1.4 software (IBI RAS, Pushchino, Russia), implementing nonlin-
ear regression algorithm by Marquardt [86]. K1 and K2 were used
as fitting parameters. The accuracy of the K1 and K2 estimates was
about ±1/4 orders of their magnitudes.

Stopped-flow fluorescence measurements were performed
using RX.2000 Rapid Mix  Accessory (Applied Photophysics Ltd.,
Leatherhead, UK) with a dead time of 6 ms.  Temperature of all
solutions was kept at 25 ◦C using NESLAB RTE 7 bath circulator
(Thermo Fisher Scientific Inc.) and Peltier-controlled cell holder.
Equal volumes (0.3 ml)  of 8–10 �M parvalbumin (Ca2+ to protein
molar ratio of 2:1, or 50–60 �M MgCl2 was added to the metal-
depleted protein) and 1–2 mM EGTA/EDTA in 10 mM HEPES–KOH
buffer, pH 8.2 (Ca2+ dissociation experiments) or pH 7.3 (Mg2+

dissociation), were mixed using pneumatic drive. The excitation
wavelength was  259 nm and emission was measured at 284 nm.
Each experiment was repeated 6 times. The experimental kinetic
curves were described by the following equation:

F(t) = [F1[P](t) + F2[P × M](t) + F3[P × M2](t)]
P0

, (1)

where [P], [P × M]  and [P × M2] are concentrations of apo-protein,
and its states with either one or two metal ions bound, respectively;
Fi (i = 1,. . .,3) are fluorescence intensities of these protein states; P0
is a total protein concentration. The values of protein concentra-
tions were determined by solving the following set of equations,
describing the sequential metal-binding scheme [III] and scheme [IV],
using Runge–Kutta–Fehlberg method [87]:

d[P]
dt
= koff1[P × M]  − kon1[P][M]

d[P × M2]
dt

= kon2[P × M][M]  − koff2[P × M2]

d[E]
dt
= koff3[E × M]  − kon3[E][M]

P0 = [P] + [P × M]  + [P × M2]

E0 = [E] + [E × M]

M0 = [M] + [P × M]  + 2[P  × M2] + [E × M]

(2)

Here, [E] and [E × M]  are concentrations of free and metal-bound
chelator, respectively; E0 and M0 are total concentrations of chela-
tor and metal ions, respectively; koffi and koni (i = 1,. . .,3) are rate
constants of metal dissociation and association for P, P × M and
E, respectively. The koni (i = 1,2) values were expressed via the
Ki values (koni = koffiKi, i = 1,2) estimated from spectrofluorimetric
titrations (see above). The koff3 values for Ca2+ and Mg2+ were taken
from the works [88] and [89], respectively. The corresponding kon3
values were calculated from the equilibrium metal-binding con-
stants for EGTA/EDTA calculated according to Schwarzenbach and
Flaschka [85]. The fitting parameters, koff1, koff2, and Fi (i = 1,. . .,3),
were estimated using nonlinear least-squares method by Mar-
quardt [86].

2.11. Chemical crosslinking of proteins

Crosslinking of proteins with glutaric aldehyde was performed
in 30 mM H3BO3 buffer, pH 9.2. 0.02% glutaric aldehyde was added
to 1 mg/ml  solution of PA (either metal-depleted or with addition

dx.doi.org/10.1016/j.ceca.2012.06.002
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of 1 mM CaCl2/MgCl2). After incubation at 37 ◦C for 1 h the reac-
tion was terminated by addition of SDS sample buffer. The samples
were subjected to SDS-PAGE (5% concentrating and 15% resolving
gels) and staining with Coomassie Brilliant Blue R-250. The gel was
scanned using Molecular Imager PharosFX Plus System (Bio-Rad
Laboratories, Inc.) and analyzed by Quantity One software.

2.12. Predictions of intrinsic disorder

The predictions of the intrinsic disorder propensity of PAs were
performed using PONDR analysis v.1 software (IBI RAS, Pushchino,
Russia) as described earlier [90].

3. Results and discussion

3.1. Isolation and mass spectrometric characterization of intact
and rWT  parvalbumins

The samples of intact Northern pike (E. lucius)  �-PA and rat
(R. norvegicus)  �-PA were isolated from skeletal muscles. Tag-free
recombinant pike and rat �-PAs were expressed in E. coli strain
BL21(DE3). All samples were homogeneous as judged by native and
SDS-PAGE. The absence of Trp/Tyr contribution in their UV absorp-
tion and fluorescence spectra (data not shown) confirms the lack
of contaminating Trp/Tyr-containing proteins in the samples.

Since the intact and recombinant PAs could be subjected to
different protein processing resulting in noticeable structural dif-
ferences between them, molecular masses of the PA samples were
estimated by electrospray ionization mass spectrometry (ESI-MS;
Supplement 1). The major fraction (>95%) of intact pike �-PA has a
mass of 11,821 Da, which is consistent with mass of Nt-acetylated
form of the previously described �1-isoform [69]. The bacte-
rial expression does not favor Nt-acetylation of proteins [10–12].
Indeed, compared to the intact protein, mass of the primary frac-
tion (>95%) of rWT  pike �-PA is 43 Da lower (11,778 Da), which is
close to the contribution of an acetyl group (42.04 Da). Thus, the
mass spectrometry data indicate that rWT  pike �-PA differs from
the intact protein by the lack of N-terminal acetyl group. Similar
situation is observed for rat �-PAs (Supplement 1). The mass of
the intact rat protein is consistent with typical for PAs processing,
namely excision of the initiating Met  residue and Nt-acetylation.
The mass of the major fraction (50%) of rWT  rat �-PA is 42 Da lower,
indicating the lack of N-terminal acetyl group. The mass of the sec-
ond large fraction (40%) of rWT  rat �-PA exceeds that of the major
fraction by 513 Da, which may  be both due to covalent modifica-
tion(s) and/or binding of unknown ligand(s). Other minor fractions
of the PA samples mostly correspond to metal-bound or oxidized
states of the forms mentioned above.

3.2. Thermal denaturation of intact and rWT  parvalbumins

To assess the effect of Nt-acetylation on thermodynamic prop-
erties of the PAs, differential scanning calorimetry (DSC) was  used
as a technique providing direct information on thermodynamics
of protein thermal denaturation. The temperature dependencies
of specific heat capacities for apo- and metal-loaded states of the
PA samples, derived from DSC data, are shown in Fig. 1. Simi-
larly to the intact protein, apo-state of rWT  pike �-PA exhibits the
lack of marked heat sorption peak, and its heat capacity closely
approaches that calculated for the fully unfolded protein accord-
ing to Makhatadze and Privalov [79] (Fig. 1a), which is indicative of
absence of rigid tertiary structure, as previously shown for intact
pike �-PA [81]. At the same time, Ca2+- and Mg2+-loaded states
of pike �-PA demonstrate distinct heat sorption peaks. The Mg2+-
bound (1 mM MgCl2) state of rWT  pike �-PA Exhibits 26 ◦C lower

Fig. 1. Temperature dependencies of specific heat capacities of apo- and metal-
bound states for intact and rWT  �-PAs of pike (a) and rat (b), calculated from DSC data
(pH  9.0–9.2, 10 mM H3BO3–KOH or 20 mM glycine–KOH; heating rate was 1 K/min).
Protein concentration was  0.6–2.1 mg/ml. PA was saturated by Ca2+ by addition of
1  mM CaCl2. Apo-form of pike �-PA was  prepared using combination of the TCA
protein precipitation method [75] and the Sephadex G-25 gel-filtration method [76]
(1  mM EGTA), while for rat �-PA only the last method was employed. The metal-
depleted protein (without EGTA) was  saturated by Mg2+ by addition of 1 mM MgCl2.
The analysis of DSC data for Ca2+-bound intact pike �-PA was performed according
to  the model of two successive transitions [II]; in other cases the cooperative two-state
model [I] was  used (dashed curves). The resulting thermodynamic parameters are
presented in Table 1. Dotted curve corresponds to the heat capacity of fully unfolded
protein, as estimated according to Makhatadze and Privalov [79].

thermal stability and notably increased cooperativity of the ther-
mal  unfolding (n = 5.6) (Table 1), which points out oligomerization
of the protein. The Ca2+-loaded (1 mM CaCl2) state of rWT  pike �-PA
demonstrates the absence of well-defined first (low-temperature)
heat sorption peak, characteristic for the intact protein [81] (mid-
transition temperature, t1/2, of 93 ◦C). Instead, a low enthalpy heat
sorption peak at around 60 ◦C is observed. This behavior may be
a sign of partial population of certain protein states. To shift the
equilibrium between these hypothetical protein states, DSC studies
were performed at various pH values (9.0–10.3), ionic strength con-
ditions (up to 1 M KCl) and Ca2+ concentrations (1–50 mM CaCl2).
In all the experiments the low enthalpy heat sorption peak did
not disappear (data not shown). Therefore it is likely that this
peak corresponds to the melting of a subdomain of the protein.
Small size of this subdomain could rationalize the small enthalpy
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Table  1
Thermodynamic parameters describing thermal denaturation of the various PAs, estimated from the DSC data shown in Fig. 1 according to either the cooperative two-state
model  [I] or the model of two successive transitions [II]. For designations of the parameters, see Section 2. The indices 1 and 2 refer to the parameters describing the first
(low-temperature) and second heat sorption peaks, respectively.

Protein Protein form Protein state T0 (◦C) �H0 (J/g) �Cp (J/(g K)) n

T0,1 T0,2 �H0,1 �H0,2 �Cp,1 �Cp,2

Pike �-PA Intact Ca2+ 92.9 120.7 21.3 28.8 0.39 −0.86 –
Mg2+ 77.8 29.3 0.93 1.0

rWT Ca2+ 120.0 25.6 −0.75 1.0
Mg2+ 52.2 4.5 −0.06 5.6a

Rat �-PA Intact Ca2+ 100.0 54.3 0.02 0.53a

Mg2+ 73.9 30.7 0.83 1.0
apo 29.7 15.7 0.69 1.0

rWT Ca2+ 101.4 46.7 0.59 0.67a

Mg2+ 73.4 31.4 0.87 1.0
apo 27.6 14.5 0.59 1.0

a n value is used as an additional fitting parameter.

changes accompanying its melting. Overall, Nt-acetylation of pike
�-PA drastically changes thermal denaturation behavior of the
metal-bound protein states. Opposite to pike PA, rat �-PA exhibits
only minor differences in thermal denaturation behavior between
intact and rWT  protein forms (Fig. 1 b): the differences between
t1/2 values and enthalpies of protein denaturation are within 2 ◦C
and 16%, respectively, regardless of the metal content (Table 1).
Similarly to the intact protein (n = 0.53 [81]), Ca2+-loaded state of
rWT rat �-PA exhibits marked deviation from the simplest two-
state mechanism of thermal denaturation (n = 0.67). Summing up,
Nt-acetylation induces slight (rat �-PA) to dramatic (pike �-PA)
changes in thermal behavior of the PA orthologs.

In fact, the unexpectedly marked difference between thermo-
dynamic properties of intact and rWT  forms of pike �-PA could
arise not because of the covalent modification of the protein, but
due to differences in mechanisms of protein folding in prokaryotic
and eukaryotic organisms (for example, processing by NATs; prolyl
isomerases should be excluded since pike �-PA does not contain
Pro residues). To address this question, we have tried bacterial co-
expression of pike �-PA with E. coli NATs RimJ or RimI, but it gave
unacceptably low protein yield. Therefore we carried out in vitro
refolding of pike �-PAs. Apo-states of the intact and rWT  forms
were unfolded by GdmCl, and then stepwise folded in the course of
dialysis against solutions with gradually increasing Ca2+ concentra-
tion (see Section 2). The DSC studies of the refolded protein samples
did not reveal any significant changes in their thermal denatura-
tion behavior (data not shown). Thus, the peculiarities of in vivo
conditions of protein folding are unlikely to cause the observed
differences between thermodynamic properties of intact and rWT
pike �-PAs. Hence, these differences seem to be explained by the
presence of N-terminal acetyl group in the intact protein, which
could affect protein conformation directly or via alteration in the
process of protein folding.

The Nt-acetylation is expected to affect, first of all, the structure
of the AB domain of PA. According to the structural interpretation
of DSC data for intact pike �-PA proposed earlier [80], its AB domain
unfolds in the first thermal transition. In this case the Nt-acetylation
is likely to affect the behavior of the first heat sorption peak. Our
DSC data (Fig. 1 a) corroborate these considerations.

3.3. Comparison of secondary structure contents for intact and
rWT  parvalbumins

The changes in thermodynamic properties of pike �-PA induced
by Nt-acetylation (Fig. 1a, Table 1) should be reflected in changes
of the secondary and tertiary structures of the protein, which can
be monitored by circular dichroism (CD) spectroscopy. The far-UV
CD spectra of PAs were analyzed using the CDPro software [82].

The resulting estimates of secondary structure contents for differ-
ent states of pike and rat PAs are collected in Table 2. As expected,
rWT  rat �-PA does not differ from the intact protein form irre-
spective of the metal content. The CD estimates for apo-state of
rWT rat �-PA are very close to those derived from an analysis of
its tertiary structure (2JWW PDB entry, NMR) using DSSP program
[91]. Meanwhile, compared to the CD data both X-ray structures of
Ca2+-loaded states of rat �-PAs (1RTP and 1RWY) reveal 7% higher
�-helicity and 3% lower �-sheets content, which can be explained
by structural perturbations caused by the crystallization process.
The analogous comparison for Ca2+-loaded state of intact pike �-
PA shows that CD estimate of the protein’s �-helicity is in between
the values derived from its X-ray and NMR  structures, while the
fraction of �-sheets is elevated by 1–3%.

In contrast to rat �-PA, the secondary structure of rWT  pike �-
PA notably differs from that for the intact protein, regardless of
the metal content (Table 2). The difference in �-helicity between
the intact and rWT  forms of pike �-PA increases in the order:
Ca2+-bound, Mg2+-bound, and apo-state (7%, 10%, and 24%, respec-
tively). Hence, the metal binding reduces the structural differences
between the intact and rWT  proteins. The metal depletion is accom-
panied by drastic loss of �-helical structure in the rWT  pike �-PA,
which is partly compensated by an increase in the �-sheets con-
tent. The intact protein exhibits similar but much less pronounced
changes. Similarly, previous CD studies of Ca2+-loaded states of
intact and recombinant forms of Atlantic cod (Gadus morhua) PA
have shown somewhat lower �-helicity of the recombinant protein
[70].

Summarizing the CD data, one can conclude that the secondary
structure changes induced in the PAs by Nt-acetylation well corre-
late with the changes in thermodynamic properties of the proteins
observed by DSC, except for the denatured apo-state of pike �-PA.

3.4. Limited proteolysis of ˛-parvalbumins

The destabilized secondary structure of rWT  pike �-PA (Table 2)
suggests an increased overall mobility of its polypeptide chain,
which could result in an increase of protein’s susceptibility to
enzymatic proteolysis. To ascertain this suggestion the Ca2+-bound
(1 mM CaCl2) states of intact and rWT  forms of pike �-PA were sub-
jected to limited proteolysis by bovine �-chymotrypsin (Fig. 2a).
While the intact protein remains largely undigested in these
conditions, the rWT  protein exhibits effective conversion of the
monomeric form into the fragments with molecular masses below
5 kDa. Thus, Nt-acetylation of pike �-PA contributes to its resistance
to proteolytic digestion by the serine protease. The protective effect
was not observed for rat �-PA (Fig. 2b). Since the resistance of par-
valbumin to degradation by human digestive system is considered
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Table  2
The secondary structure fractions estimated from CD data for apo- (1.5 mM EDTA), Mg2+- (1 mM EGTA, 1 mM MgCl2) and Ca2+-loaded (1 mM CaCl2) intact and rWT  forms
of  �-PA at 3 ◦C. Protein concentration was 6–10 �M.  Buffer conditions: 10 mM H3BO3–KOH, pH 8.9 (for apo- and Ca2+-loaded PA states) or 10 mM Tris–HCl, pH 7.3 (for
Mg2+-loaded PA). The estimates calculated with CDPro software [82] are compared with the values derived from analysis of tertiary structures using DSSP program [91].

�-PA Protein state �-Helices (%) �-Sheets (%) 3D structure (%) PDB entry, method

�-Helices �-Sheets

Pike �-PA
Intact apo 42.8 11.0 n.a. n.a. n.a.
rWT  18.9 20.0 n.a. n.a. n.a.

Intact Mg2+ 56.5 4.7 n.a. n.a. n.a.
rWT  46.2 5.7 n.a. n.a. n.a.

Intact Ca2+ 54.8 4.8 56.8 1.8 1PVA, X-ray
50.5 1.8 2PAS, NMR
50.5 3.7 3PAT, NMR

rWT  47.9 5.3 n.a. n.a. n.a.

Rat  �-PA
Intact apo 54.4 5.5 n.a. n.a. n.a.
rWT  53.1 5.3 54.1 5.5 2JWW,  NMR

Intact  Mg2+ 54.3 5.9 n.a. n.a. n.a.
rWT 53.0 5.9 n.a. n.a. n.a.

Intact Ca2+ 52.6 6.5 59.6 3.7 1RTP, X-ray
rWT  52.4 6.9 59.6 3.7 1RWY, X-ray

n.a., data not available.

to be a factor contributing to its allergenicity, the observed pro-
tective effect of N-terminal acetyl group of pike �-PA against the
enzyme of digestive system indicates that this group may  serve as
one of the structural determinants of PA’s allergenicity.

3.5. Metal-binding properties of intact and rWT  parvalbumins

Since apo- and metal-loaded states of rWT  pike �-PA differ from
the appropriate states of the intact protein in secondary structure
content (Table 2) and thermodynamic properties (Fig. 1, Table 1),
one may  expect that metal-binding properties of the recombinant
protein may  differ from those of its intact counterpart. Spectrofluo-
rimetric titrations of the metal-depleted PA samples by Ca2+/Mg2+,
followed by competitive metal removal by EDTA (Fig. 3a), were ana-
lyzed according to the sequential metal-binding scheme [III], taking
into account competition between the protein and chelator for the
metal ion. The resulting equilibrium metal association constants for
the two active EF-hands of PA, K1 and K2, are shown in Table 3. The
Ki values for Ca2+-binding to intact pike �-PA are close to the pre-
vious estimates [81]. Calcium affinities of both metal-binding sites
of rWT  pike �-PA are dramatically (1.0–3.6 orders of magnitude)
lowered compared with those for the intact protein. The impaired
Ca2+ affinity of the rWT  protein is clearly seen from the abrupt
decrease in its intrinsic fluorescence intensity upon EDTA titration
of the Ca2+-loaded protein (Fig. 3a). Magnesium affinities of the rWT
protein follow the same trend, being lowered by 1.7–2.8 orders
of magnitude. The ratio of total free energy of Mg2+ association
(�G = −RT(ln K1 + ln K2)) and the same value for Ca2+ association

with rWT  pike �-PA is very close to that ratio for the intact pro-
tein (0.64 versus 0.70, respectively). It implies that Nt-acetylation is
accompanied with nearly identical shrinkage of the energetic scales
of the metal binding. This fact confirms the self-consistency of our
estimates of the metal-binding constants.

It should be mentioned that one of the factors previously sug-
gested to be of importance for stabilization of the intermediate
state of Ca2+-loaded intact pike �-PA, which is populated in the
process of its thermal unfolding (Fig. 1 a, 105–110 ◦C), is strong
Ca2+-binding. Since calcium affinity of its rWT  form is significantly
decreased, this intermediate state is expected to be destabilized.
Probably this effect results in disappearance of the well-defined
low-temperature heat sorption peak observed for the intact protein
(Fig. 1a).

In contrast to pike �-PA, the rWT  rat protein does not reveal
any significant Ca2+/Mg2+ affinity differences from its intact form
(Table 3), which agrees with the minor effects of Nt-acetylation
monitored by other methods.

In accord with lowered calcium affinity of rWT  pike �-PA, it
exhibits 1.6–38-fold faster Ca2+ dissociation, as evidenced by flu-
orimetric stopped-flow measurements (Fig. 3b, Table 4). At the
same time, the association of Ca2+ slows down 10–57-fold (Table 4).
Overall, calcium affinity of rWT  pike �-PA decreases mostly due to
the lowering of Ca2+ association rate (the effect is more promi-
nent for the EF-hand being filled first). Magnesium dissociation
from rWT  pike �-PA occurs within the dead time of the stopped-
flow instrument (6 ms). At least 2–16-fold faster compared to the
intact protein Mg2+ dissociation from rWT  pike �-PA (Table 4)

Table 3
The values of equilibrium Ca2+ and Mg2+ association constants at 20 ◦C for various �-PA forms, estimated spectrofluorimetrically according to the sequential metal-binding
scheme  [III]. Protein concentration was  9–16 �M.  Buffer conditions: 10 mM HEPES–KOH, pH 8.2 (Ca2+-binding experiments) or 10 mM HEPES–KOH, 1 mM EGTA, pH 7.3
(Mg2+-binding). Excitation wavelength was 258–259 nm.

Protein Protein form Ca2+ Mg2+

K1 (M−1) K2 (M−1) K1 (M−1) K2 (M−1)

Pike �-PA Intact 9 × 108 9 × 109 2 × 106 9 × 105

rWT  8 × 107 2 × 106 3 × 103 2 × 104

Rat �-PA Intact 3 × 109a 2 × 109a 9 × 105 2 × 106

rWT 5  × 109a 2 × 109a 4 × 105 8 × 105

a Measured at 15 ◦C.
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Fig. 2. Limited proteolysis of Ca2+-bound states of intact and rWT  forms of pike
(a) and rat (b) �-PA by bovine �-chymotrypsin, monitored by SDS-PAGE. Buffer
conditions: 10 mM HEPES–KOH buffer, 1 mM CaCl2, pH 7.3. The enzyme to substrate
weight ratio was  1:200. PA concentration was 0.87–0.94 mg/ml. The PA samples not
subjected to proteolysis were used as controls. 4 �g of protein was  loaded per lane.
The numbers in the left-hand column indicate molecular masses of markers in kDa.

is in agreement with its lowered Mg2+ affinity. Though the val-
ues of rate constants of Ca2+/Mg2+ dissociation from pike PA were
not previously reported, they are rather close to those for ortholo-
gous PAs (for review, see [53]). To the best of our knowledge, the
rate constants of metal dissociation from PA estimated within the

Fig. 3. Fluorimetric Ca2+- and EDTA-titrations of intact and rWT  forms of pike �-
PA (a) and time courses of EGTA-induced Ca2+ removal monitored by fluorescence
stopped-flow technique (b) at 25 ◦C. Buffer conditions: 10 mM HEPES–KOH, pH 8.2.
Protein concentration was 4–16 �M.  Apo-PA was prepared using combination of the
TCA  protein precipitation method [75] and the Sephadex G-25 gel-filtration method
[76].  Ca2+ to protein molar ratio in kinetic experiments was 2:1; competitive Ca2+

removal was initiated by addition of 0.5–1 mM EGTA. Excitation wavelength was
258–259 nm.  Points are experimental, dashed curves are theoretical fits computed
according to the sequential metal-binding scheme [III].

sequential metal-binding scheme are reported here for the first
time.

It is noteworthy that Nt-acetylation of pike �-PA induces char-
acteristic changes in its Ki (i = 1,2) values. For Ca2+ association with
the intact protein K1 < K2, but for rWT  protein K2 < K1 (Table 3). The
similar regularity is valid for Mg2+ binding as well. Furthermore, the
same tendency is observed for the Ca2+ dissociation rate constants

Table 4
The parameters of Ca2+ and Mg2+ binding for intact and rWT  forms of pike �-PA at 25 ◦C, estimated from fluorimetric experiments. The values of equilibrium metal association
constants, K1 and K2, and rate constants of metal dissociation, koffi (i = 1,2), were estimated according to the sequential metal-binding scheme [III] from equilibrium and stopped-
flow  experiments, respectively. The rate constants of metal association, koni (i = 1,2), were calculated from the estimates of Ki and koffi . Protein concentration was  4–16 �M.
Buffer  conditions: 10 mM HEPES–KOH, pH 8.2 (Ca2+-binding/dissociation experiments) or pH 7.3 (Mg2+-binding/dissociation). The Mg2+ titration experiments were performed
in  the presence of 1 mM EGTA. In kinetic experiments Ca2+ to protein molar ratio was of 2:1, or 50–60 �M MgCl2 was added to the metal-depleted protein; the competitive
metal  removal was  initiated by addition of 0.5–1 mM EGTA/EDTA. Excitation wavelength was 258–259 nm.

Protein form K1 (M−1) K2 (M−1) kon1 (M−1 s−1) kon2 (M−1 s−1) koff1 (s−1) koff2 (s−1)

Ca2+

Intact 7 × 108 4 × 109 (3.3 ± 0.5) × 108 (3.5 ± 0.4) × 108 0.49 ± 0.08 0.099 ± 0.012
rWT 4  × 107 2 × 106 (3.2 ± 0.4) × 107 (6.1 ± 1.0) × 106 0.80 ± 0.11 3.8 ± 0.6

Mg2+

Intact 4 × 105 1.3 × 106 (3.5 ± 0.9) × 107 (1.3 ± 0.3) × 107 80 ± 20 10 ± 2
rWT  8 × 103 8 × 103 >1.2 × 106 – >160 –
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(Table 4). These facts indicate that Nt-acetylation is accompanied
with reversal of the order of filling of the protein’s EF-hands with
Ca2+/Mg2+.

Summing up, in contrast to rat �-PA, Nt-acetylation of pike �-
PA significantly modifies both equilibrium and kinetic properties of
Ca2+ and Mg2+ dissociation/association, which should affect func-
tioning of the protein as a soluble relaxing factor of skeletal muscles.
The ability of N-terminal acetyl group to alter metal-binding prop-
erties of PA is in line with previous reports that AB domains of pike
�-PA and rat PA modulate their Ca2+-binding properties [92,93].

3.6. The structural rationale for the effects caused by
Nt-acetylation

Previous study has shown that AB domain of intact pike �-PA
is electrostatically inactive [81], which suggests that the charge
decrease accompanying Nt-acetylation is unlikely to affect stabil-
ity of the protein. Meanwhile, since pKa values of �-amino group
in proteins mostly lie in the range from 7.2 to 8.2 [94], the �-
amino group of rWT  pike �-PA is likely deprotonated at pH values
used in our DSC experiments (9.0–9.2). The structural stabiliza-
tion induced by Nt-acetylation of pike �-PA can be attributed to
a change in hydrophobicity of its N-terminus. Alternatively, the
N-terminal acetyl group could affect oligomeric state of the pro-
tein, giving rise to pike �-PA oligomers with drastically different
physico-chemical properties. This possibility has been examined
by chemical crosslinking of pike �-PA samples (1 mg/ml) by 0.02%
glutaric aldehyde (Supplement 2). Though results of these exper-
iments are dependent on protein concentration, reaction time,
temperature and other factors, they enable us to reveal differ-
ences in behavior of various PAs and their states. In contrast to
the intact protein, apo and Mg2+-bound states of the rWT  pro-
tein exhibit notable fraction (67–72%) of high molecular weight
oligomers and/or aggregates, which are unable to penetrate the 5%
concentrating or 15% resolving gels. These protein forms are not
detected for Ca2+-bound state of pike �-PA. They are also absent
for rat �-PA (Supplement 3). Furthermore, centrifugation of rWT
pike �-PA (1 mg/ml) at 20,000 × g for 15 min  shows precipitation
of 1–4% of apo (1 mM EGTA, pH 9.0) and Mg2+-bound (1 mM EGTA,
2 mM MgCl2) protein states. The oligomerization/aggregation of
Mg2+-loaded rWT  pike �-PA accounts for the high cooperativity of
its thermal denaturation (n = 5.6, Table 1). The association processes
of the protein are likely related to its lowered structural stabil-
ity (Tables 1 and 2), accompanied by solvent exposure of protein’s
hydrophobic groups. Thus, Nt-acetylation of pike �-PA protects the
protein from oligomerization and aggregation by means of a struc-
tural stabilization of the protein. In the case of Ca2+-bound pike
�-PA, exhibiting the same distribution of oligomeric forms regard-
less of the presence of the N-terminal acetyl group (Supplement
2), the structural effects induced by Nt-acetylation seem to be due
to either direct structural stabilization of the protein or caused by
changes in its folding.

Notably, Ca2+-loaded rWT  rat �-PA demonstrates noticeable
conversion of the monomeric state into a set of oligomeric forms
(Supplement 3). Nevertheless, its physico-chemical properties are
virtually indistinguishable from those for the intact protein. This
circumstance is especially intriguing considering that about 40% of
the protein sample corresponds to an unknown protein form (Sup-
plement 1). If Nt-acetylated form of rat �-PA would differ from the
intact protein by its properties, these changes would be detected by
the biophysical and biochemical techniques applied in the present
work. Hence, the experimental data evidence negligible structural
effect of Nt-acetylation upon rat �-PA.

The higher with respect to the rat protein structural sensitivity
of pike �-PA to Nt-acetylation can be rationalized by higher dis-
order level of its AB domain (residues 1–37), as manifested by its

higher average VSL2P score (0.73 versus 0.57, for pike and rat �-PAs,
respectively), and confirmed by CH-plot analysis. The same impact
on more disordered structure is likely to induce more prominent
structural consequences, so pike �-PA is expected to be more vul-
nerable to any structural interventions, including Nt-acetylation.

4. Conclusions

The detailed characterization of apo- and metal-bound states of
various forms of orthologous �-parvalbumins by means of com-
bination of thermophysical, spectral and biochemical techniques
shows wide range of differences in physico-chemical properties of
intact and rWT  forms of the protein. While these forms of rat �-PA
practically do not differ from each other, intact and rWT  pike �-PAs
demonstrate surprisingly noticeable differences in their structural
and functional properties. The rWT  pike protein is significantly
destabilized, as evidenced by lowered �-helicity (Table 2), ther-
mal  stability (Fig. 1, Table 1), and reduced resistance to enzymatic
proteolysis (Fig. 2a). The lowered structural stability of rWT  pike
�-PA well correlates with its increased propensity to formation of
high molecular weight oligomeric forms (Supplement 2). Finally,
metal-binding ability of the rWT  protein, which is related to func-
tioning of PA as a metal-buffer in relaxation of skeletal muscles,
is dramatically lowered, by ca 1–4 and 2–3 orders of magnitude,
for Ca2+ and Mg2+, respectively (Table 3, Fig. 3a). The respective
rate constants of metal dissociation/association are accordingly
increased/decreased (Table 4, Fig. 3b). For example, the rate con-
stants of Ca2+ association of the rWT  pike protein are 10–57-fold
lower than the same values for the intact protein. Since mass spec-
trometry data evidence that intact and rWT  forms of the �-PAs
studied differ just by N-terminal acetyl group (Supplement 1),
the observed differences in their physico-chemical properties are
attributed to this group. Since chemical refolding of intact and rWT
pike �-PAs did not change their thermal denaturation behavior, it
can be concluded that peculiarities of protein folding in eukary-
otic and prokaryotic organisms cannot explain the differences in
their properties. Nevertheless, it is unclear whether these differ-
ences arise due to direct structural perturbation of the correctly
folded protein by N-terminal acetyl group or they are mostly due to
alterations in the process of protein folding caused by this group. In
either case the N-terminal acetyl group is shown to be a structural
and functional prerequisite for some of parvalbumins.

The fact that minor structural modifications of N-terminus are
able to induce major changes in protein’s physico-chemical prop-
erties has been previously documented for another Ca2+-binding
protein, �-lactalbumin [95]. An additional initiating Met  residue of
recombinant bovine �-lactalbumin seriously impaired both ther-
mal  stability and Ca2+ affinity of the protein. On the contrary,
genetic removal of Glu1 residue markedly improved the same
properties of the protein. The experimental data evidence that N-
terminal region of a protein can greatly affect its structural stability.
This conclusion is in line with the observation that dynamic prop-
erties of N-terminus are important for conformational stability of
proteins [96].

The stabilizing action of N-terminal acetyl group documented
for pike �-PA is not observed for rat �-PA (sequence identity of
60%), which could be related to lower disorder propensity of its
AB domain, which makes it more resistant to structural perturba-
tions. Since other EF-hand proteins were predicted to be balancing
between ordered and disordered states (for example, S100 pro-
teins [90]), Nt-acetylation is likely to affect their structural stability.
Comparing properties of different forms of rat and pike �-PAs,
it can be concluded that evolution of PA’s genes leads to the
protein sequences possessing highly divergent properties, but Nt-
acetylation unifies their properties thereby ensuring their proper
functional status.
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The increased resistance to proteolytic digestion conferred to
pike �-PA by Nt-acetylation evidences that this modification may
be a factor contributing to allergenicity of parvalbumins, since the
resistance to degradation by human digestive system is consid-
ered to be important for its allergenicity. The example of pike
�-PA points out the possibility that structural stabilization induced
by Nt-acetylation may  give rise to increased resistance of Nt-
acetylated proteins toward action of proteases, different from
aminopeptidases. Furthermore, since proteins of higher organisms
are more prone to disordering compared to their counterparts in
lower organisms (for review, see [97]), the structural stabiliza-
tion of proteins from higher organisms induced by this common
covalent modification could serve as a mechanism of partial com-
pensation of their higher disorder level. Although our data indicate
that the stabilizing effect of Nt-acetylation observed for pike �-PA
is not of electrostatic nature, the structural origins of this phe-
nomenon remain to be established.
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SUPPLEMENTARY MATERIALS 

 

Supplement 1. The molecular masses of intact and recombinant PA samples estimated by ESI-

MS, and their assignments. 

 

Protein 

Protein 

form 

Molecular 

mass, Da 

Content, 

% 

Mass assignment 

Calculated 

average mass, 

Da 

pike α-PA 

intact 11821 >95 

Nt-acetylated α1-

isoform, described 

earlier [69] 

11820.43 

rWT 11778 >95 

α1-isoform, described 

earlier [69] 

11778.39 

rat α-PA 

intact 11836 >95 

acetylated P02625 entry 

of Swiss-Prot database, 

lacking initiating Met 

residue 

11836.38 

rWT 

11794 50 

P02625 entry of Swiss-

Prot database, lacking 

initiating Met residue 

11794.35 

12307 40 unknown PA form - 

 

 



Supplement 2. Distributions of oligomeric forms for various states of pike α-PA as judged from 

chemical crosslinking experiments (0.02% glutaric aldehyde). Protein concentration was 1 

mg/ml. Buffer conditions: 30 mM H3BO3, pH 9.2. PA sample was either metal-depleted or 1 mM 

CaCl2/MgCl2 was added. The fractions of oligomeric PA forms were estimated from SDS-PAGE 

data. The gels were stained with Coomassie Brilliant Blue R-250, scanned using Molecular 

Imager PharosFX Plus System (Bio-Rad Laboratories, Inc.) and analyzed by Quantity One 

software. 

 

Pike α-PA 

Protein 

state 

12 kDa 

band, % 

24 kDa 

band, % 

48 kDa 

band, % 

66 kDa 

band, % 

High molecular 

weight fraction
 *
, % 

intact 

apo 53 38 9 - - 

Mg
2+

 80 20 - - - 

Ca
2+

 39 33 18 10 - 

rWT 

apo 23 5 - - 72 

Mg
2+

 25 8 - - 67 

Ca
2+

 35 31 20 14 - 

*
protein oligomers/aggregates not penetrating the gel 

 



Supplement 3. Distributions of oligomeric forms for various states of rat α-PA as judged from 

chemical crosslinking experiments. For details refer to legend to the Supplement 2. 

 

Rat α-PA 

Protein 

state 

12 kDa band, 

% 

24 kDa band, 

% 

48 kDa band, 

% 

66 kDa band, 

% 

intact 

apo 70 30 - - 

Mg
2+

 53 33 14 - 

Ca
2+

 55 22 11 12 

rWT 

apo 82 15 3 - 

Mg
2+

 72 18 10 - 

Ca
2+

 25 28 27 20 
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