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Abstract

Conformational behavior of five homologous proteins, parvalbumins (PAs) from northern pike (a
and f isoforms), Baltic cod, and rat (o and B isoforms), was studied by scanning calorimetry, circular
dichroism, and bis-ANS fluorescence. The mechanism of the temperature-induced denaturation of
these proteins depends dramatically on both the peculiarities of their amino acid sequences and on
their interaction with metal ions. For example, the pike a-PA melting can be described by two
successive two-state transitions with mid-temperatures of 90° and 120°C, suggesting the presence
of two thermodynamic domains. The intermediate state populated at the end of the first transition
was shown to bind Ca?* ions, and was characterized by the largely preserved secondary structure
and increased solvent exposure of hydrophobic groups. Mg2* and Na*-loaded forms of pike a-PA
demonstrated a single two-state transition. Therefore, the mechanism of the PA thermal denaturation
is controlled by metal binding. It ranged from the absence of detectable first-order transition (apo-
form of pike PA), to the two-state transition (e.g., Mg2* and Na*-loaded forms of pike a-PA), to the
more complex mechanisms (Ca2*-loaded PAs) involving at least one partially folded intermediate.
Analysis of isolated cavities in the protein structures revealed that the interface between the CD and
EF subdomains of Ca2*-loaded pike a-PA is much more loosely packed compared with PAs
manifesting single heat-sorption peak. The impairment of interactions between CD and EF
subdomains may cause a loss of structural cooperativity and appearance of two separate
thermodynamic domains. One more peculiar feature of pike a-PA is that depending on its interactions
with metal ions, it can be an intrinsically disordered protein (apo-form), an ordered protein of
mesophilic (Na*-bound state), thermophilic (Mg2*-form), or even of the hyperthermophilic origin
(Ca%*-form).
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1. Introduction

One of the fundamental properties of proteins, referred to as structural or global cooperativity,
is their propensity to undergo concerted or independent conformational changes. Two limiting
cases of structural cooperativity are known. One extreme is represented by small single-domain
globular proteins. Such proteins typically possess rigid tertiary structure that favors cooperative
structural rearrangements in response to changes in their environment, or as a result of the
association with ligands or other binding partners. The melting of these proteins is described
by a well-defined two-state transition, suggesting that a whole protein molecule serves as a
single cooperative unit. Importantly, the reduction of structural cooperativity in small globular
proteins may cause the appearance of partly unfolded intermediate states, ultimately leading
to the formation and deposition of deleterious protein aggregates [1]. The appearance of stable
intermediates in the course of protein folding can slow down the folding process [2].

The opposite extreme is represented by large proteins containing a series of structurally distinct
domains, which fold and unfold independently from each other. This corresponds to a
practically complete absence of structural cooperativity caused by the lack of the inter-domain
interactions. The absence of structural cooperativity (interactions between domains) in large
proteins may be advantageous for the fulfillment of several specific biological functions by
the same protein molecule, as each domain can perform its function(s) (almost) independently
of the nearby domains. Therefore, both extreme cases are important for protein functioning.

In addition to the aforementioned cases, the whole range of intermediate situations can be
realized. Interestingly, some small globular proteins without distinct structural domains were
shown to exhibit a complex multistage thermal denaturation behavior, suggesting the presence
of multiple thermodynamic domains (for examples, see refs. [3,4]). Despite extensive studies,
the factors governing structural cooperativity of small globular proteins are poorly understood
as of yet. Such structural cooperativity is the characteristic feature of the naturally evolved
proteins, as it is generally resistant for reproduction in silico and by the de novo design.

The known cases of the presence of multiple thermodynamic domains within small globular
proteins can be regarded as manifestations of intrinsic properties of their polypeptide chains.
Here we report a case when an additional thermodynamic domain is induced in a small globular
protein, parvalbumin, as a result of metal ion-binding. Furthermore, we show that the
mechanism of thermal denaturation can be controlled by the nature of the metal bound. A
simple structural rationale for the appearance of an extra thermodynamic domain is derived
based on the available structural data for closest relatives of this intriguing protein.

Parvalbuminisasmall (Mr 10.5-12 kDa), acidic (pl 3.9-6.6), and cytosolic protein that belongs
to the EF-hand superfamily of calcium binding proteins (for reviews see [5-8]). Parvalbumin
is a vertebrate-specific protein, detected in fast-twitch muscle cells, specific neurons of the

central and peripheral nervous system, certain cells of several endocrine glands, sensory cells
of the mammalian auditory organ (Corti’s cell), 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) [9], and in the outer hair cells of Corti’s cell [10]. Multiple studies
[9,11-13] demonstrated that parvalbumin serves as a soluble relaxing factor accelerating the
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Ca%*-mediated relaxation phase in the fast muscles. The exact function of parvalbumin in non-
muscle tissues is still mainly hypothetical. Nevertheless, its major role is assumed to be metal
buffering, transport of Ca2*, and regulation of various enzyme systems. Parvalbumin is widely
used as a neuronal marker for a variety of functional brain systems and their circuitries
(reviewed by Heizmann [14]). It is recognized as one of the major animal allergens [15,16].
Due to the presence of cross-reactive IgE epitopes, parvalbumin represents a cross-reactive
fish allergen [17]. The extremely high stability of the calcium-loaded parvalbumin results in
sensitization of patients despite high temperature cooking and exposure to the gastrointestinal
tract environment [18,19].

The parvalbumin family includes two evolutionary distinct sublineages, a and B (the latest
includes oncomodulin), distinguished by isoelectric point (pI>5 for a; pl<5 for p), C-terminal
helix length (with few exceptions, one residue longer in o lineage), and several lineage-specific
sequence identities [20,21]. Fish species have been shown to display up to eleven parvalbumin
isotypes (African catfish [22]), distinct physiological roles of which are unknown as of yet.
The age-dependent expression of PA isotypes was reported in various fish types [22,23]. This
variability was attributed to the difference in the specific requirements for the physiological
adaptations of the propulsive musculature related to fish size and performance (locomation,
feeding, etc) at various developmental stages of the growing fish.

The tertiary structure of parvalbumin is sublineage-independent and conserved over a wide
phylogenetic range, demonstrating a high content of a-helices (six helical segments, labeled
Ato F), limited p-sheet structure, and no disulfides (reviewed in [8]). Parvalbumin consists of
three homologous 30-residue-long subdomains, each containing central loop flanked by short
amphipatic a-helices. The loops between the C and D helices and between E and F helices with
flanking helices form two EF-hand type Ca2*/Mg?*-binding motifs (CD and EF subdomains).
The AB subdomain is non-functional because of a two-residue deletion in the loop between
the A and B helices. It covers the hydrophaobic surface of the functional domains pair, thereby
modulating their calcium affinities [24,25].

In the present work, the detailed studies of thermal denaturation of several representatives of
the PA family revealed that Ca2*-loaded parvalbumins were characterized by a complex
denaturation mechanism, in some cases degenerating to two successive transitions of the “all-
or-none” nature. The exchange of bound calcium ions in parvalbumin for magnesium or sodium
ions changed the thermal denaturation mechanism, converting it into a single two-state process.
Different lines of experimental evidence converged to the conclusion that the intermediate
state, which appeared in the course of thermal denaturation of Ca2*-loaded PA, is stabilized
by Ca2* ions. The analysis of isolated cavities in the protein structure and per-residue order/
disorder predictions showed that the interface between the metal-binding domains of PA
represented a boundary between the two thermodynamic domains.

2. Materials and Methods
2.1. Materials

Northern pike (Esox lucius) skeletal muscle PAs (a and 3 isoforms) were isolated as described
earlier [26-28]. In our previous work, we have found two variants of pike a-PA, aq and ap,
differing by three residues (K27A, L31K, and an extra Leu between K11 and K12, in a4-PA)
[28]. All experiments in the present work were performed with aq-isoform (which will be
referred to as “o-PA”).

The rat (Rattus norvegicus) PAs were purified using the previously described procedure [29]
with the following modifications. Lac-driven expression vectors pRV6 and pLD2 (derivatives
of pBluescript 11 SK™) were used for expression of recombinant rat PAs o and P, respectively.
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The PA plasmids were kindly provided by Prof. Michael T. Henzl (University of Missouri).
The purification scheme for rat a-PA was analogous to that described for the  isoform. E.
coli DH10B cells, carrying the pLD2 expression vector, were grown in LB broth containing
ampicillin (100 pg/ml) at 37°C until the growth (monitored by absorbance at 600 nm) reached
the early stationary-phase. The cells were collected by centrifugation at 4°C, 5000xg for 15
min, and stored at —18°C. The cells were lysed in 50 mM Tris-HCI, 1 mM PMSF, 5 mM DTT,
pH 7.4 by sonication (Branson Sonifier 450) on ice for 30 min. The lysate was kept at 4°C
under stirring for 30 min, followed by centrifugation at 4°C, 5000%g for 30 min. 1 mM
CaCl, was added to the supernatant. The solution was heated up to 80°C, maintained at 80°C
for 3 min, immediately cooled using ice-water bath and centrifuged at 4°C, 15500xg for 30
min. The supernatant was dialyzed (MWCO 3.5 kDa) at 4°C against distilled water, followed
by dialysis against 20 mM HEPES, pH 7.4. The dialyzed solution was loaded onto DEAE-
cellulose column (2.6%10 cm) equilibrated with 20 mM HEPES, pH 7.4. Rat f-PA was eluted
with a linear NaCl gradient (250 ml of 0 mM NaCl — 250 ml of 300 mM NaCl); elution rate
was 1.2 ml/min. The fractions, containing rat -PA, were collected, concentrated via freeze-
drying, followed by dialysis (MWCO 3.5 kDa) at 4°C against 20 mM HEPES, pH 7.4. The
remaining contaminants were removed by gel-filtration on Sephadex G-75 (5%27 cm) in 20
mM HEPES, pH 7.4; elution rate was 1.2 ml/min. The fractions containing rat p-PA were
collected, concentrated via lyophilization, exhaustively dialyzed (MWCO 3.5 kDa) against
distilled water at 4°C, freeze-dried, and stored at —18°C.

The purity of the protein samples was confirmed by native and SDS-PAGE, and checked
spectrophotometrically, fluorimetrically and using circular dichroism spectroscopy. The
parvalbumin concentration was determined spectrophotometrically using molar extinction
coefficients of £259,m=1,810 M~lcm™ and £259,m=2,699 M~1cm™1 for pike PAs o and P,
respectively [30], e280nm=7,115 M~tecm~1 for cod PA (calculated according to [31]),
£258nm=1,600 M~Lem™ and £574nm=3,260 M~1cm™1 for rat PAs a and P, respectively [32].

HEPES, H3BO3 and glycine, ultra-grade, were from Sigma Chemical Co. (St. Louis, MO),
Merck Biosciences, and Fluka, respectively. Tris and MES were purchased from Panreac
Quimica S.A. and Sigma Chemical Co., respectively. Sephadex G-25 and G-75 were products
of Pharmacia LKB and Whatman supplied DE52. Guanidinium chloride was biochemistry
grade from Merck Biosciences; EDTA standard solution was from Fisher Scientific; CaCl,
standard was from Fluka. Ultra-grade NaCl was from DiaM (Moscow, Russia). Molecular
mass markers for SDS-PAGE were purchased from Helicon (Moscow, Russia). Silver staining
of SDS-PAAG 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 nano-pure water (Millipore Simplicity 185 system).

2.2. Apo-form preparation

The purification of parvalbumin samples from calcium ions was performed using the Sephadex
G-25 gel-filtration method described by Blum et al. [33].

2.3. Scanning calorimetry

The scanning calorimetry measurements were carried out on a DASM-4M differential scanning
microcalorimeter (IBI RAS, Pushchino, Russia) at a 1°C/min heating rate in 10-20 mM
H3BO3 or glycine buffer, pH 8.1-9.0. A pressure of 3 bars was maintained in order to prevent
degassing and boiling of the solutions during heating. The protein concentrations were 0.7—
2.6 mg/ml. The heat-sorption curves were baseline corrected. The protein specific heat capacity
(Cp) was calculated as described by Privalov and Potekhin [34]. The partial molar volume of
PA and specific heat capacity of the fully unfolded protein were estimated according to Hackel
et al. [35] and Makhatadze et al. [36], respectively. The temperature dependence of Cp was
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analyzed according to either the cooperative two-state model [1] or the model of two successive
cooperative transitions [2]:

n-Non-D [1]

n‘-Nen-ITon-D, [2]

where N, | and D denote native, intermediate and denatured protein states, respectively; nis a
number of molecules involved in the transition (cooperativity of thermal transition).

The experimental data were fit using Microcal OriginPro 8.0 (OriginLab Corporation,
Northampton, MA) software. The heat capacity changes accompanying transitions were
supposed to be independent of temperature. The cooperative two-state model [1] was described
with the following expression (all values were normalized by protein molecular weight, MW),
derived elsewhere:

AHy+AC, - (T = To) |*
CP:(CP.N +K- Cp.[))/(1+K)+ T(1+K) -K/R, 0
where
AHo—AC, T AC,
K:CXp [% (-[!—0 - 'll') +Tph'l-;-r—0
_ 831
R=rwvs V/(2 - K). (2)

Here, T is absolute temperature; C, p is the specific heat capacity of the denatured protein

linearly extrapolated to the transition region; AHg, enthalpy of protein denaturation at mid-
transition temperature To; AC,, heat capacity change accompanying thermal denaturation.

AHo, ACp, Tg and n were used as the fitting parameters. The analogous expression for the

model of two successive cooperative transitions [2] is:

Cp=(C x+C,, - Ki+C,, - Ki - K2)/(1+K+K - Kp)+
(1+K5)-AH, 2 +2-Ko-AH; -AHp +(1+K1)-Kp-AHp? |
* T2(14K, +K K;)? ] Ki/R

AHizAHO,i+ACp‘i (T - T(),i), i=1,2 )
Ki=exp [ —AH"“_?{CP‘“TOJ (TLO. - %) AlC{"i ln%i] ,i=1,2

_ 831
R=yi757/(g - K), (4)

where i values 1 and 2 correspond to the aforementioned parameters, characterizing the
transitions between states | and N, D and |, respectively. Fitting parameters were AHg
ACypji, Tgjiand n.

The expression for free energy change in the simplest two-state thermal transition is:
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AG(T)=AHy - (1 = T/To)+AC, - T-[ 1 = To/T — In(T/Tp)] )

The uncertainties in determination of AHg and AC,, parameters may reach several percents.
The lowest level of the parameter uncertainties is exemplified by studies of thermal
denaturation of rat oncomodulin using confidence interval analysis [37], showing that
uncertainties of T, AHp and AC,, parameters can be below +0.2°C, +0.5% and +1%,
respectively.

dichroism

Circular dichroism (CD) measurements were carried out with a JASCO J-810
spectropolarimeter (JASCO, Japan), equipped with a Peltier-controlled cell holder. The
instrument was calibrated with an aqueous solution of d-10-camphorsulfonic acid (JASCO)
according to the manufacturer’s instruction. Cuvettes with pathlengths of 10 and 1.00 mm were
used for near- and far-UV regions, respectively. Protein concentrations were 130-220 uM and
6-9 uM for near- and far-UV region measurements, respectively. The small contribution of
the buffer was subtracted from the experimental spectra. Temperature scans were performed
at several wavelengths simultaneously in a stepwise manner, allowing the sample to equilibrate
at each temperature. The average heating rate was 0.5°C/min. Band width was 2 nm, averaging
time 8 s.

2.5. Fluorescence analyses

Fluorescence studies were performed on a Cary Eclipse spectrofluorimeter (Varian), equipped
with a Peltier-controlled cell holder. Bis-ANS fluorescence was excited at 385 nm.
Spectrofluorimetric temperature scans were performed stepwise allowing the sample to
equilibrate at each temperature. The temperature was monitored directly inside the cuvette
using Cary temperature probe (Varian). The average heating rate was 0.5°C/min.

2.6. Estimation of equilibrium Ca2* association constants

The binding of Ca2* ions to pike a-parvalbumin can be successfully described by the sequential
Ca?*-binding scheme [38]:

K;
Protein+Ca>* « Protein - Ca**
K>
Protein - Ca’*+Ca®* & Ca®* - Protein - Ca’*, [3]

where K1 and K are equilibrium Ca2* binding constants for the two active EF-hands of
parvalbumin.

The calcium affinity of parvalbumin was estimated from the 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. Calculations of the Ca2*
association constants from the experimental data were performed after taking into account the
competition between the protein and the chelator for Ca2* ions, which is described by the
scheme [3] with the addition of the equilibrium [4]:

K

EDTA

EDTA+Ca%* & EDTA - Ca%* [4]
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The Ca2* association constant for EDTA, Kgpra, was calculated according to Schwarzenbach
and Flaschka [39]. The data were globally fitted using FluoTitr v.1.2 software [40]. 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.

2.7. Predictions of intrinsic disorder

The predictions of the intrinsic disorder propensity of PAs were performed using the Various
Short-Long, version 1 Predictor Of Natural Disordered Regions (PONDR®-VSL1), which is
an ensemble of logistic regression models that predict per-residue order-disorder [41,42].
Predictor inputs include PSI-blast profiles [43], as well as PHD [44] and PSI-pred [45]
secondary structure predictions.

2.8. Analysis of protein cavities

3. Results

The coordinates of crystal structures of the Ca?*-bound parvalbumins were obtained from the
Protein Data Bank (http://www.rcsb.org/pdb/) [46]: entry code 1PVVA (chain A) — pike ay-PA
[47]; IRWY (chain A) —rat a- PA [48]; 1RRO - rat oncomodulin (B-PA) [49] and 4CPV —
carp 4.25 PA [50]. All water molecules, acetyl groups, and ligands (except calcium atoms)
were removed from the PDB files.

Structural cavities (interior empty spaces that are not accessible to the solvent probe) were
calculated using CASTp online service (http://sts-fw.bioengr.uic.edu/castp/) [51]. The areaand
volume of each cavity was analytically calculated in molecular surface (Connolly’s surface).
A water molecule was used as the solvent probe. Figures were prepared using MolScript
software [52].

3.1. Thermal denaturation of calcium-loaded parvalbumins

The scanning microcalorimetry measurements of Ca2*-loaded forms (1 mM CaCls) of five
parvalbumins from different organisms (cod PA, o and f isoforms of pike and rat PAs) in a
wide temperature range (15-125°C) revealed three protein groups (Figure 1), which
qualitatively differ from each other by their thermal behavior. The first group included both
parvalbumins from rat exhibiting a single heat-sorption peak. Analogous behavior was
previously reported for parvalbumin 111 from mirror carp [53]. The second group included cod
PA and pike a-PA, which unexpectedly showed two distinct heat-sorption peaks, not revealed
so far for any representative of the PA family. Finally, pike B-PA exhibiting fairly complicated
denaturation behavior represented the last group. It possessed a single distinct heat-sorption
peak followed by a notable liberation of enthalpy at temperatures above 100°C, which may
reflect the occurrence of the oligomerization process. The first peak corresponded to the peak
found in the previous DSC study of this PA by Permyakov et al. [54], who did not reveal any
evident processes with negative enthalpy change, possibly because of the narrower temperature
range studied (50°C-105°C).

The thermodynamic analysis of the single heat-sorption peaks observed for Ca2*-saturated rat
parvalbumin isoforms o and B (Figure 1) according to the cooperative two-state model [1]
(Figure 2a, Table 1) revealed that the cooperativity of the thermal transition, n, was less than
1. In fact, n equaled to 0.53 and 0.79 for isoforms o and B, respectively. It is important to note
that n is equivalent to the ratio of van’t Hoff enthalpy to calorimetric enthalpy (AHyH/AHca)),
frequently used in thermodynamic analysis of thermal denaturation transitions. The n value
being different from unity implied that the thermal denaturation of Ca2*-bound rat
parvalbumins did not obey the simple two-state (“all-or-none”) mechanism, and the value being
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below 1 was indicative of an intermediate state formation in the course of denaturation [55].
Similar analysis of a single heat-sorption peak observed for Ca2*-loaded parvalbumin 111 of
mirror carp also gave an n value below 0.9 [53], suggesting the complex mechanism of this
transition.

The multistage character of the thermal denaturation of Ca2*-loaded parvalbumins became
apparent when the melting of pike a-PA and cod PA was analyzed. These proteins clearly
exhibited two separate heat-sorption peaks separated by 20-30°C (Figure 1). Unfortunately,
the DSC data for cod PA were complicated by aggregation (judged from the downward bend
of the DSC curve at elevated temperatures). At the same time, the first (low-temperature)
transition of pike a-PA was fully reversible (upon heating up to 98°C; data not shown), which
made it suited for thermodynamic analysis. The analysis of this peak according to the
cooperative two-state model gave n=0.93, which fall into the range of 0.93 to 0.98, typical for
the “all-or-none” transitions [55]. Although the second (high-temperature) transition of pike
a-PA was not reversible (data not shown), the full heat-sorption curve can nevertheless be
adequately described by the model of two successive cooperative transitions with fixed n=1
(Figure 2b, Table 1), which implies that the full thermal denaturation process can be regarded
as two sequential “all-or-none” type transitions. It should be noted that all thermodynamic
parameters describing the first thermal transition were independent of the model employed ([1]
or [2], fixed n=1; maximum AG(T) is 1.35 J/g (15.9 kJ/mol) at 45°C) because of the large
distance (~30°C) between these transitions. Apparently, similar parameters of the second
thermal transition represented some effective values because of its irreversibility.

The absence of evident protein association/dissociation processes in the course of the
denaturation of pike a-PA was further confirmed by measurements of the dependence of the
DSC heat-sorption curves upon protein concentration. The form of the first heat-sorption peak
and the values of mid-temperatures of the both heat-sorption peaks did not change upon more
than 3-fold increase in PA concentration from 0.7 to 2.6 mg/ml (10 mM CaCly; data not shown).
Furthermore, SDS and native PAGE studies of pike a-PA samples heated to 130°C did not
reveal the presence of protein oligomeric forms or fragments (data not shown).

It should be mentioned that several (at least four) thermal transitions were previously detected
calorimetrically in the 80°C-115°C range for holo-form of pike a-PA under fairly peculiar
conditions: a 20 mM parvalbumin solution with a scan rate of 20°C/min [56]. The authors
suggested that they could correspond to the unfolding of the secondary structure elements. The
manifestation of separate second heat-sorption peak was also reported for Ca2*-loaded
parvalbumin Il of mirror carp, but the appearance of this effect required the decrease of pH
down to 6 or lower [53]. In the case of pike a-PA, the lowering of pH down to 5.2 caused the
approaching of the heat-sorption peaks to each other for about 13°C (mid-transition
temperatures are 96°C and 111°C, for the first and second thermal transitions, respectively;
data not shown). A similar experiment performed for rat p-PA did not reveal an appearance of
any extra heat-sorption peaks (data not shown). Thus, the occurrence of an additional well-
defined heat-sorption peak in Ca2*-loaded parvalbumin was greatly dependent on its amino
acid sequence and environmental conditions.

3.2. Structural features of the thermal denaturation intermediate of Ca2*-bound pike a-PA

The changes accompanying the second thermal transition in pike a-PA (t1»,=120.0°C; Figure
1, Figure 2b) started at temperatures above 100°C, which prevented the studies of this transition
using conventional spectroscopic techniques (without additional pressurization of solution).
Meanwhile, the same circumstance allowed ascribing any observable spectroscopic changes
at temperatures below 100°C to the first thermal transition (t;/2=90.5°C), which made it
possible to characterize the intermediate spectroscopically. Itis of interest to compare structural
properties of this state with properties of the apo-PA lacking rigid tertiary structure [40].
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The CD data shown in Figure 3a indicated that the first thermal transition in pike a-PA was
accompanied by a decrease in absolute values of molar ellipticity ([6]) at 222 nm (far-UV
region) and 268 nm (near-UV), reflecting a loss of a-helical structure and the attainment of
more symmetric and mobile environment of its aromatic residues (9 Phe), respectively.
Extrapolation of the [0] values to 100°C showed that the conversion of PA from the native to
the intermediate state resulted in a decrease of the difference between [0] values for the apo-
(it lacks fixed tertiary structure) and CaZ*-bound protein forms by about 20% and 27%, for
far- and near-UV regions, respectively. Thus, the changes of helical content and symmetry and
mobility of environment of Phe residues that occur in the first thermal transition were relatively
limited, and the most drastic changes seem to occur in the second transition.

The ability of the hydrophobic probes ANS and bis-ANS to change their fluorescent properties
upon association with exposed hydrophobic protein regions is widely used for detection of
kinetic and equilibrium folding intermediates of proteins, which possess an increased (with
respect to both native and fully denatured protein states) affinity to the probes (reviewed in
[57]). The association of bis-ANS with Ca2*-loaded pike o-PA at 30°C caused a characteristic
blue shift (ca 15 nm; Figure 3b) of bis-ANS fluorescence spectrum (Amay) and an increase in
its relative fluorescence quantum yield (Q) for 50% (not shown). The same effects for apo-PA,
exhibiting molten globule-like properties [40], were expectedly much more prominent: 43 nm
blue shift of A nax and 47-fold increase in Q value. The elevation of temperature up to 94°C
was accompanied by continuous dissociation of bis-ANS molecules from apo-PA, as evidenced
by the gradual red shift of bis-ANS fluorescence spectrum maximum (Figure 3b). The same
behavior was observed for Ca2*-bound PA up to ca 70°C, followed by a blue shift of bis-ANS
fluorescence spectrum maximum. The latter process reflected the accumulation of the
intermediate, possessing an elevated affinity to bis-ANS with respect to the native PA.
Furthermore, at 94°C the magnitude of Ay for Ca2*-PA was lower than that for apo-protein
by about 8 nm, which suggested the conservation of some ordered structure in the intermediate
state compared to denatured apo-PA. Thus, the probing of Ca?*-loaded PA using bis-ANS
showed features characteristic for folding intermediates.

The solvent exposure of hydrophobic residues in the course of the first thermal transition,
monitored by fluorescence of bis-ANS probe, was in accord with the pronounced heat capacity
change accompanying the denaturation process (AC,=0.49 J/(g*K)). Meanwhile, the resulting
heat capacity of the intermediate was indistinguishable from that for the apo-form, which
suggested a very high level solvation of the hydrophobic groups, inconsistent with the results
of the near-UV CD and the presence of an additional thermal transition within PA molecule.
This contradiction can be partially resolved assuming that the Phe residues of the intermediate
remain involved into the most stable thermodynamic domain.

Since Ca2* ions bound to pike PA were crucial for the maintenance of integrity of its tertiary
structure [40], the partial loss of rigid tertiary structure in a-PA, which occurred in the first
thermal transition, could be a consequence of the Ca2* ion dissociation. The measurements of
Ca?* affinities of both active EF-hands of pike o-PA as a function of temperature (Figure 3c;
using the model of sequential filling of Ca2* binding sites [3]) revealed their strong decrease
at elevated temperatures (ca 0.65 orders of magnitude per 10°C). Nevertheless, the values of
Ca?* association constants at 95°C (K;=2x10* M1 and K,=1.1x10° M~1) were still
sufficiently high for efficient (>95%) filling of both sites in 1 mM CaCls. Thus, the intermediate
PA state at 95°C was mostly Ca?*-loaded, but further elevation of temperature may cause
Ca?* dissociation due to the strong temperature dependencies of K1 and Kj. In this case, one
can expect to see a shift of the second thermal transition toward higher temperatures upon an
increase of CaZ* concentration because of the filling of the fully denatured protein by Ca2*. In
fact, the increase in calcium concentration up to 10 mM (Figure 4c, Table 1) resulted in a shift
of the second thermal transition toward higher temperatures by 2.0°C, while the first transition
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was unaffected. This fact implied that the fully denatured state of the protein was not saturated
by Ca2* ions at 1 mM CaCl, concentration. Hence, the dissociation of Ca2* ion(s) occurred in
the second transition. It is important to note that the protein saturation with Ca2* ions was not
a prerequisite for the manifestation of the second thermal transition in pike a-PA. Two well-
resolved heat-sorption peaks were observed for the protein with ca 2 Ca2* ions bound per PA
molecule. Furthermore, DSC measurements at calcium to protein molar ratios 1.5, 1, and 0.5
revealed that the decrease in the calcium content resulted in a gradual approaching of the heat-
sorption peaks to each other, which showed that calcium binding was a key factor stabilizing
the intermediate state (data not shown).

3.3. GdmCIl-induced changes of the thermal transitions in pike a-parvalbumin

The DSC measurements on Ca2*-bound pike a-PA in the presence of different concentrations
of denaturant guanidinium chloride (25 mM to 1.6 M of GdmCI) revealed distinct differences
in the sensitivities of the two thermal transitions to the GAmCI action (Figure 4). In the presence
of 85 mM GdmCl, the first thermal transition was downshifted only by ca 4°C, whereas the
second transition shifts toward the first transition by 10°C. The results of the thermodynamic
analysis of the DSC data based upon the model of two successive cooperative transitions [2]
are shown in Figure 4b. The increase in GAmCI concentration up to 250 mM resulted in a nearly
complete overlapping of the transitions. A further increase in the GAmCI concentration was
accompanied by a gradual shift of the single heatsorption peak toward the lower temperatures.
The thermal denaturation at these conditions can be successfully described by the cooperative
two-state model [1] with n lying in the range 0.31-0.73 (Figure 4b). In this sense, the thermal
behavior of pike a-PA in the presence of high GdAmCI concentrations resembled the melting
of both Ca2*-bound rat PAs in the absence of denaturant (n=0.53 and 0.79). Thus, GdmCl
greatly affected the population of the thermal denaturation intermediate of pike a-PA.

The unexpectedly low resistance to the GdmCI action observed for the second thermal
transition of pike a-PA can be easily rationalized in terms of the number of denaturant
molecules bound per a molecule of PA upon protein denaturation (X). According to the
denaturant binding model (see, for example, [58]), a protein molecule unfolds with an
increasing denaturant concentration because more denaturant binding sites are exposed in the
unfolded protein state than in the folded one. The relationship between the X value and the
protein thermal transition sensitivity to denaturant action (dTg/dap, where Ty is the mid-
transition temperature and ap is the activity of denaturant) can be easily derived from van't
Hoff’s law:

X= - (dTy/da,) - a, - AHy/(RT}).

The analysis of the DSC data obtained at the GdmCI concentrations of 25 mM and 85 mM
(Figure 4a,b) according to this equation revealed about 2.0-2.2-fold excess in the X value for
the second thermal transition (equals 1.9 at 85 mM GdmcCl) over the X value for the first
transition. Since the enthalpy of GdmCI binding to both folded and unfolded protein states is
negative [59] (hence, the equilibrium GdmCl association constant decreases with temperature),
the second transition was accompanied by the more prominent changes in the PA accessibility
to the denaturant molecules. The conclusion was further supported by the CD data (Figure 3a),
suggesting relatively small (20-27% of the expected overall denaturation effect) changes in
PA helical content, and the symmetry and mobility of the environment of its Phe residues in
the first thermal transition. At the same time, the heat capacity change in the first thermal
transition was very high, suggesting a pronounced thermally-induced solvent exposure of PA
hydrophobic groups. In all likelihood the difference in the X values for these transitions can
be explained by the preferential binding of GAmCI molecules to the fully unfolded state.
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Since the second thermal transition in pike a-PA was accompanied by the solvation of the
negatively charged Ca2*-binding carboxylates (see above), one could expect an increase in
affinity of the protein to the positive GdmCI molecules. In this case, considering that the
energetics of the charge-charge interactions in pike a-PA is governed by its Ca2*-binding loops
[40], the action of GAMCI on PA stability should be similar to the action of ionic strength. In
fact, both GdmCI (at concentrations below 85 mM) and increased ionic strength influenced
mainly the second thermal transition (Figure 4a and Figure 5b, respectively). The GdmCI-
induced perturbations of the charge-charge interactions in the thermophilic esterases, causing
an increased susceptibility to GdmCI, has been reported previously [60]. Here the same
mechanism may be responsible for the unexpectedly low resistance of the second transition of
pike a-PA to GdmCI.

It should be noted that the addition of GdmCI to pike a-PA switched the protein thermal
behavior in such a way that the GAmCI-destabilized pike a-PA possessed thermal denaturation
similar to that of rat PAs. The destabilizing action of GAmCI on the second thermal transition
in pike a-PA was effectively reversed by means of a 10-fold increase in CaCl, concentration
(Figure 4c, Table 1): in the presence of 85 mM GdmCl the addition of 10 mM CacCl, shifted
the mid-transition temperature (t1;) of the second transition toward higher temperatures by
8.5°C (t1/; is ca 3°C lower than that at 10 mM CacCl; in the absence of GdmCI), whereas the
first transition was virtually unaffected. Thus, the saturation of the EF-hands of PA with
Ca?* decreased the second thermal transition sensitivity to the GdmCI action. This effect can
be regarded as a trivial consequence of Ca?*-induced stabilization of protein structure, or as a
competition between calcium ions and GdmCI molecules for the same binding sites. On the
other hand, the selectivity of the observed effects with respect to the second thermal transition
indicated that at least one of the Ca2*-binding sites underwent structural rearrangement during
this transition. Hence, the intermediate state realized between the two transitions was likely to
be characterized by conserved CD or/and EF domain(s). The conclusion was in line with the
observation that the intermediate state was Ca2*-loaded in 1 mM CaCl, (Figure 3c). The
increased stability of at least one of the PA Ca?*-binding domains could be a reason for the
appearance of an additional thermodynamic domain.

3.4. Thermal denaturation of magnesium- and sodium-loaded forms of pike a-parvalbumin

It was previously shown that metal-free forms of pike PAs are characterized by the absence of
rigid tertiary structure [40]. In contrast to calcium ions, the binding of other physiologically
significantions, Mg?* and Na*, to pike a-PA resulted in the appearance of a single heat-sorption
peak in DSC thermograms (Figure 5a). The stabilizing effect of magnesium binding was
expectedly less pronounced when compared with that of calcium binding (ty; isca 77°Cin 1
mM MgCl,, compared with 90°C in 1 mM CaCl,) and even less pronounced for Na*-binding
(t1/2 is ca 33°C at 300 mM NaCl). Analogous thermal stability changes upon metal ions
exchange were previously observed for other members of PA family (for review, see [8]). For
instance, the ty/, value for pike B-PA was shown to decrease from ca 87°C to 67°C upon
exchange of Ca?* ions (1 mM CaCl,) by Mg2* (8 mM MgCly) [54].

In contrast to the Ca2*-bound form, the thermal denaturation of both Mg?*- and Na*-loaded
forms of pike a-PA was well described by the cooperative two-state model [1] with fixed n=1
(Figure 5a, Table 1). This suggested that melting of Mg2*- and Na*-forms of pike o-PA
represented an “all-or-none” process. Hence, the exchange of Mg?* by Ca?* ions in the PA
binding sites converted a simple “all-or-none” conformational transition into a more complex
denaturation mechanism. Overall, the thermal denaturation mechanism of PA was fully
controlled by the metal ions binding, and ranged from the absence of observable first-order
transition to the complex mechanisms, involving at least one intermediate. The metal-binding
proteins possessing this unique capability have not been reported so far, to the best of our
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knowledge. One more peculiar feature of pike a-PA is that depending on its interactions with
metal ions, it can be an intrinsically disordered protein (apo-form), an ordered protein of
mesophilic (Na*-bound state), thermophilic (Mg2*-form), or even of the hyperthermophilic
origin (Ca%*-form).

It is well-known that remarkable conformational rearrangements have to occur in the EF-hand
site of pike B-PA upon Ca2*/Mg?* exchange [47] to account for changes in the mode of metal
ion coordination, as the coordination number decreased from seven oxygen atoms in the
Ca?*-loaded form to six oxygen atoms in the Mg2*-loaded form. As a result, Glu101 at the
relative position 12 in the EF-hand loop sequence (gateway ‘Glul2”) was shown to act as a
bidentate ligand in the Ca2*-loaded form and as a monodentate ligand in the Mg2*-loaded form.
In the CD site of PA, the homologous residue Glu62 displayed a behavior similar to that of
Glu101 upon Ca?*/Mg?* exchange, based on NMR and FTIR evidence [61,62].

The complexity of the mechanism of thermal denaturation of metal-bound pike a-PA clearly
correlated with the affinity of the protein to metal ions: the higher the affinity, the more complex
mechanism was realized. Evidently, the metal-induced increase in the free energy of the PA
denaturation (8AGe) caused the gradual increase in the mid-transition temperature upon
binding of Na* ions and exchange of Na* for Mg2*. However, further increase of SAGye upon
Ca?* association resulted in a qualitative change of protein thermal behavior. Notably, a further
increase of 5AG e by means of substitution of CaZ* in the binding sites by Th3* did not change
the mechanism of denaturation (data not shown). This conformational switch seemed to be
triggered via the CaZ*-induced stabilization of at least one of the active EF-hand domains of
the intermediate. In this case, the population of the intermediate state should correlate with the
calcium affinity of PA. This hypothesis was supported both by DSC measurements of Ca%*-
loaded pike a-PA in excess of KCI (Figure 5b), and by comparison of calcium affinities of pike
and rat PAs. The electrostatic screening of charge-charge interactions within calcium-binding
sites of pike a-PA [40] caused by the addition of 1 M KCI resulted in the lowering of the
distance between the thermal transitions by 11°C (Table 1). Both Ca2* association constants
(Kq and Ky) for pike a-PA exceeded those for rat a-isoform, especially K, (by an order of
magnitude) [25]. For this reason, higher population of the intermediate can be expected for
pike protein. In fact, the formation of the intermediate state was evidently observed for Ca2*-
loaded pike a-PA (Figure 1 and Figure 2b), whereas the existence of intermediate(s) in the case
of the rat protein can be established only upon a detailed thermodynamic analysis of DSC data
(n=0.53, model [1]). Similarly, the Ca?*-binding constants K; and K for rat o-PA exceeded
those for B-isoform by 1 and 1.5 orders of magnitude, respectively. Therefore, the n value
(being a measure of population of the intermediate state(s) in the course of denaturation) is
much closer to 1 for B-isoform (0.79 versus 0.53 for a-PA). Therefore, the higher the Ca?*
affinity of PA, the higher population of the intermediate in the course of thermal denaturation
can be expected.

3.5. Structural determinants of the thermal denaturation intermediate of Ca2*-bound pike a-

PA

Similar to other representatives of PA family, pike a-PA was characterized by extensive pair-
wise interactions of all subdomains (AB, CD, and EF) (Figure 6), which prevented from
obvious assignment of separate structural subdomain(s) to the thermodynamic domains. The
quantitative estimate of probability of the individual protein residues to be included into fixed
tertiary structure can be achieved via the so-called PONDR score. The scores for various PAs
were assessed on the per-residue basis using the PA amino acid sequences and a computational
tool for the per-residue protein order-disorder prediction (Predictors Of Natural Disordered
Regions, PONDR; see www.disprot.org/predictors.php). The lower the PONDR score of a
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specific residue, the higher the probability of its inclusion into fixed tertiary structure of the
protein.

The appearance of an additional heat-sorption peak in some representatives of PA family
(“group 27, which includes pike a-PA and cod PA) is a consequence of stabilization of the
intermediate state compared with PAs exhibiting single heat-sorption peak in the Ca?*-bound
form (proteins of group 1, which includes carp [53] and rat PAs). The stabilized regions of the
intermediate were expected to possess a relatively higher order propensity. Therefore, the
regions of polypeptide chains of proteins from group 2, whose PONDR scores were lower than
those of the group 1 PAs, were suggested to correspond to the ordered regions preserved in the
intermediate state, and, respectively, were suggested to constitute the most stable of the
thermodynamic domains.

The ranges of possible PONDR score values for PAs of groups 1 and 2, estimated by means
of the well-established predictor of protein disorder PONDR®-VSL1 [41,42], are shown in
Figure 6a. The PONDR analysis revealed two distant sequence regions for PAs from group 2,
possessing PONDR scores essentially lower than those for the group 1: residues 34-40 (7
residues long) and 81-105 (25 residues). The longer region belonged to the EF subdomain
(residues 76-108) and comprised the EF-hand loop 89-100, whereas the shorter region was
located in the loop region between AB and CD domains. Although both regions identified by
PONDR analysis were separated by 40 amino acids, an examination of their spatial location
(Figures 6b,c) showed that they were involved in a direct contact via the residues L34 and A39
provided by the first region. The involvement of the EF-loop into the region likely to be
preserved in the intermediate state is in line with the conclusion derived from experimental
studies of pike a-PA that at least one of the Ca2*-binding domains seems to be conserved in
the intermediate.

Importantly, the average PONDR scores for the regions 34-40 and 81-105 of group 2 PAs
were very close to 0.5 (0.48 and 0.56, respectively), the value corresponding to the boundary
between ordered and disordered conformations. This suggested that these regions of PA per
se cannot confer the expressed thermal stability to the protein. In fact, the PONDR algorithm
was developed upon a consideration of the amino acid sequence alone, and did not take into
consideration the effects potentially induced by the ligand binding. Calcium association
profoundly stabilized PA structure due to the compensation of highly unfavorable charge-
charge interactions of carboxylic groups within EF-hands of the protein [40]. At the same time,
the average PONDR score for whole pike a-PA sequence was 0.54, which shows its overall
instability. Thus, the binding of Ca2* ion(s) was a prerequisite for appearance of
hyperthermostable intermediate in the course of thermal denaturation of pike a-PA. In fact, the
Ca?* affinity measurements (Figure 3c) showed that the intermediate was Ca?*-loaded in the
presence of 1 mM CaCl,.

While the Ca2*-binding may confer stability to CD and EF domains of PA, the electrostatically
inactive AB domain of pike a-PA [40] was intrinsically unstable (an average PONDR score is
0.55+0.11), which suggested the possible disorganization of this subdomain in the course of
the first thermal transition. Therefore, the PONDR analysis showed that the thermal
intermediate of pike a-PA was likely to be characterized by the disordered AB subdomain and
the preserved EF subdomain. It should be mentioned that the average PONDR scores for the
CD and EF subdomains of pike a-PA are 0.47+0.05 and 0.61+0.05, respectively, which
suggested lower intrinsic stability of the EF domain. However, the higher Ca?*-induced
stability increase can compensate the lower stability of the EF domain alone. In fact, taking
into account the sequential mechanism of the filling of PA Ca?*-binding loops (scheme [3])
and the suggestion that the CD site was filled by Ca2* first (reviewed in [8]), it can be concluded
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that, at temperatures above 40°C, the effective calcium affinity of the EF site in pike a-PA was
higher than that of the CD site by about an order of magnitude (Figure 3c).

One of the approaches which allows the discovery of the sites of loosened interactions between
protein residues is an examination of protein cavities (interior empty spaces that are not
accessible to the solvent probe). The results of comparative analysis of the locations of the
cavities within X-ray structures of four PAs belonging to both groups 1 and 2 using CASTp
server [51] are shown in Table 2. Evidently, pike a-PA (cod PA is excluded, since its tertiary
structure is unknown) was notably different from three other PAs analyzed: it contained 9
cavities versus 4-6 in other PAs. Furthermore, the total area (S) and volume (V) of the cavities
in pike a-PA exceed the S and V values evaluated for other PAs by more than 40% (Table 2).
Hence, the overall packing density of pike a-PA was lower than that of other PAs. The V value
of all cavities of pike a-PA corresponded to about 1.5% of the total molecule volume (estimated
according to Hackel et al. [35]), which was comparable with the experimental estimates of
specific volume changes accompanying protein unfolding (see, for example, [63]).

The energetic penalty for the increase in the total volume of cavities within pike a-PA by about
91 A3 (with respect to the average V value for all PAs in group 1) can be estimated from the
known average change in free energy of unfolding for deletion of one methylene group from
hydrophobic core (V =~ 27 A3; —1.30.5 kcal/mol [64]):

AAG, ~ —4.4 + 2 kcal/mol (it corresponds to ca 3.4 methylene groups).

At the same time, the difference between changes in free energy of unfolding, accompanying
two thermal transitions of Ca2*-bound pike a-PA, AG;(T) (i=1,2), can be estimated from the
free energy change of the first transition, AG41(T) (Equation (5)):

AAG_2=AG(T) — AG ((T) ~ —AG (T 2)=6.7 kcal /mol,

where Ty 7 is a mid-transition temperature for the second transition.

The proximity of the absolute values of AAG, and AAG;_,, suggested that the energetic
difference between the two thermal transitions observed for pike a-PA can be successfully
compensated by the energy related to the increased volume of its cavities. Therefore, the
cavities of pike a-PA were likely to be the major factor determining the disturbance of structural
cooperativity (interactions between subdomains) within pike a-PA. The Ca2*-bound forms of
PAs of group 1, displaying the single but complex heat-sorption peak, may also contain two
thermodynamic domains but with similar stabilities.

The analysis of the location of cavities within different PAs shows that they are mostly limited
to the interfaces between subdomains AB, CD, and EF. To compare the cavities belonging to
different subdomain interfaces the S and V values for the following non-intersecting sets of
cavities were estimated (Table 2):

1. Central cavities, formed by atoms provided by at least three out of four helices C, D,
E,and F;

2. Cavities formed by atoms provided by either D and E helices, including DE loop, or
C and F helices (“peripheral cavities™);

3. Cavities formed by atoms provided by B and D helices.
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The combination of the two first groups of cavities characterized the interface between the
Ca%*-binding CD and EF domains (the cavity-forming atoms for pike o-PA are shown in
Figures 6b,c).

The S and V values for the central cavities in pike a-PA (which correspond to about half of the
total values) were more than 2.5- and 1.9-fold higher than the analogous values for other PAs,
respectively. The same values for the peripheral cavities of pike a-PA exceeded those for other
PAs by more than 20%. Overall, the interface between CD and EF subdomains of pike a-PA
was much more loosely packed in comparison with other PAs considered. At the same time,
the parameters of cavities formed by the pike a-PA B and D helices (Table 2) were comparable
with those for other PAs. Interestingly, the number of residues of AB domain and BC loop
(residues 1-38/39) involved in the formation of the cavities was 10 for pike a-PA versus 4 for
carp protein and 3 for both rat PAs. This was due to the presence of an additional cavity located
between helices A and B of the pike protein (S = 26 A2 and V = 12.5 A3). Thus, the cavity
analysis indicated that this part of a protein molecule was somewhat less tightly packed in pike
a-PA compared with the other PAs. Nevertheless, the cavities located at the interface between
CD and EF domains comprised about 85% of the area and volume of all cavities within pike
a-PA. This implied that the contribution of the AB domain into the cavity formation was
relatively limited.

The multiple cavities spread between the EF and CD subdomains of pike a-PA (Figures 6b,c)
were likely to impair the stabilizing interactions between these subdomains, resulting in a loss
of structural cooperativity. The interface between EF and CD domains possibly served as a
boundary between the two thermodynamic domains of the protein. The PONDR analysis
suggested that the most stable of the thermodynamic domains likely contained EF subdomain,
whereas CD and AB subdomains were involved in the least stable thermodynamic domain.
Therefore, the intermediate state was likely to retain the tertiary structure of the EF subdomain,
whereas CD and AB subdomains were likely unfolded in this state. Despite the loss of the rigid
tertiary structure of one of the Ca2*-binding subdomains in the intermediate state, both pike
o-PA sites preserved some Ca2*-binding ability being occupied at 95°C in 1 mM CaCls, (see
above; Figure 3c).

The available literature data further supported the conclusion on the disturbance of the
structural cooperativity between CD and EF subdomains in pike a-PA. On the other hand, both
rat PAs demonstrated the concerted changes of calcium affinity, which suggested the
cooperative behavior of these subdomains (summarized in [25]). The calcium affinities (Kq
and K5) of AB/CD-EF complexes (associated AB and CD-EF fragments) of both rat PAs were
lowered by ca 2 orders of magnitude for both Ca2*-binding sites. A different situation was
observed for pike a-PA: while K, of AB/CD-EF complex was decreased by an order of
magnitude, K, remained virtually unaffected.

4. Discussion

Small globular proteins with rigid tertiary structure typically exhibit a single-step thermal
denaturation transition. Therefore, the complex multistage process observed for Ca?*-bound
parvalbumin, lacking an obvious domain structure, was rather unexpected. The rare examples
of similar denaturation behavior include DNA binding domains (DBDs) of sequence-specific
and non-sequencespecific HMG box proteins (Mr ca 10 kDa; all o class) (reviewed in [3]),
and some of calcium-binding lysozymes (Mr ca 14 kDa; (a+p) class) (reviewed in [4])
Meanwhile, the known cases of manifestation of complex thermal denaturation of small
globular proteins are accompanied by at least one low-temperature (low enthalpy) transition.
As a consequence, some of these proteins are partially unfolded at the lowest accessible
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temperatures [65]. The markedly different situation is observed for highly stable Ca2*-loaded
PA, having only high-temperature transitions.

Our experimental and computational data clearly showed that the “empty” EF-hands of pike
a-PA in the absence of metal cations were intrinsically disordered because of the energetically
unfavorable presence of multiple carboxylic groups within the Ca2*-binding loops, whereas
the metal-induced energy gain caused the profound stabilization of the EF-hands resulting in
some cases in hyperstable structures, which denatured at temperatures as high as 120°C. The
extreme thermal stability was previously reported for another representative of the EF-hand
protein family, timothy grass allergen, Phl p 7, the Ca2*-bound state of which denatured at
temperatures above 120°C [66]. Pike a-PA is a unique protein, since it demonstrated the most
dramatic calcium-induced changes in thermal stability, to the best of our knowledge. It can be
considered as an intrinsically disordered protein in apo-form (no detectable cooperative
transition), an ordered protein of the mesophilic origin (in the Na*-bound state, t1,, was ca 33°
C at 300 mM NaCl), an ordered thermophilic protein (in the Mg2*-bound state, t;/, was ca 77°
C at 1 mM MgCly), or a hyperthermophilic protein (in the Ca*-loaded state, t;;» were ca 90°
Cand 120°C in 1 mM CacCly).

Aneven more impressive feature of pike a-PA not reported for any other metal-binding proteins
was its ability to alter the mechanism of thermal denaturation depending upon the cation bound.
While Na* and Mg?* loaded forms obeyed the simplest two-state unfolding model,
characteristic for small globular proteins, the Ca2*-bound form exhibited two distinct
sequential transitions of the “all-or-none” type, evidencing the presence of two thermodynamic
domains. Other PAs studied also demonstrated the complex mechanism of thermal
denaturation in the Ca%*-bound state, but the overlapping of contributing transitions did not
allow any conclusions to be drawn concerning the exact mechanisms underlying the process.
One could assume that, similarly to pike a-PA, these PAs possessed two thermodynamic
domains, which, in contrast to the pike protein, had very close thermal stabilities.

Different lines of experimental evidences led to the conclusion that the intermediate state
appearing in the course of the thermal denaturation of Ca%*-loaded pike a-PA was stabilized
by the bound calcium ions. Furthermore, an examination of the isolated cavities in different
PAs showed that the manifestation of an additional thermodynamic domain within pike protein
became possible due to the significantly decreased packing density of the interfaces between
the Ca2*-binding domains of the protein. The PONDR analysis of several PAs showed that the
EF-subdomain and nearby BC loop were intrinsically stabilized in PAs exhibiting two heat-
sorption peaks. Hence, both fragments were likely to be largely preserved in the intermediate
states of these PAs. On the contrary, the intrinsically unstable AB domain, not stabilized by
calcium ions, was likely to be melted in the course of the first thermal transition. Apparently,
further residue-specific structural studies are required for elucidation of structural factors
stabilizing the intermediate state.

It is of interest that the presence and the approximate location of two thermodynamic domains
within PA structure could be predicted based on the recent observation that there was a
considerable overlapping between the location of folding nuclei and the location of the so-
called “root structural motifs” [67], which had unique overall folds and handedness [68]. PA
structure included the only type of root structural motifs, a-o corner formed by the two
consecutive a-helices, which were packed approximately crosswise and arranged into left
superhelix. Each of the EF and CD subdomains of PA represented a separate a-o. corner, and
therefore should correspond to two different folding nuclei. Although the presence of two
folding nuclei does not necessarily imply that the protein will possess two thermodynamic
domains, this could take place under the conditions of loosened interactions between the two
subdomains.
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The presence of multiple thermodynamic domains within small globular proteins has been
reported earlier (see above). Actually, the minimal size of thermodynamic domain can be as
small as 20 residues, as exemplified by studies of Trp-Cage, a 20 residue miniprotein [69].
Despite a marginal stability, Trp-Cage possessed a distinct DSC heat-sorption peak. The
example of parvalbumin showed that the additional thermodynamic domain may arise not only
due to excessive protein size, but also due to ligand-induced stabilization of the intermediate
state. In this sense, the thermodynamic domains of PA were not an intrinsic property of its
polypeptide chain, but represented a consequence of the ligand-binding ability of the protein.

Parvalbumin, a soluble relaxing factor of fast muscles, is known to switch between Mg?*-
loaded and Ca?*-loaded states. We show that these PA states were different from the viewpoint
of structural cooperativity of the two thermodynamic domains, which was clearly seen upon
thermal denaturation. Meanwhile, it is unknown whether or not the Ca2*/Mg?2*-switch of
structural cooperativity of thermodynamic domains of PA can manifest itself under
physiologically relevant conditions. This feature of PA could be profitable for association with
some unknown target(s). Recent experimental data (discussed in [28,70]) favor the conception
that at least some of the representatives of PA family may be involved in target recognition
and hence cannot be considered as “pure” metal-buffers.

There exists one more physiologically important aspect of the presented observations. As one
of the major animal allergens [15] and a major allergen in various fish species [16], parvalbumin
loses its allergenicity upon fish canning (exemplified by studies of tuna and salmon [71]), being
resistant to conventional cooking. Since the temperature during industrial canning reaches 120°
C, one can easily rationalize these observations based upon the data presented for pike a-PA
(Figure 1, Figure 2b). The loss of PA allergenicity upon heating up to 120°C could be due to
a non-reversible denaturation in the course of the second thermal transition, while cooking at
100°C should cause only a reversible denaturation of PA. It should be noted that this
explanation is not satisfactory for the most recognized fish allergen, cod PA (Figure 1), due to
its relatively low thermal stability. Meanwhile, the presence of natural osmolytes may confer
the thermal stability, sufficient for resistance to heating up to 100°C.

The abbreviations used are

PA, parvalbumin

a-PA, o isoform of parvalbumin

B-PA, B isoform of parvalbumin

HEPES, N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid)
bis-ANS, 4,4’-dianilino-1,1’-binaphthyl-5,5’-disulfonic acid
EDTA, ethylenediaminetetraacetic acid

GdmCl, guanidinium chloride

SDS-PAGE, sodium dodecy! sulfate polyacrylamide gel electrophoresis
DSC, differential scanning calorimetry

CD, circular dichroism

PONDR, predictor of naturally disordered regions
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Figure 1.

Temperature dependence of specific heat capacity of Ca2*-loaded (1 mM CaCl,) parvalbumins
from different organisms, estimated from DSC data (pH 8.1-9.0, 10 mM H3BO3-KOH).
Heating rate was 1°C/min, protein concentration was 1.4-2.1 mg/ml. Dotted curve corresponds
to the heat capacity of fully unfolded parvalbumins (deviation is within 0.05 J/(g*K)), as
estimated according to Makhatadze et al. [36].
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Figure 2.

Approximation of experimental DSC data (shown in Figure 1) for Ca2*-loaded (1 mM
CacCly) forms of rat B-parvalbumin (a) and a-isoform of pike PA (b) by theoretical curves
computed according to the cooperative two-state model [1] and to the model of two successive
cooperative transitions [2], respectively. The analysis of the data for pike PA was performed
at fixed n value (n=1). The experimental and theoretical curves (Equations (1)—(4)) are shown
solid and dashed, respectively.
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Figure 3.

Thermally induced changes of far- and near-UV ellipticity (a), fluorescence spectrum
maximum position (Amax) Of hydrophobic probe bis-ANS (b) for apo- (1.5-3 mM EDTA) and
Ca%*-loaded (1 mM CaCl,) forms of pike a-PA, and temperature dependence of equilibrium
Ca?* association constants for pike a-PA, estimated from the fit of spectrofluorimetric Ca2*/
EDTA titrations of apo-protein according to the sequential Ca?* binding scheme [3] (c). Buffer
conditions: pH 8.7, 10 mM H3BOs3, or pH 8.0-8.2, 10-20 mM HEPES. K* was used as a
counter ion in the buffer systems. Protein concentrations: 5-10 pM and 130-220 uM for far-
and near-UV CD experiments, respectively; 20 uM and 8-14 uM for bis-ANS and PA
fluorescence measurements, respectively. In the near-UV CD and titration experiments Ca%*
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was depleted using the gel-filtration method described by Blum et al. [33]. Bis-ANS

concentration was 2 UM. The excitation wavelength was 385 nm or 259 nm for bis-ANS and
PA fluorescence measurements, respectively.
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120

The effects of GAMCI on the DSC heat sorption curves of Ca?*-loaded (1 mM CaCl,) pike a-
PA (a), thermodynamic analysis of the calorimetry data (b), and CaCl,-induced reversal of
GdmcCl action (c). Buffer conditions: pH 9.0, 10 mM H3BO3-KOH. Heating rate was 1°C/min;

protein concentration was 1.5—-.1 mg/ml. The numbers indicate

the concentrations of GdmClI

inmM. (a) Dotted curve corresponds to the heat capacity of fully unfolded protein, as estimated
according to Makhatadze et al. [36]. (b) The calorimetric curves exhibiting a single heat
sorption peak (250-1600 mM GdmCl) or two distinct peaks (0-85 mM GdmCl) were
approximated by theoretical curves computed according to the cooperative two-state model

[1] or to the model of two successive cooperative transitions [2]
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thermal denaturation enthalpy (AHgy) and mid-transition temperature (ty/») were estimated
from the fit of the experimental data on figure (a) according to the Equations (1)—(4). The
experimental dependencies of AH¢g upon t1/, were approximated by linear functions. AHq(t)
and AH,(t) denote the lines, corresponding to the first and second thermal transitions in pike
a-PA, respectively.
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Figure 5.

The dependence of the DSC thermogram for pike parvalbumi

n a-isoform on the type of metal

cation bound (pH 9.1, 10 mM H3BO3-KOH or 20 mM glycine-KOH). Heating rate was 1°C/
min, protein concentration was 1.7-2.2 mg/ml. Calcium ions were depleted from PA using the

Sephadex G-25 gelfiltration method described by Blum et al.

[33]. The analysis of DSC data

for metal-bound PA (solid curves) was performed according to the cooperative two-state
model [1] (for Na*- and Mg2*-bound forms) or to the model of two successive cooperative

transitions [2] (for Ca2*-form) using n=1 (Equations (1)—(4);
corresponds to the heat capacity of fully unfolded protein, as
Makhatadze et al. [36].
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PONDR score

0.2 g T — T T T T T

(b) (c)

Figure 6.

The ranges of possible PONDR score values for parvalbumins, possessing either one (PAs of
group 1; dashed curves) or two (group 2; solid curves) heat sorption peaks in the Ca2*-bound
form (a); spatial distribution of atoms forming two types of cavities (shown space-filled in
grey) in pike ay-PA: central cavities (formed by atoms provided by at least three out of four
helices C, D, E, F) (b); cavities formed by atoms provided by either D and E helices (including
DE loop) or C and F helices (c). (a) The group 1 includes two rat PAs and carp protein; group
2 consists of pike aq1-PA and cod protein. The PA sequences were treated using PONDR®-
VSL1 algorithm [41,42], followed by alignment with T-COFFEE online service [72]. The
numbering of residues is based upon the amino acid sequence of pike ay-PA. The residue

Cell Calcium. Author manuscript; available in PMC 2010 September 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Permyakov et al.

Page 30

numbers for fragments of PAs from group 2 having confidently lowered compared to PAs of
group 1 PONDR values (higher probability of being in folded conformation) are marked in
figure (a) and the respective residues are shown on figures (b) and (c) in blue. (b) and (c)
Cavities were calculated from X-ray structure of CaZ*-bound form of pike o,-PA (PDB code
1PVA [47,73], chain A) using CASTp server [51]. Calcium ions are in green. Figures were
prepared with MolScript [52].

Cell Calcium. Author manuscript; available in PMC 2010 September 1.



Page 31

Permyakov et al.

J1918Wedted Bumiy feuonippe ue se pasn si anfeA u
-

L8L0 v20- §'v9e 8’67 4080 NW T g1y
LE50 92'0 eele 0’67 Y oRD NW T n ey
1 850 0'85¢e 6'1C °10BD INW T g aiid
1 170 A 8zt [DBN INW 00€ LENTE]
1 /S0 ¥°05¢€ 708 OB INW T 0 3Yid
[OWPS INW 68
T |orT-| oco |9T6E|S00e| 282 | TeT | ““1oD WwOT 0 id
[OWPS INW 68
T |2z1-| 990 |zese | 009 | ¥'61 | 6702 10e) NW T LENTE]
IOMIN T
L850 1e0- | 910 |0zLe | 909¢e | T2e | sEE 10eD NW T LENTE]
T |160-| 180 | 6765 | L€9E | 662 | €22 108D INW 0T 0 id
T |sc0-| 6v0 |0e6e|9e9e| 0T | vz Yl oRD NW T D aYid
Cdgy [Vdoy | Zop | TOp | Zouy | oy
u SUOINPUOD JUBAIOS | ulslodd
G1+B)/e “Yov SR B/ ‘OHV

‘AloAnoadsal ‘syead uondios-1eay puooss pue
(anresadwisr-moy) 15414 8yl Buiquasap sisreweled ayl 01 Jayal g pue T saxapul ayl “(() pue () suonrenb3) [¢] suonisuel) aaneladood
AAISS320NS OM] JO |apow 8yl 4o ((2) pue (T) suonenb3) [T] |9pow s1e1s-0M] dAIeIad00d 8yl Jayis 0} Buipiodde (G ainbi4 ‘¢ ainbiq
‘2 aInBi4 ‘T aunbi4) eIEp DS WOJ) Pajewnsa ‘sulwngeAled SnoLBA JO UOleINeUsp [ewlayl Buiqriosap sislaweled JlweuApowsay |

Ta|qeL
NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Cell Calcium. Author manuscript; available in PMC 2010 September 1.



Page 32

Permyakov et al.

Gevid
or | 1€ T 09 | 61T 4 0S | 2 T 9zt | Cee 9 dred
vT | 82 T or | 82 [ ee | 19 T 26 | ssT 4 g ey
Gz | os T 6c | 2L [ 9 | 9. T €sT | S92 9 0 1Ry
8T | ve T 9, | evT 4 80T | s6T € STz | 86€ 6 » Mid

SallINed SaIlIARD
a-g Jo 4-0 pue Sa1IARD SoNIARD JO
(W) | QW) | a-a-vio | W) | G¥) | 3-ado | () | GY) [ renusoyo | () | () | 2equnu
A | S |2aunN [ A ]S [squnN| A [ S |squnN | A ]S el | uieioid
'S92118y q pue

g Aq papiaoad swole Ag pawlioy sa1lAed (¢ 182118y 4 pue 9 Jo (dooj 3@ Buipnjour) sed1jay 3 pue q Jayis Agq papinoid swore Aq pawioy

saniAed (€ ‘(4 ‘3 ' ‘D Sa9118y Jnoy Jo 1IN0 8a1y) 1ses] 1e Aq papinoid swole Ag pawlioy) saniAed [eauad (g punoy saniAed [fe (T :SaliAed Jo

S18s BUIMO]|04 BY) 01 puOdsaliod suwnjo9 Jo s1adLy aAIssaaNs ay “[TG] 48A18s d1 SO bBuisn pajewnss ‘(AjaAndadsal ‘AdDy pue OHYT

‘AMYT 'VYAdT S8p02 gad) sutwngpeated gz |d dred pue ¢ pue 0 1eJ ‘Zo ayid JO Sa11IARD JO (BWNJOA ‘A ‘BaJe ‘S) sonsLialoeleyd ayl
¢ 9|qel

NIH-PA Author Manuscript NIH-PA Author Manuscript

NIH-PA Author Manuscript

Cell Calcium. Author manuscript; available in PMC 2010 September 1.



