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ABSTRACT: Fish allergy is associated with IgE-mediated hypersensitivity reactions
to parvalbumins, which are small calcium-binding muscle proteins and represent the
major and sole allergens for 95% of fish-allergic patients. We performed Fourier
transform infrared and tryptophan fluorescence spectroscopy to explore the
pressure—temperature (p—7T) phase diagram of cod parvalbumin (Gad m 1) and
to elucidate possible new ways of pressure—temperature inactivation of this food h o
allergen. Besides the secondary structure of the protein, the Ca*" binding to aspartic
and glutamic acid residues was detected. The phase diagram was found to be quite
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complex, containing partially unfolded and molten globule states. The Ca®" ions were

essential for the formation of the native structure. A molten globule conformation

appears at S0 °C and atmospheric pressure, which converts into an unordered aggregated state at 75 °C. At >200 MPa, only heat
unfolding, but no aggregation, was observed. A pressure of S00 MPa leads to a partially unfolded state at 27 °C. The complete
pressure unfolding could only be reached at an elevated temperature (40 °C) and pressure (1.14 GPa). A strong correlation was
found between Ca** binding and the protein conformation. The partially unfolded state was reversibly refolded. The completely
unfolded molecule, however, from which Ca®* was released, could not refold. The heat-unfolded protein was trapped either in the
aggregated state or in the molten globule state without aggregation at elevated pressures. The heat-treated and the combined
heat- and pressure-treated protein samples were tested with sera of allergic patients, but no change in allergenicity was found.

ish plays an especially important role in healthy nutrition
because it is a valuable source of proteins, omega-3
polyunsaturated fatty acids, and fat-soluble vitamins. Consider-
ing enhanced fish production and an increase in its
consumption, the recently determined 2% Iprevalence of fish
allergy is expected to increase in the future.' >
The major fish allergen parvalbumin represents an extremely
abundant allergen in many fish species,” and the calcium-bound
form has been shown to be remarkably stable.*® Boiling and
cooking fish can also lead to the formation of molecular
aggregates and enhancement of IgE reactivity as shown for
tuna, salmon, cod, flounder, and whiff.*” Parvalbumin is usually
found in the white muscle of fish® where it is responsible for the
relaxation of muscle fibers. The structure of the parvalbumin
from carp was first determined by Kretsinger and Nockolds in
1973, which was the first EF-hand motif described.” Gad m 1 is
the major allergen of Atlantic cod (Gadus morhua)."°
Gad m 1.01 consists of 109 amino acids. Although the crystal
structure of Gad m 1 is not known, our homology modeling
study showed that the molecule has a globular shape with six
short helices and two active Ca**-binding sites (Figure 1).
Parvalbumin can be regarded as a model Ca**-binding protein.
It is a member of the EF-hand protein family containing a
helix—loop—helix sequence of ~30 amino acids. EF-hand Ca*'-
binding proteins have many important functions such as muscle
contraction,’* calcium buffering in the cytosol,12 and signal
transduction between cellular compartments.'® As calcium can
regulate the function of these proteins, it is important to know
how the Ca®" ions are bound in the different phases.
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Application of high pressure is a rapidly developing field in
protein biophysics and food technology."*™'* From a
thermodynamic point of view, pressure is a thermodynamic
parameter that is as important as temperature, but less widely
studied mainly because of experimental difficulties. Pressure
experiments can reveal other important thermodynamic
parameters of the systems, mostly those connected to volume
changes."”*® Proteins require sufficient conformational flexi-
bility for their functions, and therefore, they are only marginally
stable; ie., the native state exists only within a particular
pressure—temperature range under given solvent conditions. It
is well-known that pressure can act on proteins affecting their
enzymatic activity and quaternary, tertiary, and even secondary
structure.” ~>* Pressure has a pronounced effect on the
aggregation behavior of proteins as well.”*™>® A relatively low
pressure of 100—200 MPa is usually enough to dissociate
oligomers and in some cases aggregates.”>>” Higher pressures
(0.5—1 GPa) can cause denaturation of the protein.zs’29 The
conformations adopted by the protein under different pressure
and temperature conditions can be presented in a p—T
(pressure—temperature) phase diagram. The classical form of
the diagram has an elliptic denaturation boundary, but recently,
the diagram has been generalized and extended by metastable
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Figure 1. Ribbon diagram of the homology model structure of
Gad m 1 (green spheres are Ca*").

states to include intermediate and aggregated states of the
proteins.30

Studies of proteins in solution reported pressure-induced
unfolding in the range of 0.2—1 GPa depending on the actual
protein. The typical unfolding pressure under the physiolo%ical
solution and temperature conditions is around 500 MPa.”’ ~**
Application of high pressure in the food industry is also
becoming accepted as a replacement for heat treatment. This is
advantageous because it is a gentle treatment with regard to
nutrients and vitamins and can also increase the shelf life of
products by inactivating bacteria.

Recently, pressure treatment was successfully aspplied to
unfold Mal d 1, an allergenic protein from apple.”*™” Our
previous high-pressure FTIR (Fourier transform infrared)
spectroscopy study>® showed an irreversible unfolding of
Mal d 1 followed by the aggregation of the protein.

The main aim of this study was to reveal the pressure—
temperature phase diagram of the major cod allergen Gad m 1
to investigate the possibility of its inactivation. We wanted to
conduct a detailed study of secondary structure changes of the
protein as a function of pressure and temperature, thus
elucidating the nature of the phase transitions leading to the
completely unfolded state. The characterization of the
intermediate states and the aggregation of the protein were
also very important from the point of view of irreversibility,
which is a prerequisite for inactivation.

We used in situ high-pressure infrared spectroscopy to follow
secondary structure changes and aggregation simultaneously.
The most important information provided by the infrared
spectrum resides in the amide I band.** This involves mainly
the carbonyl stretching vibrations of the peptide backbone.
Different secondary structures result in quite different amide I
bands. The relative abundance of the secondary structure types
can be obtained from the analysis of the amide I band.**~* The
amide II band reports on H/D exchange. Consequently, it gives
information about flexibility. In the case of parvalbumin, we
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also took advantage of the COO™ antisymmetric stretching
vibration that was ideal for monitoring the Ca** binding of the
protein.%’44

Investigating purified proteins can improve the biochemical,
biophysical, and immunological characterization of food
allergens, which is important in understanding the structural
components of allergenicity and will open new perspectives for
producing weakly allergenic or nonallergenic processed foods.
If the exact structure of parvalbumin is essential for triggering
the allergic reaction, we expect a reduced level of IgE binding
after denaturation of the protein by pressure or temperature
treatment. From the p—T phase diagram, we can see which
pressure—temperature coordinates are appropriate for denatur-
ing the protein. If only the conformational epitopes are
responsible for the allergenicity, denaturing the protein will not
necessarily change the allergenicity.

B MATERIALS AND METHODS

Purification of Gad m 1. Atlantic cod (G. morhua) muscle
was homogenized with 3 volumes of extraction buffer
containing 20 mM Bis-Tris {2-[bis(2-hydroxyethyl)amino]-2-
(hydroxymethyl)-1,3-propanediol}/HCl (pH 7) and 3 mM
NaNj. Proteins were extracted by stirring the homogenate for 3
h at 4 °C. After centrifugation, the supernatant was collected
and filtered through Miracloth and filter papers, subsequently,
to remove cellular debris. The clear solution was applied to a
DEAE (diethylaminoethanol) Sepharose column. After the
solution had been washed with binding buffer [20 mM Bis-
Tris/HCl (pH 7)], elution of bound protein was achieved by a
linear gradient from 0 to 25% elution buffer [20 mM Bis-Tris/
HCl (pH 7) and 1 M NaCl]. Selected fractions were then
loaded onto a gel filtration column. Fractions containing
parvalbumin (Gad m 1.01) were dialyzed against 20 mM Tris/
HCI buffer and stored at —20 °C. The purified protein was
dialyzed against distilled water before lyophilization.

Infrared Spectroscopy. For the infrared spectroscopic
measurements, the sample was dissolved at a concentration of
75 mg/mL in a D,0 buffer containing 1 M Bis-Tris (pD 7) and
0.2 M CaCl,. Heavy water (D,0) was used because H,O has a
strong absorption peak at 1640 cm™', which obscures the amide
I band. The infrared spectra were recorded with a Bruker
Vertex80v (Bruker Optics, Billerica, MA) FTIR spectrometer
equipped with a high-sensitivity MCT (mercury—cadmium—
telluride) detector. Each spectrum was collected by averaging
256 scans at 2 cm ™! resolution. The infrared beam was focused
on a high-pressure diamond anvil cell (Diacell, Leichester,
U.K.) using a Bruker AS2S type beam condenser. The diamond
cell was allowed to reach a pressure of 1.6 GPa under
controlled temperature conditions. BaSO, was used as internal
calibrant to determine the pressure.*> The sample temperature
was controlled with a Eurotherm controller (type 2216e) and
measured with a thermocouple (OMEGA Engineering,
Stamford, CT). The heating rate was 0.2 °C/min.

The pressure- and temperature-induced transitions were fit
with a two-state transition model.*®

Infrared spectra were deconvoluted using OPUS (Bruker)
with the following parameters: Lorentzian band shape,
bandwidth of 5.2 cm™!, and resolution enhancement factor of
1.84. Deconvoluted spectra were fit using Gaussian component
bands to obtain the abundance of the secondary structure
elements. "4

Fluorescence Spectroscopy. Fluorescence spectra were
recorded with a Fluorolog-3 (Horiba Jobin Yvon) spectrometer
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equipped with a homemade temperature controller. Fluo-
rescence spectra were recorded for Gad m 1 as a function of
temperature up to 89 °C. Samples were excited at 290 nm, and
emission was collected at 300—450 nm at 2 nm resolution. The
protein concentration was 50 times lower than in the infrared
measurements.

Homology-Based Model of Gad m 1. Homology
modeling was ferformed with the Swissmodel Protein
Modeling Server**™>° using the structure of whiting parvalbu-
min (1a75B) as a template.

IgE Enzyme-Linked Immunosorbent Assay (ELISA).
Samples were treated in a glass tube sealed with a rubber
stopper. The tube was placed in a thermostated high-pressure
cell (U-103, Unipress, Warsaw, Poland). The pressure was
increased with a Nova Swiss hand pump. Water was used as the
pressure transmitting medium. For the ELISA experiment,
microtiter plates were coated with 1 ug of untreated, heat-
treated (80 °C), or pressure- and heat-treated Ca**-bound cod
parvalbumin per well. After the sample had been blocked with
Tris-buffered saline (TBS) containing 0.5% (v/v) Tween 20
and 3% (w/v) nonfat dry milk, 1:4 diluted individual sera from
fish allergic patients were applied to the plates and the plates
incubated overnight at 4 °C. After being washed, the plates
were incubated with a 1:1000 diluted alkaline phosphatase-
conjugated mouse anti-human IgE antibody (BD Pharmingen,
San Diego, CA) for 2 h at room temperature. Color
development was performed using disodium p-nitrophenyl
phosphate substrate tablets (Sigma-Aldrich, Steinheim, Ger-
many), and the optical density (OD) was measured at 405 nm.
Three sera of nonallergic subjects were used as negative
controls. OD values were counted positive if they exceeded the
mean OD of the negative controls by more than three standard
deviations.

B RESULTS

Effect of Ca’* lons on the Structure of Gad m 1
Parvalbumin under Ambient Conditions. Figure 2 (curve

Absorbance (a.u.)

fit

1670 1620 1570
Wavenumber (cm™)

1720 1520

Figure 2. FTIR spectra of a 75 mg/mL Gad m 1 solution in 1 M Bis-
Tris at pD 7: (A) without added Ca®* at 27 °C and ambient pressure,
(B) with 0.2 M CaCl, at 27 °C and ambient pressure, (C) with 0.2 M
CaCl, at 40 °C and 1.6 GPa, (D) with 0.2 M CaCl, at 90 °C and
ambient pressure, (E) with 0.2 M CaCl, at 90 °C and 200 MPa.

B) shows the amide I, amide II, and COO~ absorption band
region of the spectrum of parvalbumin in a deuterated water
solution (pD 7, 0.2 M CaCl,) under ambient conditions. The
protein has mainly a-helical conformation, which can be seen
from the maximal position (1652 cm™) of the amide I band.
The fit of the deconvoluted amide I band results in 50% helical,
16% disordered, and 34% loop content for the native state
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(Table 1). These values are in good agreement with our
homology modeling results, in which 54 of 109 amino acids

Table 1. Fitted Values for the Secondary Structures Present
in the Different States of Gad m 1 Determined from the
Fitting of the Deconvoluted Amide I Band of the Infrared
Spectrum Using Gaussian Components“’“’47

h(ellix loops and  disordered  intermolecular
protein phase (%)  turns (%) (%) P-sheet (%)
native (N) S0 34 16 -
molten globule (MG) 23 43 34 -
partially unfolded (U’) 4 32 64 -
unfolded (U) - 17 83 -
aggregated (A) - 2 73 25
Ca®-depleted under S 29 66 -
ambient conditions
Ca®*-depleted at high — 18 82 -

pressures

contribute to helical structures and the helices are connected by
large loops. The amide II band is weak but visible at 1546 cm™.
It overlaps with the antisymmetric stretching band of the
COO™ groups, giving a broad band at 1549 cm™. The presence
of the amide II band also indicates that the protein has its
folded structure, where the hydrogens in the protein interior
are not accessible to water; therefore, they are not exchanged
during the time between the preparation of the solution and the
first measurement. The peak at 1583 cm™" and part of the peak
at 1549 cm™ come from the antisymmetric stretching
vibrations of the COO™ groups of glutamic and aspartic acid
residues, respectively. The 1549 cm™' peak can be separated by
deconvolution into two components: the amide II band appears
at 1546 cm™, although the COO™ component is at 1553 cm™".
The latter can be attributed to the bidentate Ca®"-bound
COO™ groups of the glutamic acid residues.** Because the
absorption band of the bound COO™ overlaps with the amide
II band, it is difficult to estimate the ratio of the contributions
from the bound and free carboxylic acids from the spectrum.

The infrared band of Gad m 1 parvalbumin shows a broad
amide I band with a maximal position of 1646 cm™, in the
absence of Ca®* (Figure 2A). This position and also the fitting
results (Table 1) indicate a dominantly unordered rather than
folded helical structure. The loss of the amide II peak in the
case of the Ca**-depleted protein indicates also the absence of a
rigid inner core. In the Ca”-depleted protein, all exchangeable
hydrogens can be reached by the solvent during the first
minutes of the sample preparation, indicating that there are no
buried hydrogens. The amide band of the infrared spectrum
underwent a further broadening transition at 200 MPa. The
fitted amide I band indicates an unfolded structure above 200
MPa (Table 1). No further conformational transitions were
found in this sample up to 1.1 GPa.

The p—T Diagram of Ca?*-Bound Gad m 1 Parvalbu-
min. Temperature Unfolding. All the following experiments
were conducted with the protein containing Ca**, which was
ensured by the addition of 200 mM CaCl, to the solution.

Figure 2D shows the characteristic infrared bands at high
temperatures. Both the maximal position (1647 cm™) and the
fitting results show that the majority (73%) of the protein is
unfolded (Table 1). The peaks at 1618 and 1688 cm™ are
specific for intermolecular antiparallel S-sheets>' and show that
25% of the amino acids take part in the stabilization of the
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aggregates at 90 °C, which is well above the unfolding
temperature.

Looking at the characteristic spectrum features (maximal
position of peaks, peak width, and integrated area under peaks)
as a function of temperature, we can find two transitions
(Figure 3). At the first transition, the amide II band disappears

We also followed temperature unfolding at atmospheric
pressure by fluorescence spectroscopy, using as a reporter the
tryptophan residue of the protein. The maximal position of the
emission spectrum shifts to higher wavelengths in two steps.
The first transition has nearly the same midpoint (49.2 °C)
(Figure 4) as in the case of the infrared measurements (50 °C).
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Figure 3. Temperature denaturation of Gad m 1: (A) amide I band
maximal position, (B) integrated area under the COO™ and amide II
peaks, and (C) integrated area under the peak at 1619 cm™!
(aggregation peak) as a function of temperature [(4) forward, (O)
backward, and (—) fitted sigmoid curves].

and a small shift in the amide I band position can be observed.
Curve fitting to the deconvoluted spectra shows a decrease in
the helical content and an increase in the disordered and loop
content (Table 1). At 75 °C, the amide I band position shifts
further to the value characteristic of the unordered con-
formation. Following the area of the aggregation band at 1618
cm™!, we obtained a sigmoid curve, which shows a slightly
lower transition point (73.5 °C) compared to that of the amide
I maximal position. As one can see in panels A and C of Figure
3, both the unfolding transition and the aggregation are
irreversible.

We investigated the heat denaturation at different pressures.
Performing the temperature experiment at 200 MPa, we
observed both of the transitions that can be detected without
pressure, and unfolded protein structure was clearly identified
above the second transition (Table 1). The increased pressure,
however, prevented the unfolded protein from aggregating
(Figure 2E). Also, the temperatures of the two transitions were
considerably lower (40 and 62.5 °C) compared to the values
observed at ambient pressure.
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Figure 4. Normalized fluorescence intensity of Gad m 1 at ambient
pressure and 30 (A), 67 (M), and 89 °C (@) and 30 °C after the
treatment (<>). The inset shows the maximal position of the
fluorescence spectra of Gad m 1 as a function of temperature.

At the temperature of the unfolding transition, irreversible
changes took place in the spectra. Neither the maximal position
nor the signal amplitude returned to the original value after the
sample had been cooled to room temperature.

Pressure Unfolding. Around room temperature (27 °C), we
can see one transition at 520 MPa. The amide I band becomes
broader at this pressure (Figure S), and the amide II band

48
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Figure S. Pressure-induced transition of Gad m 1. Width of the amide
I band as a function of pressure.

disappears. Simultaneously, the amide I band shifts from the a-
helical position (1652 cm™) toward lower wavenumbers.
Although the plot of the amide I position versus pressure does
not show a steplike character, this can be understood from the
complex nature of the amide band that consists of several
overlapping bands characteristic of different secondary
structures in the proteins. The position of the amide I band
above the transition is somewhere between the wavenumbers
characteristic of a-helical and unfolded conformations. It has to
be noted that the maximal position of the amide I peak shifts
further above 520 MPa, approaching the value characteristic of
the unfolded protein. This suggests that the protein loses most
of its remaining structural elements at pressures between 520
and 1200 MPa. This is supported by the fitting results, showing
a small amount remained helical and an increased loop content
besides the major unfolded component (Table 1). At 40 °C, we
found the same transition with a slightly different transition
pressure: the midpoint of the broadening of the amide I band is
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at 480 MPa. The amide I maximal position shows a sigmoidlike
transition at this temperature too, but the transition pressure is
slightly lower than that obtained from the bandwidth. Above
this transition, the maximal position shifts further and after a
second transition at 1.14 GPa reaches 1644 cm™’, characteristic
of the totally structureless unfolded state, containing only a
small amount of loops besides the disordered chain (Table 1).
At 55 °C, the pressure of the first transition is at 220 MPa. At
this temperature, we start the pressure experiment already from
a molten globule phase because we are above the first
temperature transition [SO °C (see the previous section)]. A
second transition to the completely unfolded state can be seen
at 890 MPa.

Ca’* Binding in the Different Conformations. Figure 6
shows the antisymmetric stretching mode vibrations of the

A
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. ‘ . 30°C
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Figure 6. Deconvoluted FTIR spectra of the COO™ band region of
Gadm 1. (A) T =27 °C. Pressures from bottom to top: 20, 40, 45, 95,
120, 14S, 180, 2185, 270, 300, 350, 380, 440, 510, 570, 655, 710, 810,
890, 970, 1065, 1140, 1210, 1380, 1410, 1520, and 20 MPa backward.
(B) At ambient pressure. Temperatures from top to bottom: 28, 29.8,
34.3, 39, 43.8, 48.5, 53.3, 58.1, 62.8, 67.5, 71.9, 75.4, 76.9, 78.6, 80.7,
83.5, 87.7, 90, and 30 °C backward.

COO™ group that are sensitive to Ca** binding. The
deconvoluted spectra of the pressure experiment at 40 °C
can be seen in Figure 6A. The 1554 cm™' peak corresponds to
the bidentate binding of Ca** to the Glu residues. This is
slightly higher than the value of 1553 cm™ found by Nara and
Tanokura,** but the shift can be explained by the slightly higher
temperature (40 °C in our case compared to room temperature
in their experiments). The broad feature at lower wavenumbers
corresponds to the remainder of the amide II band. The 1585
cm™! band consists of two vibrations (1579 and 1590 cm™),
which can be separated only by stronger deconvolution or
second-derivative peak determination. These reflect the
vibrations of the aspartic acid residues. It is known that the
frequency of the COO™ antisymmetric vibration downshifts
because of a bidentate binding, although the unidentate binding
causes an increase in frequency compared to that of the free
state.”> We assign therefore the higher component to the
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unidentate binding of the Ca*" and the lower component to the
free aspartic acid residue. It has to be also noted that the free
aspartic acid in the middle of a folded protein does not
necessarily have the same vibrational frequency as the free
aspartic acid in an aqueous environment. The same applies for
the COO™ group of the glutamic acid residues. A closer look at
the three-dimensional (3D) structure arising from the
homology modeling shows that many of these residues are
able to bind to other charged residues or create a hydrogen
bond inside the protein, which makes the signal of the “free”
COO™ groups unpredictable. During the transition at 480 MPa,
the intensity of the 1590 cm™' component decreases and that of
the 1579 cm™' component increases. Simultaneously, the
intensity of the 1554 cm™ band decreases and the absorbance
increases at 1565 cm™!, which is known to be characteristic of
the free glutamic acid residues. At the highest pressures (>1.14
GPa), the COO™ region shows one band at 1573 cm™), which
can be decomposed by deconvolution to the components at
1565 and 1575 cm™), both characteristic of the free residues.
This is consistent with the above finding that the protein
reaches the fully denatured state only at 1.14 GPa.

During the temperature experiment at atmospheric pressure,
we can clearly see the disappearance of the amide II peak at 50
°C (Figure 6B). Above this temperature, the protein retains a
molten globule structure. In this state, a strong absorption band
was observed at 1553 cm™!, which shows that the Ca®" ions are
connected to the Glu residues by a bidentate coordination. The
COO vibration of the aspartic acid is shifted, however, toward
lower wavenumbers, indicating the loosening of the binding
site. This peak disappears at the heat unfolding temperature (75
°C). Simultaneously, the absorbance increases at 1565 cm™,
characteristic of the free glutamic acid residues. The peak
reflecting the aspartic acid binding also changes during the
temperature experiment. The amount of the free component at
1576 cm™" increases in two steps during the two transitions.

Reversibility. After a pressure cycle at 27 °C, the protein
rebinds Ca®" when returning from the partially unfolded state.
The amide I position is equal to the initial value, indicating the
refolding of the protein. At 40 °C, returning from the totally
denaturated state, the protein does not regain its initial
structure: neither the conformation nor the Ca®" binding is
fully reversible. Both the position of the amide I band and the
COO™ region of the spectrum resemble those of the Ca’'-
depleted protein. The protein did not rebind Ca®" after a heat
cycle when aggregation took place. The protein unfolded at 200
MPa did partially refold and rebind the Ca** again, resembling
the Ca®-depleted case.

If the heat cycle reaches only 55 °C, where the molten
globule structure can be found, neither the structure nor the
Ca’ binding is reversible. The protein again resembled the
Ca’-depleted case, which is highly similar to the molten
globule state itself.

Allergenicity Test. Three samples were tested for IgE
binding by an ELISA using sera from six fish-allergic patients:
(1) untreated control, (2) heat-treated serum (80 °C for 30
min) at atmospheric pressure, and (3) heat-treated serum at a
high pressure (80 °C and 0.3 GPa). In this last case, the sample
was pressurized to 300 MPa, heated to 80 °C, kept there for 30
min, cooled (still under pressure) to 30 °C, and depressurized.
Compared to the untreated allergen, the treated protein
exhibited neither weakened nor enhanced IgE binding (Figure
7).

dx.doi.org/10.1021/bi300403h | Biochemistry 2012, 51, 5903—5911
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Figure 7. IgE reactivity of six fish-allergic patients to untreated, heat-
treated (80 °C), or pressure- and heat-treated cod parvalbumin. IgE
binding was assessed by an ELISA.

B DISCUSSION

Effect of Ca’* lons on the Structure of Gad m 1
Parvalbumin under Ambient Conditions. The predom-
inantly a-helical secondary structure obtained from the analysis
of the FTIR spectra agrees well with the structure obtained by
homology modeling.

Because parvalbumin binds two Ca®* ions in its native state,
it is an interesting question the extent to which this structure is
destabilized in the absence of the Ca** ions. Analyses of the
amide I and II bands (Figure 2A,B and Table 1) show that the
protein structure is less ordered in the absence of Ca** ions.
Besides the smaller amount of the ordered structures, a
loosening of the tertiary structure is indicated by the absence of
the amide II band for the Ca**-depleted protein. Permyakov et
al. also observed that the Ca**-depleted pike parvalbumin was
in an unordered state.>> There is, however, a sign that this
structure was not a completely unordered one because a
transition with further broadening was observed at 200 MPa.
Because of this fact and the fitted results (Table 1), we
concluded that the sample without addition of Ca** is in a
partially unordered state containing traces of ordered structure,
which are lost at 200 MPa. Similar behavior was reported in the
case of troponin C in which the apo state was denatured by a
quite low pressure (<100 MPa), but higher hydrostatic pressure
combined with urea was needed to denature the Ca®*-bound
protein.54_56

Temperature Unfolding. The first transition at S0 °C
leads to a molten globule structure. The flexibility of the
protein increases during this transition, which can be judged
both from the fitting results and from the disappearance of the
amide II band. The amount of loops and turns also increased,
and H/D exchange was completed here because of a loosening
of the tertiary structure, which made the protein interior
accessible for the solvent. This is also supported by the
tryptophan fluorescence measurements showing a transition
toward longer emission wavelengths at the same temperature.
The protein has a single tryptophan residue, which is in the
middle of the folded structure according to homology
modeling. This buried state is confirmed by the low emission
maximal position (322 nm). The red shift above S0 °C means
an increase in the polarity of the protein interior, indicating the
loosening of the tertiary structure, i.e., appearance of a molten
globule structure in accordance with the infrared results.
Because the transition temperatures are the same within the
experimental error in the infrared and fluorescence experi-
ments, we can conclude that in this transition the concentration
of the protein does not play any role. The 50-fold higher
concentration in the infrared spectroscopic measurements
could influence the transition only if intermolecular interactions
were involved. In the native to molten globule transition,
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however, only the internal conformation of the protein
changes; therefore, this transition is concentration-independent.
Similar consideration applies for the other transitions, which do
not involve aggregation of the protein.

The denaturation at 75 °C is accompanied by aggregation of
the protein. The lower transition temperature of the
aggregation process compared to the secondary structure
changes can be explained by a strong interaction between the
unfolding and aggregation processes. The loosened structure of
the molten globule allows some hydrophobic surfaces to be
exposed to the solvent. These hydrophobic surfaces could
initiate the aggregation of the protein, when they have lost their
secondary structure at high temperatures. This is enough to
trigger the nucleation, but unfolding of all of the proteins is
needed for the completion of aggregation. The fluorescence
experiments show slightly higher unfolding temperatures than
infrared absorption. This is a result of a slower aggregation in
the samples that contained a 50-fold lower protein concen-
tration. This temperature shift also supports the idea of the
strong coupling between unfolding and aggregation. Fitting of
the sigmoid curves described in Materials and Methods
assumes a reversible transition, while both unfolding and
aggregation are irreversible. This is why the fitted transition dH
values are not used in the analysis.

Pressure influences the intermolecular interactions strongly;
therefore, studying temperature-induced denaturation at
elevated pressures is of sspecial interest. Pressure was shown
to prevent aggregation,”®” which is characteristic of the heat
denaturation at ambient pressure. Performing the heat
treatment at >200 MPa allowed us to achieve the true unfolded
state of the protein without it being disturbed by aggregation
(Table 1).

Pressure Unfolding. There are many debates about
whether a pressure-unfolded protein loses its secondary
structure completely or whether secondarsy structure elements
remain in the pressure-unfolded form.”*® According to our
measurements, although the majority of the secondary structure
was lost, a completely unfolded state could not be reached at
room temperature. As one can see from the position of the
amide I band, this partially unfolded state is drifting toward the
direction of the completely unfolded one, but the completely
unfolded state is not reached at room temperature. The
solidification of water happens at room temperature around 1
GPa in pure water, while between 1 and 1.5 GPa for protein
solutions depending on the type and concentration of the
protein limiting the achievable pressure range. Fortunately, the
freezing pressure of water increases with temperature (not
shown), which allows higher pressures to be reached in the
liquid phase at higher temperatures. The transition to the
completely unfolded state occurred at 1.14 GPa and 40 °C, and
at 890 MPa and 50 °C. Using the results of the combined
pressure and temperature measurements, we constructed the
p—T phase diagram of the protein (Figure 8). This contains a
molten globule (MG) and a partially unfolded (U’) state
besides the usual native (N) and unfolded (U) states. The
difference between U and U’ can be shown both by the
different secondary structure compositions (Table 1) and by
analyzing the Ca®* binding ability of the protein.

Ca?* Binding in the Different Conformations. As one
can see from the FTIR spectra under ambient conditions,
parvalbumin needs Ca** for its native folded structure.
Parvalbumin binds the Ca®" ion by the COO™ groups of its
aspartic and glutamic acid side chains. There are 11 aspartic
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Figure 8. Pressure—temperature phase diagram of Gad m 1.
Abbreviations: N, native; MG, molten globule; A, aggregated; U,
unfolded; U’, partially unfolded.

acid and 8 glutamic acid residues in the protein. The two Ca*'-
binding sites are composed of residues 51—63 and 91—102.°
According to the 3D structure obtained from our homology
modeling (Figure 1), five aspartic acids and three glutamic acids
participate in Ca®* binding. A similar binding pocket has been
found by Nara and Tanokura** in pike parvalbumin.

Analysis of the antisymmetric vibrations of the COO™ groups
leads to the conclusions that the Ca**-binding site is
destabilized during the (partial) unfolding of the protein
caused by pressurization. The most probable explanation is that
one of the two binding sites is destroyed during the native (N)
— partially unfolded (U’) transition but a certain amount of
Ca’" is still bound to the protein. Ca®* binding to a mostly
structureless protein sounds unusual, but a similar observation
was reported by Dzwolak and Taniguchi for a-lactalbumin.>
The larger amount of loops in U’ compared to the U state also
supports the idea of a preserved Ca**-binding site. In the U’
state, the COO™ peaks of Glu and Asp residues shift further in
the direction of the wavenumbers characteristic of the free
residues, indicating further distortion of the remaining binding
site. Contrary to the partially unfolded U’ state, in the fully
unfolded state no Ca’" ion is bound to the protein. This
underlines the importance of the close correlation between the
loss of the second Ca®" ion and the total unfolding. The
complete unfolding is only possible if the most strongly bound
Ca’ ion was released by the protein.

In the heat-induced molten globule state, both binding sites
are conserved, but their distortion is clear from the change in
the COO™ vibration of the aspartic acid residues, which
contribute the Ca**—protein interaction by weaker, unidentate
binding. At the same time, bidentate glutamic acid binding is
not affected, indicating that both Ca®" ions are still bound to
the molten globule. In the unfolded aggregated state, the free
component dominates. The same applies to the aggregation-
free unfolded state at elevated pressure and temperature (>200
MPa and >75 °C).

Reversibility. The irreversibility of the structural changes is
crucial for the inactivation of the allergen. The pressure-
induced transition from the native to partially unfolded state is
quite reversible. If, however, the completely unfolded structure
was reached (e.g, at 40 °C), the protein cannot refold and
rebind both Ca®* ions and becomes trapped in the Ca*-
depleted state. These differences between the reversibility of
the structural changes further support our distinction between
the U and U’ structures.

As we pointed out earlier, the temperature-unfolded states
were not reversible regardless of the presence or absence of
aggregation. It is not surprising that the aggregation of the
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protein is irreversible, but the reversibility of the non-
aggregating denaturations depends on the actual pathway on
the p—T diagram. If the molten globule state is reached, the
protein is trapped there; otherwise, it refolds into the Ca**-
depleted form. Therefore, we can conclude that the N - MG
transition is irreversible from the point of view of both
conformation and Ca** binding ability. The pressure—temper-
ature pathways of the treatment for the allergenicity experi-
ments were also based on the irreversibility of temperature
unfolding.

Allergenicity. Heat-treated or pressure- and heat-treated
Ca’*-bound cod parvalbumin showed no reduced level of IgE
binding. Although the infrared experiments showed irreversible
changes for these treatments in both secondary structure and
Ca’ binding ability, these changes seem not be enough for
reducing the allergenicity of Gad m 1. One reason could be the
lower concentration used in the ELISAs or the partial refolding
of the protein during the time course between the treatment
and the allergenicity experiments. It has been shown® that
ethylene glycol bis(f-aminoethyl ether)-N,N,N’,N’-tetraacetic
acid treatment of carp parvalbumin decreases the allergenic
activity. This means that binding of at least one of the Ca®* ions
is needed for full allergenicity. In our case, the protein probably
refolded partially, recovering the structure of one of the Ca*'-
binding sites together with the epitope.

H CONCLUSION

We determined the pressure—temperature phase diagram of
Gad m 1 revealing five distinct states. Besides the normally
observable native, unfolded, and aggregated states, we obtained
a molten globule and a partially unfolded state possessing
different Ca®* binding capacities. The pressure-induced partially
unfolded state appeared to be reversible, although the molten
globule showed a local energy minimum conformation that
does not refold to the native state. The Ca**-binding site is also
distorted in the molten globule state. The Ca®'-depleted
protein (without addition of Ca**) also showed a conformation
with reduced stability, which has properties similar to those of
the molten globule. The treated proteins exhibited neither
weakened nor enhanced IgE binding.
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