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The thermal, pH and urea denaturation of the calcium-loaded proiein from whiting has been studied by means of the
intrinsic fluorescence of the single tryptophan residuc. pH denaturation of the protein takes place at a pH greater than 11.5 and
lower than 5.5. Thermal denaturation of the protein occurs at temperatures above 35°C. Urca initiates the denaturation of the
calcium-loaded protein at rather low concentrations (1.0 M). In all cases. whether pH, thermal or urea denaturation.
intermediate states of the protein were recorded. The fluorescence spectra of these intermediates are similar to that of the
protein with one equivalent of calcium bound. Whiting parvalbumin binds calcium in the presence of 7.5 M urca but under
these conditions, calcium-binding constanis of the protein have been shown to be 10210 M ! (in comparison with 5> 10¥
and 6>X10° M ~! in the absence of any denaturing agents).

1. Introduction

Parvalbumins are a well known family of
calcium-binding proteins (A7, 10000-13000) found
in various concentrations in the skeletal muscles of
vertebrates [1]. The crystal structure of carp
parvalbumin at pf 4.25 has been determined and
refined to 1.9 A resolution j2]. The molecule con-
tains six helical regions, designated A—F, and bi-
nds strongly two Ca’*: one in the loop between
helices C and D (CS-site) anid the other in the loop
between helices E and F (EF-site). The structure of
calcium-loaded parvalbumin is rather stable.
According to the fluorescence and circular dichro-
ism data, calcium-loaded parvalbumins retain their
native structure within a wide pH range from
approx. 5 to 10-11 [3,4]. Only weak changes in the
CD spectra in the far-ultraviolet region occur fol-
lowing acidification [4]). This result is in agreement

Abbreviations: SDS. sodium dodecyl sulphate: EGTA. ethyl-
ene glycol bis(B-aminoethyl ether)-N.N’-tetraacetic acid:
Hepes. N-2-hydroxyethylpiperazine-N’-2-ethanesulphonic acid.
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with calorimetric [5] and fluorescence [6] data and
suggests that the protein is still largely ordered at
acidic pH. The near-ultraviolet CD spectra of
parvalbumins are considerably modified at pH
values below 4 [4]. The abrupt changes occurring
around pH 3.7 seem to be due to the titration of
carboxyl groups. Alkaline denaturation (pH>11)
causes an increase in the accessibility of phenyl-
alanine and tyrosine residues to water [3] and a
decrease in the protein affinity for calcium [7].
43Ca-NMR studies, however, indicate that
parvalbumin is able to interact with calcium even
at very high pH values [7].

According to NMR [8), calorimetry [5] and
fluorescence [3,6,9] data, the thermal denaturation
of calcium-loaded parvalbumins occurs at temper-
atures above 50-60°C. The removal of tightly
beund calcium results in a drastic decrease in
protein stability and the enthalpy of denaturation
[5]. According to optical rotatory dispersion data
[10], the helical content of the calcium-loaded
parvaibumin from carp at pJ 3.95 is practically
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invariznt at 25, 50 and 83°C. This indicates that
the tertiary structure of parvalbumin can be sig-
nificantly disordered. as shown by NMR [7,8] and
intrinsic fluorescence [3], without apparent signifi-
cant changes in its secondary structure.

Urea. zuanidine hydrochloride and SDS dena-
ture caicium-loaded parvalbumins [4]. Effects on
the dichroic signals of the calcium-loaded
parvalbumins from pike an whiting are not de-
tected before the urea concentration reaches 4-
5 M. whereas full denaturation occurs in 8 M urea.
Incubation of pike parvalbumin in 0.1M SDS
results in a conformational alteration leading to
exposure of the aromatic side chains to the solvent
but with an almost unchanged helical content [4].
The transition midpoints for the denaturation of
carp parvalbumins by guanidine hydrochloride are
located at 1.8—-2.2 M as shown by CD and fluores-
cence spectroscopy [6].

In this paper. we present the results of a more
detailed study of pH, thermal and urea denatura-
tion. processes of parvalbumin. The aim of the
study was to detect any possible correlations be-
tween denaturation and calcium binding by com-
paring states of the protein induced by denatura-
tion processes with those already published [9]
corresponding to the protein with different calcium
contents. The study was carried out by means of
intrinsic protein fluorescence techniques. Thus far,
most fluorescence studies on parvalbumins have
been carried out on proteins devoid of tryptophan
[3.6]; it 1s well known, however. that the fluores-
cence properties of tryptophan residues are much
more sensitive to the chromophore environment
than those of phenylalanine and tyrosine residues
f11]. For this reason, the existence of a single
tryptophan residue (Trp-102) in whiting
parvalbumin [12] gave us the chance to obtain by
means of its fluorescence more detailed informa-
tion about the physico-chemical peculiarities of
this parvalbumin.

2. Materials and methods

The major component (p/ 4.44) of whiting
(Gadus merlangus) parvalbumin was prepared as

described earlier [12]. The purity of the protein
preparation was checked by polyacrylamide gel
electrophoresis and ultraviolet absorption spectra
carried out with 0.01-0.1 mM parvalbumin solu-
tions in 0.05 M Tris-Hepes buffer, pH 7.5. Protein
concentrations were evaluated spectrophotometri-
cally (Specord UV-VIS, Karl Zeiss, Jena, G.D.R))
using the molar absorption coefficient €4y ., =
7400 M ™! cm™ ' [12]. All chemicals used were of
analytical grade.

Fluorescence spectra were recorded from the
front cell surface using a laboratory-made spectro-
fluorimeter described earlier [13], equipped with
spectral slit widths of about 1 nm. Protein fluores-
cence was excited at 280.4 nm. All fluorescence
spectra were corrected for the instrumental spec-
tral sensitivity. Intensities in corrected spectra are
proportional to the number of photons emitted in
the unit time interval per unit wavelength intervail.
The reproducibility of intensity measurements was
better than 3%. Fluorescence quantum yield was
evaluated by comparing the area under the fluo-
rescence spectrum of a protein sample with that of
an aqueous tryptophan sclution (quantum yield
0.23 at 20°C) [14] of the same absorbance at the
excitation wavelength. Since the fluorescence spec-
trum of the calcium-loaded parvalbumin from
whiting possesses elements of vibrational structure
[9.14], the position of the middle of a chord, drawn
at the 80% level of the maximal intensity (X). was
taken as a measure of the spectrum position. The
intensity of the mercury line emission at 313.2 nm,
scattered by the protein solution at about 150°
from the direction of the excitation beam, was
used to monitor eventual aggregation processes in
protein solutions.

The temperature dependence of fluorescence
spectrum characteristics was investigated using
thermostatically controlled water circulating in the
hollow brass cell-holder. The temperature in the
sample cell was monitored by means of an MT-54
microthermoresistor.

pPH values of solutions were measured to an
accuracy of =0.05 pH units. In titration experi-
ments, pH values were adjusted by means of a
polyethylene rod slightly moistened with either
0.1 N HCl1 or 0.1 N KOH.
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3. Results
3.1. Acidic and alkaline denaturation

Fig. 1 depicts the pH dependence at 20°C of the
fluorescence spectrum characteristics of whiting
parvalbumin (the solution contained approx. 2.8
mol calcium /mol protein). in the pH range 5.5-9.5
all the parameters remain essentially constant. The
30% drop in the quantum yield value between pH
9.5 and 11.5 could be due to titration of the
phenolic -OH group of Tyr-26 [4] and thus eventu-
ally to a long-distance tryptophan-tyrosine energy
transfer. A spectral shift towards longer wave-
lengths along with further reduction of the quan-
tum yield are observed at pH 11.5 [16].

In the acidic part of the plots, two pronounced
changes in fluorescence parameters take place
around pH 5.1 and 3.5. The first probably reflects
some loosening of the protein structure induced by
protonation of carboxyl groups lowering their af-
finity for calcium. This is confirmed by the posi-
tion (326.5 nm) of the fluorescence spectrum at
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Fig. 1. (A) pH dependence of the effective spectrum position,
A. and fluorescence quantum yield, g. and (B) the intensity of
the scattered light of the mercury line at 313 nm for calcium-
loaded whiting parvalbumin. Inset: fluorescence spectra of
whiting parvalbumin at different pH values: (1) pH 7.0. (2) pH
4.3 (intermediate state), (3) pH 2.6. Fluorescence excited at
280.4 nm. Protein concentration 61 pM: 2.8 mol calcium/mol
protein; 20°C.

pPH 4.3 (inset of fig. 1), which indicates a buried
location of the tryptophan residue but in a less
rigid environment than at neuntral pH values [11].
The spectrum coincides practically with that at
neutral pH; i.e.. protein containing only one bound
Ca?™, presumably at the CD-site [9]. This may
mean that the acidic denaturation of whiting
parvalbumin is a complex, successive process be-
ginning with neutralization of the carboxyl groups
in one of the calcium-binding domains. most likely
the EF-loop.

The first spectral change is accompanied by an
isoelectric aggregation of the protein (p/ 4.44)
reflected 1n the increase in light scattering (fig.
1B). The possibility cannot excluded that the
quantum yield enhancement in this pH range is an
artifact produced by light scattering so that any
interpretation from this parameter could be mis-
leading.

The second spectral change (pH 3.75-3.25)
seems 10 be due to a further denaturation stage
induced by protonation of another class of carbo-
xyl group, presumably coordinating calcium at the
CD-site. The position of the protein fluorescence
spectrum at approx. 331 nm and its half-width of
approx. 55 nm at pH 2.6 (inset in fig. I. curve 3)
still suggest an internal location of the tryptophan
residue in the protein molecule [11]. Aggregation
of the protein in this pH region (fig. 1B). though
less intense than that at pH 4. could prevent
transfer of Trp-102 to an aqueous environment.

3.2. Thermal denaruration

Heating of the calcium-loaded parvalbumin
solution (2.2 mol calcium/mol protein. pH 6.7)
from 7.5 to about 55°C does not significantly
change the fluorescence spectrum position (fig.
2A). From 55 to 92°C, a shift of the spectrum by
about 20 nm towards longer wavelengths occurs;
this is accompanied by a slight deflection in the
quantum Yyield versus temperature curve. Fig. 2B
shows a phase plot of fluorescence intensity at 360
nm versus that at 320 nm [9,11). For a simple
transition buiween two states A and B, the phase
plot I(A;) versus I(A,) should appear as a seg-
ment of the straight line joining the points corre-
sponding to the spectra of the extreme states A
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Fig. 2. (A) Temperature dependence of the spectrum position.
A. and the fluorescence quantum yield. g. of whiting
parvalbumin. (B) Fluorescence phase plot corresponding to the
temperature dependence of the protein fluorescence (values of 7
are expressed in relative units). Protein concentration 50 pM;:
2.2 mol calcium/mol protein: 0.05M Tris-Hepes, pH 6.8.
Fluorescence excited at 280.4 nm.

and B. In a more complex case, where the transi-
tion passes through an intermediate D(A =D =B)
differing in its fluorescence spectrum from A and
B, the plot of I(A)) versus I(A,) should show a
more or less pronounced bend depending on the
contribution of the intermediate to the total emis-
sion and on the extent of the difference in its
fluorescence properties from those of A and B.
On the phase plot (fig. 2B), three distinct parts are
visible. The first portion (7.5-55°C), which zan be
extrapolated to the origin, corresponds to ordinary
thermal quenching, without any changes in the
shape or position oi the spectrum, due to the
thermal activation of intramolecular collisions be-
tween excited indole groups and neighboring
quenching groups [11,18]. The second (55-74°C)

and third (>74°C) linear parts seem to corre-
spond to at least two successive conformational
changes affecting the structure around the tryp-
tophan residue. The existence of the two segments
in the phase plot indicates that the denaturation
process passes through an intermediate the maxi-
mal population of which is observed at about
74°C under our conditions. The fluorescence spec-
trum of the protein at 74°C is presented in fig. 3
(curve 2). The parameters of this spectrum corre-
spond to interior localization of Trp-102. The
spectrum is similar to that of the mono-calcium
form of whiting parvalbumin [9]. Since the system
is heated by circulating water, it is not possible to
achieve complete denaturation of the prztzin which
is expected to occur at temperatures above 100°C.
The fluorescence spectrum of whiting parvalbumin
at 93°C 1s also shown in fig. 3 (curve 3). Its posi-
tion (=337 nm) and large width show that it
contains components corresponding to the emis-
sion of a completely exposed tryptophan residue

[11}.
3.3. Urea denaturation

An increase in urea concentration results in
very pronounced spectral changes (fig.4). In 7.5 M
urea, the fluorescence spectrum is shifted towards
longer wavelengths by 33-34 nm in comparison
with that of the native protein, and its position at
353 nm coincides with that of the spectrum of free

Fig. 3. Fluorescence spectra of whiting parvalbumin at different
temperatures: (1) 55°C, (2) 74°C (intermediate state), (3) 93°C.
Conditions as in fig. 2. (4) Fluorescence spectrum of whiting
parvalbumin containing one bound Ca>*.
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aqueous tryptophan [11]. It 1s worth noting that
calcium-free parvalbumin obtained in the presence
of a great excess of EGTA has a fluorescence
spectrum position at 346 nm [9]. This means that
the structure of aqueous calcium-free parvalbumin
is somewhat more compact than that obtained in
the presencce of 7.5 M urea.

The main part of the spectral shift is observed
within the urea concentration range from about 4
to about 6 M. However, the pronounced quantum
yield change, accompanied by a moderate spectral
shift and widening, occurs at lower urea con-
centrations. It has been shown that effects on the
CD signals of whiting parvalbumin are not detec-
table before the urea concentration reaches 4-5 M,
whereas full denaturation takes place in 8 M urea
[4]. The two-step quantum yield decrease (fig. 4B)
indicates the existence of an intermediate state of
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Fig. 4. Dependence of the fluorescence pacamcters of whiting
parvalbumin on urea concentration: (A) spectrum position, A.
and width, AA: (B) fluorescence quantum yicld. Fluorescence
excited at 280.4 nm. Protein concentration 48.8 uM: 2.2 mol
calcium/mol protein; 20°C; 0.05 M Tris-Hepes. pH 7.5.

the protein. The fluorescence phase plot supports
the idea of an intermediate at a urea concentration
of about 3.2 M (fig. 5A). The fluorescence spec-
trum of the protein in 3.2 M urea is shown in fig.
5B (curve2). It is quite similar to that of the
mono-calcium form of parvalbumin in aqueous
solution (curved4) as well as to those of the in-
termediates observed in acidic and thermal de-
naturation processes.

In the urea concentration range 6-7.5 M there
1s another change in the tryptophan environment
which results in a smooth bending of the phase
curve (fig. 5A) and in an increase in the fluores-
cence quantum yield (fig. 4B). The nature of this
change is not sufficiently clear at present. Taiis
could reflect additional binding of urea to the
denatured protein.
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Fig. 5. (A) Fluorescence phase plot corresponding to the depen-
dence of parvalbumin fluorescence on urea concentration
(fig. 4). Values of I are expressed in relative units. (B) Fluores-
cence spectra of whiting parvalbumin at different urea con-
centrations: (1) 0 M, (2) 3.2 M (intermediate state), (3) 7.5 M.
Conditions as in fig. 4. () Fluorescence spectrum of whiting
parvalbumin containing one bound Ca2™.
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Fig. 6. Tirration of whiting parvalbumin with calcium in the
presence of 7.3 M urea. (A) spectrum position. X. and width.
AAX: (B) fluorescence quantum yield. ¢g. Fluorescence excited at
280.4 nm. Protein concentration ([P))=48 pM.

3.4. Calcium binding in 7.5 M urea

The results of the calcium titration of whiting
parvalbumin in the presence of 7.5M urea are
presented in fig. 6. The parameters A, AA and g are
plotted versus the ratio of the total calcium con-
centration ([Cal]) to protein concentration ([P]).
The gradual increase in the calcium concentration
produces changes in the fluorescence parameters

fcal/[7]

2 2.2 38.5 94.0 2480

i320

Fig. 7. Fluorescence phase plot corresponding to calcium titra-
tion of the protein in the presence of 7.5 M urea (fig. 6). Values
of I are expressed in relative units.
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Fig. & Fluorescence spectra of whiting parvalbumin at different
calcium concentrations in the presence of 7.5 M uwrca: (1)
[Ca)/[P)=248. (2) [Ca)/[P]=94 (intermediate state). (3)
[Cal/[P]=2. Conditions as in fig. 6. (4) Fluorescence spectrum
of the protein containing one bound Ca’>” in the absence of
any denaturing agents.

which are opposite to those induced by an increase
in urea concentration. However, we could hardly
approach ihe characteristics of the spectrum inher-
ent to the two-calcium state of parvalbumin in the
absence of urea even at very high calcium con-
centration (= 12 mM). The plots reach a plateau
at [Ca}/{P]= 100. This indicates weak calcium bi-
nding constants under such conditions. Corre-
sponding curves for native aqueous whiting
parvalbumin approach a plateau at [Ca]/[P]=2
[9). Fig.7 presents the fluorescence phase plot
corresponding to the calcium titration of
parvalbumin in 7.5 M urea. The phase plot dem-
onstrates the existence of at least one intermediate
state of the protein during this titration. Its fluo-
rescence spectrum is shown in fig. 8 (curve2). It is
also rather similar to that of the mono-calcium
form of the protein (curve4).

4. Discussion

As shown earlier [9], the tryptophan fluores-
cence spectrum of the calcium-loaded parvalbumin
from whiting at neutral pH values and at room
temperature is positioned at very short wave-
lengths with a maximum at 315.5 nm (fig.5,
curve 1). Such a spectral feature favours the idea
that in the calcium-loaded molecule, Trp-102 is
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buried in a weakly polar and rigid (the dipole
relaxation time is much longer than the fluores-
cence lifetime) environment [11]. Only one protein
demonstrates a shorter wavelength position of the
tryptophan fluorescence spectrum. namely, azurin
[13], which at ordinary temperatures, also has a
well resolved fine structure with a main maximum
at 306.5 nm. In this protein, tryptophan is located
in an unusual environment characterized by the
absence of hydrogen bonding or other polar inter-
actions. However, such interactions (exiplex for-
mation) may exist in whiting parvalbumin. In the
present work, it has been shown that the acidic,
thermal and urea denaturation of whiting
parvalbumin passes through intermediate states
having very similar fluorescence spectra which.
moreover, practically coincide with those of the
mono-calcium form of the protein observed at
neutral pH under non-denaturing conditions. Such
intermediates were no: observed in the case of
alkaline denaturation of the proteins which seems
to be induced by the deprotonation at high pH
values of the key guanidinium group of the single
Arg-75 residue which with Glu-81 forms an inter-
nal salt bridge essential for maintaining the native
structural integrity of the protein [15.16]. Follow-
ing calcium titration, the protein in 7.5 M urea
passes through a state having a fluorescence spec-
trum also reminiscent of that of the mono-calcium
parvalbumin (fig. 8). One can assume that under
these conditions and at a high calcium concentra-
tion, two Ca’* can also be bound to the
parvalbumin molecule as in the absence of urea.
the difference being that the affinities of the two
sites for calcium are much lower and of the order
of 103 and 10> M ~!, respectively.

Such a similarity between the characteristics of
the native mono-calcium form and of the nter-
mediates observed under denaturing conditions in-
dicates that the first stage of the denaturation
processes does not grossly distort the protein
structure but, rather, only diminishes the calcium-
binding affinity of the presumably weaker EF-site.
As a result, at relatively low calcium concentra-
tions, the protein loses one of the bound Ca’* and
undergoes a structural transition (loosening of the
structure), apparently similar under different con-
ditions (temperature, urea or acid). This view is

supported by the fact that even in 7.5 M urea a
great excess of calcium is able to reverse the urea
denaturation effect.

However. it is difficult using fluorescence data
to reveal the exact nature of the parvalbumin
intermediate states only on the basis of the intrin-
sic fluorescence of Trp-102 which is only sensitive
to the organization of its immediate environment
[11]. In the case of carp parvalbumin at p/ 4.25,
the data obtained from scanning calorimetry [5]
have illustrated that at pH<<6. the thermal de-
naturation is rather complex. showing in particular
superimposed peaks of the heat absorption. This
means that despite similar eavironments of Trp-
102. the structure of the possible intermediates of
whiting parvalbumin under various conditions
could be different.

It is interesting to compare the results of our
study of the urea denaturation of parva.oumin
with those of troponin-C [19]. The addition of 6 M
urea in the presence of EGTA causes an unfolding
of calcium-sensitive a-helical regions of skeletal
muscle troponin-C illustrated by changes in the
far-ultraviolet CD spectra. Further titration of the
solution with calcium produces changes in the
ellipticity and tyrosine fluorescence which increase
linearly up to about 1mol calcium added/mol
(instead of 2 mol/mol in the absence of urea). It
was suggested that in the »resence of urea, the
binding of calcium to one, presumably high-affinity
site, produces essentially all the CD and fluores-
cence changes that are observed under native con-
ditions by the binding of two Ca>* /molecule of
troponin-C. The domains affected by urea appear
to be other than those affected by Ca’* and
represent a-helical segments stable in the native
state in the absence of calcium. The calcium-
binding constants of troponin-C in the presence of
urez -wvere not evaluated, but from the figures
presented it is obvious that they are much higher
than those of whiting parvalbumin in the presence
of urea.

Data from scanning microcalorimetry [20] also
suggest increased thermal stability of the troponin-
C structure in comparison with that of whiting
parvalbumin. In a medium containing excess
calcium, the protein structure can be represented
by two practically independent cooperative blocks;
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one containing Ca’* -specific binding sites melts at
about 90°C (like parvalbumin) and the other con-
taining Ca?* - or Mg?* -binding sites remains un-
melted up to 110°C.

Thus, in spite of the structural homology of
troponin-C and parvalbumin, some physico-
chemical properties, namely the stability of their
structures towards urea and thermal denaturation.
are different.
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