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ABSTRACT: Thermal denaturation of equinatoxin II (EqTxII) in glycine buffer solutions (pH 1.1, 2.0, 3.0,
and 3.5) and in triple distilled water (pH 5.5-6.0) was examined by differential scanning calorimetry,
UV and CD spectroscopy and fluorescence emission spectroscopy of the added hydrophobic fluorescent
probe ANS. At pH 5.5-6.0 and at temperatures below 60°C, the protein exists in a native state
characterized by a pronounced tertiary structure, aâ-rich secondary structure and a low degree of ANS-
binding. At higher temperatures, it undergoes a two-state conformational transition,(∆H°)VH ) (∆H°)DSC,
into an unfolded state, which is characterized by a complete collapse of its tertiary structure and an
incomplete denaturation of its secondary structure. At acidic pH, the EqTxII temperature-induced
conformational transition appears at lower temperatures as non-two-state transition accompanied by the
formation of an intermediate state which shows characteristics of molten globules, i.e., absence of defined
tertiary structure, increase inR-rich secondary structure, and high affinity for ANS. At pH 2.0, the low-
temperature initial state of EqTxII is already partially denatured; the tertiary structure is partially disrupted,
and a pronounced inequality (∆H°)VH > (∆H°)DSC is observed. At pH value of 1.1 and below 60°C,
EqTxII exists in a stable acid-denatured compact state which shows all the characteristics of a molten
globule, which even at 95°C is not completely denatured. According to numerous studies on the pore
forming toxins, such acid-denatured compact states may contribute to the protein’s ability to penetrate
into biological membranes.

Recent in vitro studies of unfolding of some globular
proteins have indicated that various non-native protein states
may be involved in physiological processes such as protein
penetration into biological membranes(1) or ligand delivery
to target cells via transport proteins(2). Studies on pore
forming toxins have shown that penetration of these proteins
into membranes is associated with significant conformational
changes(3, 4). These changes may also be induced by
lowering the pH and involve the partial denaturation of the
proteins into intermediates which have a well-preserved
secondary structure and no or almost no tertiary structure
and are relatively compact. Such intermediates are com-
monly called molten globule states(5-7). Although a
detailed mechanism of protein penetration into membranes
remains unknown, evidence has accumulated indicating that
a local acidic pH near the negatively charged membrane
surfaces provokes a partial denaturation of protein molecules
thus enabling penetration into the membranes(8-10).
Equinatoxin II (EqTxII)1 is a globular protein that exhibits

an ability to bind to natural or model lipid membranes and

form pores selective to cations(11). It consists of 179 amino
acid residues (M ) 19.8 kDa). Our recent investigation of
pH-induced conformational transitions of EqTxII monitored
by measuring its intrinsic fluorescence and the fluorescence
of added hydrophobic fluorescent probe ANS (1-anilino
naphthalene-8-sulfonic acid ammonium salt) has shown that
EqTxII exhibits the highest stability in pure aqueous solutions
(pH 5.5-6.0) while at low pH it shows some characteristics
of a compact acid-denatured state(12). Several studies
performed on other pore-forming proteins have indicated that
loosening of their tertiary structure induced by lowering pH
leads to an enhanced membrane penetration(4, 13, 14). To
see if such pH-induced partial denaturation has a similar
effect on the pore forming ability of EqTxII molecules, one
should first provide a reliable structural description of
intermediate states formed at the acidic unfolding of the
protein. In other words, prior to studying the EqTxII
membrane penetrating ability, one should investigate its
unfolding equilibria, identify and characterize the intermedi-
ates between its native and denatured states, and estimate
their relative population.
The present work was aimed at learning more about the

native and low-pH conformations of EqTxII with a hope of
extending our understanding of the protein unfolding path-
ways involved in the process of its insertion into membranes.
Thermally induced conformational transitions of EqTxII in
solutions of varying pH were investigated by UV spectros-
copy, DSC, far- and near-UV CD spectroscopy, and fluo-
rescence of the added fluorescent probe, ANS. The results
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provide strong evidence that at low pH values or high
temperatures EqTxII exists in a molten globule state char-
acterized by a well-pronounced non-nativeR-rich secondary
structure, a complete absence of tertiary structure, and a high
affinity for ANS.

MATERIALS AND METHODS

Materials. EqTxII was isolated from the sea anemone
Actinia equinaL. (15), stored as a powder at-10 °C, and
used without any further purification. Protein solutions for
UV spectroscopy (c ) 0.14 mg/gsolution) and fluorescence (c
) 0.05 mg/gsolution) measurements were prepared daily from
defrozen aqueous stock solutions by diluting them into either
triple distilled water, 0.1 M glycine buffers of appropriate
pH or in 6 M Gu-HCl. The external fluorescence probe ANS
(1-anilino naphthalene-8-sulfonic acid ammonium salt) was
a product of Fluka (Buchs, Switzerland) and was used
without any additional purification. More concentrated (c
≈ 1 mg/gsolution) EqTxII solutions for the CD measurements
in the far- and near-UV range and for the DSC measurements
were prepared directly by dissolving the protein in the
appropriate solvent.
UV Spectrophotometry.UV absorbance measurements

were performed in a Cary 1 UV-visible spectrophotometer
(Varian, Australia) using matched 1 cm path length quartz
cuvettes. The spectrophotometer was equipped with an
electrothermal temperature controller which provides thermal
programmability for the multiple cell unit so that the
absorbance measurements can be performed directly as a
function of temperature. Equilibrium thermal unfolding of
EqTxII was monitored by recording absorbance at 232 nm
as a function of temperature over the appropriate temper-
ature range (in most cases 20-90 °C). The wavelength
232 nm was chosen because of the maximal difference
between the denatured and the native protein spectra
observed at this wavelength. The heating rate was 0.5°C
min-1.
Circular Dichroism (CD) Spectropolarimetry. CD experi-

ments were performed on an AVIV Model 62A DS Spec-
tropolarimeter (Aviv Associates, Lakewood, NJ) equipped
with a thermoelectrically controlled cell holder. CD spectra
of EqTxII were measured in the far-UV range (200-250
nm) in 1 mm path length quartz cuvettes and in the near-
UV range (250-300 nm) in 10 mm path length quartz
cuvettes. Spectra were measured at 5°C intervals in the
temperature range from 0 to 95°C with an averaging time
of 3 s, an equilibration time of 3 min, and a band width of
1 nm. The mean residue ellipticity, [Θ], was calculated by
using the relation

in which Mo is the mean residue molar mass,Θλ is the
measured ellipticity in degrees,c is the concentration in
grams per milliliter, andl is the path length in decimeters.
The value of Mo) 110.6 g/mol was obtained from MW of
EqTxII (19.8 kDa) by dividing it with the number of
aminoacid residues (179) constituting the EqTxII molecule.
[Θ]λ was expressed in degrees squared centimeters per
decimole.
ANS Fluorescence Measurements.All emission fluores-

cence measurements were performed in a Perkin-Elmer

Model LS-50 Luminescence spectrometer with a water
thermostated cell holder using a 1 cmpath length quartz
cuvette. Slit widths with a nominal band-pass of 5 nm were
used for both excitation and emission beams. An excitation
wavelength of 365 nm was used, and the ANS emission
spectra were recorded in the range from 380 to 600 nm. The
temperature range in which all the spectra were taken at 5
°C intervals was from 3 to 83°C, and the scan rate was 250
nm/min. The temperature in the cell was measured with an
Fe/Fe-constantan thermocouple. Changes of the ANS emis-
sion spectra induced by the EqTxII conformational changes
were followed by measuring the emission intensity at 483
nm at constant concentrations of EqTxII (0.05 mg/gsolution)
and ANS (0.126 mg/gsolution) at which the protein was always
saturated with the bound ANS(12). Measuring the ANS
fluorescence (bis-ANS) to follow the intermediate states of
another globular protein, DnaK, at higher temperatures had
been successfully used before(16).
Differential Scanning Calorimetry.DSC experiments

were performed in a micro-DSC Calorimeter from Setaram
(Caluire, France) described elsewhere(17). The sample and
the reference cells of optimal operational volume of 0.8 mL
were used. Calibration was performed with special cells
using the Joule effect. Thermograms of EqTxII solutions
in triple distilled water (pH 5.5-6.0) and in 0.1 M glycine
buffers with pH 3.5, 3.0, and 2.0 were recorded over the
temperature range between 20 and 80°C at a heating rate
of 0.5 °C min-1. The base lines obtained by vessels filled
with equal quantities of solvent were subtracted from the
thermograms of protein solutions to obtain the typical
corrected thermograms.

RESULTS AND DISCUSSION

UV Spectroscopy.Comparison of the absorbance spectra
of EqTxII in its native (triple distilled water; pH 5.5-6.0 at
room temperature) and denatured (thermal or chemical
denaturation) form revealed major changes in absorbance at
wavelengths around 230 nm and not in the 270-300 nm
wavelength region where characteristic peaks in absorption
spectra of tyrosine and tryptophane residues occur(18, 19).
As shown by Donovan(20), spectral changes occurring in
the 230 nm region result primarily from changes in the
environment of the aromatic chromophores indole and phenol
and are proportional to the absorbance changes observed near
280 nm. This notion is consistent with our results which
have shown that the values of thermodynamic quantities
describing the process of EqTxII thermal unfolding deter-
mined from melting curves at 232 nm (c) 0.14 mg/gsolution)
and at 293 nm (c ) 0.43 mg/gsolution) coincide within the
experimental error. As a consequence of these findings, most
of the UV-melting curves were measured at 232 nm (Figure
1).
Assuming the EqTxII thermal unfolding to be a two-state

transition, the standard apparent or van't Hoff enthalpy of
unfolding, (∆H°VH)UV, was determined from the slope of
the E vs T curve at the temperature of the half-transition,
Td
UV, using the relation(21)

in which fD is the degree of the protein denaturation,

(∆H°VH)UV ) 4R(Td
UV)2(δfDδT)

T)TdUV
(2)

[Θ]λ )
MoΘλ

100cl
(1)
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expressed in terms of the measured absorbance,E, as

whereN and D refer to the native and denatured state,
respectively. The derivative (δfD/δT)Td in eq 2 can be
approximated with the reciprocal value of the width of the
temperature interval∆T in which the transition is completed,
and the van’t Hoff equation then simplifies to

The calculated values of (∆H°VH)UV and the correspond-
ing values ofTd

UV for the thermally induced conformational
transitions of EqTxII in pure water and buffers at pHe 3.5
are collected in Table 1. They clearly show that EqTxII is
thermodynamically most stable in pure water at pH 5.5-
6.0 and that on lowering pH its stability decreases. This
decreasing is manifested as a pronounced drop ofTd

UV and
the corresponding (∆H°VH)UV values. In solutions of higher
ionic strength (buffers or simple salt added) and pH above
3.5, EqTxII tended to aggregate already at low temperatures.
Therefore, its melting curves were studied only in pure
aqueous solutions or in buffers with pHe 3.5. The
reversibility of denaturation under the conditions employed
was high (above 90%).
As can be seen from Figure 2, the values of (∆H°VH)UV

obtained in EqTxII solution of different pH increase linearly
with the temperature of half-transition,Td

UV. Assuming a

two-state transition, the slopeδ(∆H°VH)UV/δTd
UV coincides

quantitatively with the apparent standard heat capacity
difference between the denatured and native state of the
protein, (∆C°p)

app (22). The value of (∆C°p)
app determined

in this manner was 5.8 kJ K-1 mol-1.
Far- and Near-UV CD Spectroscopy. The change in

secondary structure of EqTxII as a function of temperature
and pH can be followed by measuring the protein’s far-UV
CD spectra (Figures 3-5).
In the triple distilled water (pH 5.5-6.0), EqTxII shows

at temperatures below∼70 °C the far-UV CD spectra with
a minimum at 217 nm (Figure 3a) characteristic of proteins
containing predominantlyâ-sheet structures(23). We ana-
lyzed the CD spectra with a computer program CONTIN
(24, 25)which calculates the secondary structure as a linear
combination of spectra from a database of 16 proteins with
known conformations including four proteins denatured to
random conformation(26). On the basis of this analysis,
we estimated that EqTxII contains at 0°C about 12% of
R-helix, 42% of â-sheet, 15% ofâ-turn, and 31% of
remainder structure. The calculated amount ofR-helix is
lower than was estimated before(27).
Decreasing the pH to a value of 2.0 at temperatures

between 0 and∼40 °C has almost no effect on the EqTxII
far-UV CD spectra, indicating the stability of itsâ-rich
structure (Figure 4a). Further decreasing of pH in this
temperature range, however, leads to a pronounced increase
of the protein’sR-helical content reflected in significant
changes of its far-UV CD spectra (Figure 5a, appearance of
minima at 209 and 217 nm). Using the already mentioned
CD spectral analysis, we calculated that at 0°C and pH 1.1
EqTxII contains about 18% ofR-helix (50% increase), 35%
of â-sheet, 12% ofâ-turn, and 35% of the remainder
structure. Similar conformational changes were also ob-
served when protein solutions at pH between 5.5-6.0 and
2.0 were heated from∼(40-70) to 95 °C. As shown in
Figures 3a, 4a, and 5a, the EqTxII far-UV CD spectra switch
at high temperatures from a shape characteristic of proteins

Table 1: Thermodynamic Characteristics of EqTxII Denaturation at Different pH Obtained by UV Spectroscopy, DSC, and Near-UV CD
Spectroscopy

pH

aUV T d
UV

(K)

aDSCT d
DSC

(K)

anear-UV CDT d
CD

(K)

bUV (∆H°VH)UV
(kJ mol-1)

bDSC (∆H°VH)DSC
(kJ mol-1)

cDSC (∆H°)DSC
(kJ mol-1)

bnear-UV CD (∆H°VH)CD
(kJ mol-1)

2.0 313.1 317.6 311.5 293 240 117 264
3.0 325.5 328.1 324.6 363 380 310 370
3.5 332.2 335.1 332.5 402 403 371 350
5.5-6.0 338.6 339.0 339.2 441 430 441 433
a Estimated relative error) (0.1%. b Estimated relative error) (10%. c Estimated relative error) (10-20%.

FIGURE 1: Absorbance of EqTxII at 232 nm,E232, as a function of
temperature in triple distilled water at pH 5.5-6.0 (1) and glycine
buffers at pH 3.5 (2), 3.0 (3), 2.0 (4), and 1.1 (5);c ) 0.14 mg/
gsolution.

fD )
E(T) - EN(T)

ED(T) - EN(T)
(3)

(∆H°VH)UV ) 4R(Td
UV)2

1
∆T

(4)

FIGURE 2: The van’t Hoff enthalpy of conformational transition,
(∆H°VH)UV, as a function of the temperature of the half transition,
Td
UV, determined from the UV-melting curves of EqTxII in

solutions of pH between 2.0 and 5.5-6.0 (Table 1).
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with a high content ofâ-structures into a shape that closely
resembles the one observed at pH 1.1 and low temperatures
and is typical of proteins rich inR-helix structures. At pH
1.1, whereR-helix-rich structure of EqTxII is observed
already at 0°C and is stable up to 60°C, increasing of
temperature above 60°C results in further transition from

R-rich into remainder-rich structures (isoelliptic point at 207
nm). Comparison with the EqTxII far-UV CD spectrum
observed in 6 M Gu-HCl shows, however, that even at the
lowest measured pH and the highest measured temperature,
EqTxII retains secondary structure elements (Figure 5a).
Changes in the protein tertiary structure can be followed

from its CD spectra in the near-UV range where the CD
signals originate mainly from aromatic amino acids and
cystine(28). In the triple distilled water (pH 5.5-6.0) below
∼60 °C, EqTxII with its five tryptophane, 11 tyrosine, and
five phenylalanine residues shows a pronounced minimum
at 270 nm (Figure 3b), which indicates the existence of a
defined tertiary structure(6, 7, 29). Lowering the pH causes
the extent of the tertiary structure to decrease until at pH
1.1 it disappears completely at all measured temperatures
as deduced from the comparison with the corresponding CD
spectrum determined in 6 M Gu-HCl (Figure 5b). Such a
total collapse of the EqTxII tertiary structure is observed also
at pH between 2.0 and 5.5-6.0 if the temperature of the
protein solution is sufficiently increased (Figures 3b and 4b).
When heated above∼65 °C at pH 5.5-6.0, the EqTxII
tertiary structure collapsed in a sharp two state manner
(Figure 6d) and the transition is completed around 80°C.
Similar changes in the near-UV CD spectra of EqTxII
induced by increasing the temperature were observed also
at pH 3.5 (data not shown) and 3.0. In these solutions, the
intensity of the minima at 270 nm occurring at low
temperatures remained unchanged while the temperature-
induced collapse of the protein tertiary structure was shifted
to lower temperatures (Figure 6c). At pH 2.0, however, the
intensity of the low-temperature minima at 270 nm in near-
UV CD spectra became less pronounced (Figure 4b),
suggesting that at this pH the EqTxII tertiary structure is
partially disrupted already at low temperatures. In the

FIGURE 3: Temperature dependence of the far-UV CD spectra
(panel a) and the near-UV CD spectra (panel b) of EqTxII in pure
aqueous solution at pH 5.5-6.0.

FIGURE 4: Temperature dependence of the far-UV CD spectra
(panel a) and the near-UV CD spectra (panel b) of EqTxII in glycine
buffer solution at pH 2.0.

FIGURE 5: Temperature dependence of the far-UV CD spectra
(panel a) and the near-UV CD spectra (panel b) of EqTxII in glycine
buffer solution at pH 1.1.
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temperature range for which the UV (Figure 1) and DSC
melting curves (Figure 7) have shown characteristic confor-
mational transitions, the corresponding CD melting curves
(Figure 6) show only disruption of tertiary structure while
the secondary structure remains more or less unchanged.
Assuming that the observed collapse of the EqTxII tertiary
structures can be described as a two-state process, we
determined the corresponding van’t Hoff enthalpies of
transition. Using the same procedure as with UV melting
curves (eqs 2-4), we obtained (∆H°VH)CD values from the
near-UV CD melting curves presented in Figure 6. They
agree well with the corresponding van’t Hoff enthalpies
obtained from UV and DSC measurements (Table 1),
suggesting that the three methods applied here monitor the
same conformational transition of EqTxII.
Analysis of the measured CD spectra clearly shows that

the equilibrium unfolding of EqTxII induced by lowering
pH or increasing the temperature is accompanied by a
formation of thermodynamically stable intermediates with
only secondary structure and no tertiary structure which,

therefore, may be classified as molten globule states(5-7,
30). As can be seen from Figures 3a, 4a, and 5a, the
intermediates exhibit far-UV CD spectra more typical of
R-helical conformations, in contrast to the toxin native state
rich in â-structures.
Recent studies of conformational transitions of numerous

proteins at high temperatures, in denaturant solutions, or at
low pH have shown that different proteins may undergo
transitions through different intermediate states depending
on the protein architecture and on the agent inducing its
conformational transition. In their investigation of the
membrane insertion of the pore forming domain of colicin
A, van der Goot et al.(1) have shown that at 25°C this
pore forming domain undergoes a native to molten globule
transition at acidic pH. From the far- and near-UV CD
spectra, they concluded that below pH 4 the colicin A pore-
forming fragment adopts the features of the molten globule
state with a rather compact and well-pronounced secondary
structure but no rigid tertiary structure. They have suggested
that such intermediate states provide the best pathway for
making a protein structure competent for a penetration into
membranes. Similar results have been reported on another
pore-forming protein, diphtheria toxin, for which it has been
shown that its low-pH and high-temperature conformations
are closely related. They both appear as partially denatured
states which, according to their intrinsic fluorescence and
far- and near-UV CD spectra, contain only a considerable
secondary structure(3). Furthermore, by applying molecular
dynamics simulation to investigate the acid and thermal
denaturation of barnase, Caflisch and Karplus(31) have
shown that the unfolding behavior of the protein at low pH/
low temperatures closely resembles the one observed at neu-
tral pH/high temperatures. Recently, Chalikian et al.(32)
have constructed a phase diagram characterizing conforma-
tional transition ofR-chymotrypsinogen A (R-ctg A) as a
function of pH and temperature. They found that below pH

FIGURE 6: Far- (b) and near- (0) UV CD melting curves of EqTxII in glycine buffers at pH 1.1 (panel a), pH 2.0 (panel b), pH 3.0 (panel
c), and in the triple distilled water at pH 5.5-6.0 (panel d); [Θ] is given in degree squared centimeters per decimole.

FIGURE7: Corrected DSC thermograms of EqTxII in pure aqueous
solution at pH 5.5-6.0 (1) and in glycine buffers at pH 3.5 (2),
3.0 (3), and 2.0 (4);c ) 1.2 mg/gsolution.
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3.1 the heat-induced denatured state ofR-ctg A is molten
globule, lacking the native-like tertiary structure, while
exhibiting significant amounts of secondary structure. Fi-
nally, our observation of an accumulation ofR-helical
intermediates during the unfolding of EqTxII is supported
by the results of similar study performed onâ-lactoglobulin,
a predominantlyâ-sheet protein. In the recent study of
refolding kinetics of theâ-lactoglobulin, Hamada et al.(33)
have reported that the folding of this protein follows a
nonhierarchical pathway characterized by folding intermedi-
ates that contain non-nativeR-helical structures.
DSC. It is well-known that calorimetric measurements

provide a direct, model-independent determination of transi-
tion enthalpies. A result of such a measurement, obtained
after the baseline subtraction, is a so-called thermogram
characterized by a peak centered at the temperatureTd

DSC at
which the ratio between the native and denatured form of
the protein is supposed to be 1:1. The area under such curve
is proportional to the enthalpy of denaturation atTd

DSC,
(∆Hd)DSC, and assuming that this enthalpy does not depend
on the protein concentration, the measured(∆Hd)DSC equals
the standard enthalpy of denaturation, (∆H°d)DSC. Analysis
of DSC-thermograms also leads to a model-dependent
van’t Hoff standard enthalpy of conformational transition,
(∆H°VH)DSC, expressed for a two-state model as(22)

whereM2 is the protein molecular weight and (∆cP)Td is the
difference between the measured specific heat capacity of
the protein atTd

DSC and the average value of the specific
heat capacities of the native and denatured protein extrapo-
lated to theTd

DSC.
Corrected thermograms of EqTxII in pure aqueous solution

and in glycine buffers with pH 3.5, 3.0, and 2.0 are shown
in Figure 7. The calorimetric scan of EqTxII in pure water
is characterized by a single peak centered at about 66°C,
which, with increased acidity, shifts to lower temperatures
and becomes less pronounced. At pH<2.0, the peak
becomes to low for a reliable determination of the mea-
sured heat effects. The values ofTd

DSC, (∆H°d)DSC, and
(∆H°VH)DSC for the EqTxII solutions in triple-distilled water
(pH 5.5-6.0) and in glycine buffers with pH 3.5, 3.0, and
2.0 are collected in Table 1. TheTd

DSC and (∆H°VH)DSC
values are in good agreement with the corresponding values
obtained from the UV and CD-melting curves which means
that by monitoring the absorbance at 232 nm and ellipticity
at 270 nm, although they reflect only local conformational
changes, we actually monitored the global denaturation event.
A comparison of model-dependent (∆H°VH)DSC and

model-independent (∆H°d)DSC values provides some insight
into the nature of the transition to which they refer(21, 34).
If they are equal within the experimental error, as in the case
of thermal unfolding of EqTxII in pure aqueous solutions at
pH 5.5-6.0 and in buffer at pH 3.5 (Table 1), then the
observed transition proceeds in a two-state manner, i.e., the
concentration of intermediates between the native and the
denatured state is negligibly small. On the other hand, if an
inequality of the van’t Hoff and calorimetrically determined
enthalpies of transition is observed, as with EqTxII at low
pH, then the melting of the protein molecules cannot be
considered as an “all or none” process. A possible cause of

the observed (∆H°VH)DSC > (∆H°d)DSC for EqTxII at pH 2.0
and 3.0 could be that at low pH the initial state of the protein
is already partially denatured. In that case, the measured
DSC heat effect would not include the contribution to the
heat of transition that results from the pH-induced transition
from the initial low-temperature state at pH 5.5-6.0 to the
initial low-temperature state at pH 2.0. The corresponding
van’t Hoff enthalpy of transition, however, calculated from
the UV, DSC, or CD melting curves, assumes that the protein
undergoes a full native to denatured state transition. There-
fore, the approximation of the derivative(δfD/δT) used in
eqs 4 and 5 will be overestimated, and consequently, the
calculated van’t Hoff enthalpies of transition will appear
larger than the measured (∆H°d)DSC values. Such explana-
tion seems to be in-line with our CD results which definitely
show that at pH 2.0 the EqTxII tertiary structure is partially
destroyed already at 0°C.
Experimental determination of (∆H°d)DSC, Td

DSC, and the
difference in standard heat capacities between the protein’s
denatured and native state,∆C°P, allows us to calculate the
temperature dependence of the standard enthalpy,∆H°d,
standard entropy,∆S°d, and standard Gibbs free energy of
denaturation,∆G°d. Assuming that in the temperature range
between 20 and 80°C, ∆C°P is constant and independent of
the media in which the EqTxII conformational transitions
take place and providing that an aggregation of the unfolded
protein molecules at higher temperatures does not occur, one
obtains(22, 35)

Due to the difficulties associated with the experimental
determination of∆C°P with our DSC instrument, a value of
5.8 kJ mol-1 K-1, determined by UV spectroscopy, was
employed in these calculations (Figure 2). This value,
although determined at 10 times lower toxin concentration,
is in good agreement with the experimental value of 5.7 kJ
mol-1 K-1, obtained from the thermal denaturation of EqTxII
in pure aqueous solution, measured as a test case in a far
more sensitive DSC instrument DASM-4.
The values of∆H°d, ∆S°d, and∆G°d, obtained at 20°C for

EqTxII solutions in triple-distilled water and glycine buffers
with pH 3.5, 3.0, and 2.0 from eqs 6, 7, and 8, are presented
in Table 2. They show that at 20°C the EqTxII stability
increases with increasing pH and that, at all pH values, except
at pH 2.0, the enthalpic contribution that favors stability of
the native form only slightly prevails over the entropic
contribution that favors the denatured form. The unexpected
negative values of∆H°d and∆S°d contributions calculated at
20 °C and pH 2.0 from eqs 6 and 7 are very likely due to an
underestimation of the∆H°TdDSC and a corresponding over-
estimation of the∆C°P value used in these calculations. As
shown by the near-UV CD spectroscopy the native state of

(∆H°VH)DSC) 2Td
DSCxR(∆cp)TdM2 (5)

∆H°d(T) ) (∆H°Td)DSC-∫TTd ∆C°P dT)

(∆H°Td)DSC- ∆C°
P
(Td - T) (6)

∆S°d(T) )
(∆H°Td)DSC

Td
-∫TTd∆C°P

T
dT)

(∆H°Td)DSC
Td

- ∆C°P ln
Td
T

(7)

∆G°d(T) ) ∆H°d(T) - T∆S°d(T) (8)
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EqTxII at 20 °C and pH 2.0 is already partially disrupted.
Therefore, its temperature-induced conformational transition
should be accompanied by a larger (∆H°Td)DSC and lower
∆C°P value. Consequently, the∆H°d and∆S°d contributions
calculated from eqs 6 and 7 should be more positive. The
∆G°d value of 41( 10 kJ mol-1 determined at 20°C for
EqTxII in pure aqueous solution is in satisfactory agreement
with the corresponding∆G°d values determined at 25°C for
some other globular proteins of similar size(36). With
decreasing pH, the stability of EqTxII, expressed in terms
of ∆C°d, decreases steeply, indicating that at low pH the
EqTxII low-temperature initial state may exist in an acid-
denatured compact form (Table 2). This result is consistent
with our previous findings based on the EqTxII intrinsic
fluorescence measurements(12).
ANS Fluorescence.Measurements of the temperature

dependence of ANS fluorescence intensity atλem) 483 nm,
I483
F , show that on lowering pH the peak of theI483

F vs T
curve shifts to lower temperatures while its intensity is
increased (Figure 8). They also show that at all measured
temperatures the fluorescence of ANS in the absence of
EqTxII or in the presence of its denatured form in 6 M Gu-
HCl is insignificant. Obviously, the measured emission
fluorescence results from ANS molecules bound to the
protein conformational states that are neither native nor fully

denatured. A detailed inspection of Figure 8 shows that
I483
F maxima appear at temperatures at which the corre-
sponding far- and near-UV CD spectra show a simultaneous
collapse of the EqTxII tertiary structure and the transition
of its secondary structure from a nativeâ-rich form into a
non-nativeR-helical form (Figure 6). In other words, the
EqTxII conformations that exhibit strong binding of ANS
seem to contain non-nativeR-rich secondary structures and
no tertiary structure and, thus, show properties of a molten
globule state. A presence ofR-helical structures as a
condition for strong ANS binding to EqTxII intermediates
that possess no tertiary structure follows straightforwardly
from the comparison of the high-temperature CD spectra of
EqTxII and the corresponding ANS fluorescence binding
curves (Figures 3-5 and 8). CD spectra show that at high
temperatures at each pH EqTxII has only secondary structure
whose random coil content increases at the expense of
R-helical content. Since the corresponding drop of the ANS
fluorescence intensity of about 2 orders of magnitude
observed in the relatively narrow temperature interval most
probably cannot result only from the thermal quenching or
an equally large temperature-induced drop in ANS binding,
one can conclude that for ANS binding a molten globule
with a significant amount ofR-helical secondary structure
is required. Furthermore, as shown in Figure 9, the ANS
fluorescence emission wavelength at the maximum intensity,
λmax, shifts with the thermal unfolding of EqTxII to lower
wavelengths. In temperature intervals in which according
to UV, CD, DSC, andI483

F measurements, the protein
conformational transitions occur, a minimum in theλmax
values is observed, and with further increasing of tempera-
ture, these peak positions shift back to higher wavelengths.
At pH 1.1, only the temperature-induced shift to higherλmax
values is observed. Since a blue shift in the emission
fluorescence peak of ANS reflects increased hydrophobicity
of the medium in which ANS molecules are located, one
can, by measuring the emission peak positions of the bound
ANS molecules, actually monitor the hydrophobicity of the
protein’s binding sites. Thus, according to our results, the

Table 2: Values of the Stabilization Parameters∆H°d, ∆S°d, and
∆G°d of EqTxII at 20°C at Different pH Calculated from DSC
Results by Using Eqs 6-8a

pH

b∆H°d
(kJ mol-1)

b∆S°d
(kJ mol-1 K-1)

b∆G°d
(kJ mol-1)

2.0 -25 -0.10 3.4
3.0 104 0.28 21.5
3.5 128 0.33 30.6
5.5-6.0 175 0.46 41.0
a The value of the difference in standard molar heat capacities

between the native and denatured state,∆C°P, used in all calculations
was 5.8 kJ/mol K.bRelative error is estimated to be(10-20%.

FIGURE 8: ANS fluorescence intensity at 483 nm,I483
F , as a

function of temperature in solutions of EqTxII (c) 0.05 mg/gsolution)
in glycine buffers at pH 1.1 (9), 2.0 (0), 3.0 (b) and 3.5 (O), in
water at pH 5.5-6.0 (2) in 6 M Gu-HCl ([), and in any of buffer
solutions with no EqTxII present (]); cANS ) 0.126 mg/gsolution,
λexc ) 365 nm.

FIGURE 9: Temperature dependence of the wavelength of the ANS
fluorescence emission maximum, (λem)max, in solutions of EqTxII
(c) 0.05 mg/gsolution) in glycine buffers at pH 1.1 (9), 2.0 (0), 3.0
(b), and 3.5 (O), and in water at pH 5.5-6.0 (2), cANS ) 0.126
mg/gsolution, λexc ) 365 nm.
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optimum hydrophobicity of the EqTxII ANS-binding sites
is possessed by the protein intermediate states occurring when
the protein undergoes a temperature-induced conformational
transition. At pH 1.1, however, at which EqTxII exists at
all temperatures up to 60°C in the molten globule, the
highest hydrophobicity of its ANS binding sites is observed
at low temperatures∼0 °C.
From Figure 8, one can also see that the ANS fluorescence

intensity in the presence of the acid molten globule state at
lower temperature is significantly greater than in the presence
of the neutral molten globule state at higher temperature.
Since ANS fluorescence quantum yield has been shown to
depend on the pH of the molten globule(37) and will also
depend on the temperature, it cannot be used as an absolute
measure of the population of intermediate states. Hence,
ANS fluorescence peak intensity can only be used as a
relative indicator of the molten globule population at a given
pH and temperature.

CONCLUDING REMARKS

We have used differential scanning calorimetry in com-
bination with UV and CD spectroscopy and ANS fluores-
cence to detect and characterize the conformational transi-
tions and individual states of EqTxII as a function of pH
and temperature. Our results exhibit the following fea-
tures: (i) at pH 1.1 in the temperature range from 0°C to
about 60°C EqTxII exists as a molten globule, lacking the
tertiary structure, exhibiting a significant amount ofR-helix-
rich secondary structure and showing pronounced ANS
binding; (ii) in the pH range from 2.0 to 6.0 the heat-induced
intermediate states accompanying the protein conformational
transition are molten globule states with the same charac-
teristic as at low pH; (iii) at higher temperatures the molten
globule states undergo further thermal conformational transi-
tions which are not completed even at 95°C.
Taken together, these results demonstrate that an equilib-

rium molten globule state of EqTxII is strongly pH dependent
and appears at each pH (1.1-6.0) in a restricted temperature
window.
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