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ABSTRACT. Thermal denaturation of equinatoxin Il (EqTxIl) in glycine buffer solutions (pH 1.1, 2.0, 3.0,
and 3.5) and in triple distilled water (pH 55.0) was examined by differential scanning calorimetry,

UV and CD spectroscopy and fluorescence emission spectroscopy of the added hydrophobic fluorescent
probe ANS. At pH 5.56.0 and at temperatures below 8Q, the protein exists in a native state
characterized by a pronounced tertiary structurg;rech secondary structure and a low degree of ANS-
binding. At higher temperatures, it undergoes a two-state conformational trangitté?),n = (AH®)psc,

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 EgTxIl 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 irrich 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 inequalitAH®)yny > (AH®)psc is observed. At pH value of 1.1 and below 60,

EqTxIl exists in a stable acid-denatured compact state which shows all the characteristics of a molten
globule, which even at 95C 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 form pores selective to catioftl). It consists of 179 amino
proteins have indicated that various non-native protein statesacid residuesNl = 19.8 kDa). Our recent investigation of
may be involved in physiological processes such as protein pH-induced conformational transitions of EqTxIl monitored
penetration into biological membran@s or ligand delivery by measuring its intrinsic fluorescence and the fluorescence
to target cells via transport proteirf®). Studies on pore  of added hydrophobic fluorescent probe ANS (1-anilino
forming toxins have shown that penetration of these proteins naphthalene-8-sulfonic acid ammonium salt) has shown that
into membranes is associated with significant conformational EqTxII exhibits the highest stability in pure aqueous solutions
changes(3, 4). These changes may also be induced by (pH 5.5-6.0) while at low pH it shows some characteristics
lowering the pH and involve the partial denaturation of the of a compact acid-denatured state2). Several studies
proteins into intermediates which have a well-preserved performed on other pore-forming proteins have indicated that
secondary structure and no or almost no tertiary structureloosening of their tertiary structure induced by lowering pH
and are relatively compact. Such intermediates are com-leads to an enhanced membrane penetrgtpAi3, 14) To
monly called molten globule statg®—7). Although a see if such pH-induced partial denaturation has a similar
detailed mechanism of protein penetration into membraneseffect on the pore forming ability of EqTxII molecules, one
remains unknown, evidence has accumulated indicating thatshould first provide a reliable structural description of
a local acidic pH near the negatively charged membrane intermediate states formed at the acidic unfolding of the
surfaces provokes a partial denaturation of protein moleculesprotein. In other words, prior to studying the EqTxII
thus enabling penetration into the membra(®s10). membrane penetrating ability, one should investigate its

Equinatoxin Il (EqTxII} is a globular protein that exhibits  unfolding equilibria, identify and characterize the intermedi-
an ability to bind to natural or model lipid membranes and ates between its native and denatured states, and estimate
their relative population.
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provide strong evidence that at low pH values or high Model LS-50 Luminescence spectrometer with a water
temperatures EqTxII exists in a molten globule state char- thermostated cell holder uginra 1 cmpath length quartz

acterized by a well-pronounced non-nativeich secondary  cuvette. Slit widths with a nominal band-pass of 5 nm were
structure, a complete absence of tertiary structure, and a highused for both excitation and emission beams. An excitation

affinity for ANS. wavelength of 365 nm was used, and the ANS emission
spectra were recorded in the range from 380 to 600 nm. The
MATERIALS AND METHODS temperature range in which all the spectra were taken at 5

Materials EqQTxIl was isolated from the sea anemone °C intervals was from 3 to 83C, and the scan rate was 250

Actinia equinaL. (15), stored as a powder at10 °C, and nm/min. The temperature in the cell was measured with an
used without any further purification. Protein solutions for F€/Fe-constantan thermocouple. Changes of the ANS emis-
UV spectroscopyd = 0.14 mg/geuior) and fluorescencec( sion spectra induced by the EqTxII cpnf_orm.atlonall changes
= 0.05 mg/gouior) Measurements were prepared daily from Were followed by measuring the emission intensity at 483
defrozen aqueous stock solutions by diluting them into either "M &t constant concentrations of EqTxII (0.05 mgig:)
triple distilled water, 0.1 M glycine buffers of appropriate nd ANS (0.126 mglguior) at which the protein was always
pH or in 6 M Gu-HCI. The external fluorescence probe ANS Saturated with the bound AN@.2). Measuring the ANS
(1-anilino naphthalene-8-sulfonic acid ammonium salt) was fluorescence (blS-ANS) to follow the_ intermediate states of
a product of Fluka (Buchs, Switzerland) and was used another globular protein, DnakK, at higher temperatures had
without any additional purification. More concentrated ( P€en successfully used befdds). _
~ 1 mg/Gouio) EGTxII solutions for the CD measurements Differential Sc_annlng Calorimetry. I_DSC experiments
in the far- and near-UV range and for the DSC measurementsWere performed in a micro-DSC Calorimeter from Setaram
were prepared directly by dissolving the protein in the (Caluire, France) described elsewh¢te). The sample and
appropriate solvent. the reference cellls of'optlmal operational vqlume of.0.8 mL
UV Spectrophotometry UV absorbance measurements Were used. Calibration was performed with special pells
were performed in a Cary 1 UWisible spectrophotometer ~ USing the Joule effect. Thermograms of EqTxII solutions
(Varian, Australia) using matched 1 cm path length quartz I triple distilled water (pH 5.56.0) and in 0.1 M glycine
cuvettes. The spectrophotometer was equipped with anbuffers with pH 3.5, 3.0, and 2.0 were recordeq over the
electrothermal temperature controller which provides thermal t€mperature range between 20 and°8Dat a heating rate
programmability for the multiple cell unit so that the ©f 0.5°C min™t The base lines obtained by vessels filled
absorbance measurements can be performed directly as ¥ith equal quantities of solvent were subtracted from the
function of temperature. Equilibrium thermal unfolding of thérmograms of protein solutions to obtain the typical
EqTxIl was monitored by recording absorbance at 232 nm corrected thermograms.
as a function of temperature over the appropriate temper-
ature range (in most cases-280 °C). The wavelength RESULTS AND DISCUSSION
232 nm was chosen because of the maximal difference
between the denatured and the native protein spectra UV SpectroscopyComparison of the absorbance spectra
observed at this wavelength. The heating rate was0.5  Of EqTxIlin its native (triple distilled water; pH 5:56.0 at
min—L. room temperature) and denatured (thermal or chemical
Circular Dichroism (CD) SpectropolarimetryCD experi- denaturation) form revealed major chan_ges in absorbance at
ments were performed on an AVIV Model 62A DS Spec- Wavelengths around 230 nm and not in the 2300 nm
tropolarimeter (Aviv Associates, Lakewood, NJ) equipped wavelength region where characteristic peaks in absorption
with a thermoelectrically controlled cell holder. CD spectra SPectra of tyrosine and tryptophane residues o€t8y 19).
of EqTxIl were measured in the far-UV range (26850  As shown by Donovarf20), spectral changes occurring in
nm) in 1 mm path length quartz cuvettes and in the near- the 230 nm region result primarily from changes in the
UV range (256-300 nm) in 10 mm path length quartz environment of the aromatic chromophores indole and phenol
cuvettes. Spectra were measured &Csintervals in the and are proportional to the absorbance changes observed near
temperature range from 0 to 98 with an averaging time 280 nm. This notion is consistent with our results which
of 3's, an equilibration time of 3 min, and a band width of have shown that the values of thermodynamic quantities
1 nm. The mean residue ellipticity®], was calculated by ~ describing the process of EqTxIl thermal unfolding deter-

using the relation mined from melting curves at 232 nra € 0.14 mg/@oiution
and at 293 nmd = 0.43 mg/Qotio COiNcide within the
~ Mo®; experimental error. As a consequence of these findings, most
[6],= 100l (1) of the UV-melting curves were measured at 232 nm (Figure
1).
in which Mo is the mean residue molar mas3, is the Assuming the EqTxIl thermal unfolding to be a two-state

measured ellipticity in degrees, is the concentration in  transition, the standard apparent or van't Hoff enthalpy of

grams per milliliter, and is the path length in decimeters. unfolding, (AH{,)uyv, was determined from the slope of

The value of Mo= 110.6 g/mol was obtained from MW of  the E vs T curve at the temperature of the half-transition,

EqTxIl (19.8 kDa) by dividing it with the number of TgV, using the relatior(21)

aminoacid residues (179) constituting the EqTxIl molecule. sf

©], was expressed in degrees squared centimeters per o _ D

[O); was exp grees <4 P (AH )y = 4R<T;’V)2(ﬁ)ww @
ANS Fluorescence Measuremengsll emission fluores-

cence measurements were performed in a Perkin-Elmerin which fp is the degree of the protein denaturation,
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Table 1: Thermodynamic Characteristics of EqTxIl Denaturation at Different pH Obtained by UV Spectroscopy, DSC, and Near-UV CD
Spectroscopy

ayv Ty  aDSCTL®C  anear-UV CDTS® UV (AHS)uw  "DSC AHY)pse  DSC AH®)psc  Pnear-UV CD AH{,) o

pH (K) (K) (K) (kJ mol—1) (kJ mol—) (kJ mol™) (kJ mol =)
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 3325 402 403 371 350
5.5-6.0 338.6 339.0 339.2 441 430 441 433

a Estimated relative erro= +£0.1%.° Estimated relative error +£10%. ¢ Estimated relative error +10—20%.
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Ficure 2: The van't Hoff enthalpy of conformational transition,
(AHYy)uy, as a function of the temperature of the half transition,
TV, determined from the UV-melting curves of EqTxIl in
solutions of pH between 2.0 and 5:6.0 (Table 1).

o7 s pos 20 two-state transition, the slop&(AH,,),,/0T4" coincides
T(°C) guantitatively with the apparent standard heat capacity

Ficure 1: Absorbance of EGTXII at 232 nrizss as a function of difference between the denatured and native state of the

temperature in triple distilled water at pH 5:6.0 (1) and glycine  protein, AC)*" (22). The value of AC?)*"" determined

buffers at pH 3.5 (2), 3.0 (3), 2.0 (4), and 1.1 ()= 0.14 mg/ in this manner was 5.8 kJ & mol1.

Ysolution Far- and Near-UV CD SpectroscopyThe change in

secondary structure of EqQTxIl as a function of temperature

expressed in terms of the measured absorbancas and pH can be followed by measuring the protein’s far-Uv

E(T) — Ey(T) CD spectra (Figures-35).
L= — 7 ™/ (3) In the triple distilled water (pH 5.56.0), EqTxII shows
Ep(T) — En(T) at temperatures below70 °C the far-UV CD spectra with

a minimum at 217 nm (Figure 3a) characteristic of proteins
where N and D refer to the native and denatured state, containing predominantlg-sheet structure€3). We ana-
respectively. The derivatived{p/0T)1q in eq 2 can be lyzed the CD spectra with a computer program CONTIN
approximated with the reciprocal value of the width of the (24, 25)which calculates the secondary structure as a linear
temperature intervahT in which the transition is completed, combination of spectra from a database of 16 proteins with

and the van't Hoff equation then simplifies to known conformations including four proteins denatured to
random conformatiorf26). On the basis of this analysis,
(AHS) oy = 4R(T3V 21 4) we estimated that EqTxIl contains at°C about 12% of
AT a-helix, 42% of 8-sheet, 15% ofB-turn, and 31% of

remainder structure. The calculated amountdfelix is

The calculated values oAAHy,,),, and the correspond-  |gwer than was estimated befof27).
ing values ofT 3 for the thermally induced conformational  Decreasing the pH to a value of 2.0 at temperatures
transitions of EqTxIl in pure water and buffers at gH3.5 between 0 and-40 °C has almost no effect on the EqTxII
are collected in Table 1. They clearly show that EqTxIl is far-UV CD spectra, indicating the stability of it§-rich
thermodynamically most stable in pure water at pH-5.5  structure (Figure 4a). Further decreasing of pH in this
6.0 and that on lowering pH its stability decreases. This temperature range, however, leads to a pronounced increase
decreasing is manifested as a pronounced dropgdfand of the protein’sa-helical content reflected in significant
the correspondingAHy,,), values. In solutions of higher  changes of its far-UV CD spectra (Figure 5a, appearance of
ionic strength (buffers or simple salt added) and pH above minima at 209 and 217 nm). Using the already mentioned
3.5, EqTxll tended to aggregate already at low temperatures.CD spectral analysis, we calculated that &0and pH 1.1
Therefore, its melting curves were studied only in pure EqTxIl contains about 18% af-helix (50% increase), 35%
aqueous solutions or in buffers with pd 3.5. The of B-sheet, 12% off-turn, and 35% of the remainder
reversibility of denaturation under the conditions employed structure. Similar conformational changes were also ob-
was high (above 90%). served when protein solutions at pH between-%% and

As can be seen from Figure 2, the values &H(,,),y 2.0 were heated from-(40—70) to 95°C. As shown in
obtained in EqTxII solution of different pH increase linearly Figures 3a, 4a, and 5a, the EqTxII far-UV CD spectra switch
with the temperature of half-transitioﬂ',gv. Assuming a at high temperatures from a shape characteristic of proteins
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Ficure 3: Temperature dependence of the far-UV CD spectra
(panel a) and the near-UV CD spectra (panel b) of EqTxIl in pure
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Ficure 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.

o-rich into remainder-rich structures (isoelliptic point at 207
nm). Comparison with the EqTxIl far-UV CD spectrum
observedn 6 M Gu-HCI 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 5:56.0) below
~60 °C, EqTxIl 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 structurs, 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 determinedi6 M Gu-HCI (Figure 5b). Such a
total collapse of the EqTxll tertiary structure is observed also
at pH between 2.0 and 5%.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
Similar changes in the near-UV CD spectra of EqTxII
induced by increasing the temperature were observed also

FiGure 4: Temperature dependence of the far-UV CD spectra at pH 3.5 (data not shown) and 3.0. In these solutions, the
(panel a) and the near-UV CD spectra (panel b) of EqTxIl in glycine intensity of the minima at 270 nm occurring at low

buffer solution at pH 2.0.
with a high content of8-structures into a shape that closely induced collapse of the protein tertiary structure was shifted
resembles the one observed at pH 1.1 and low temperatureso lower temperatures (Figure 6¢). At pH 2.0, however, the

and is typical of proteins rich i-helix structures. At pH
1.1, wherea-helix-rich structure of EqTxIl is observed
already at 0°C and is stable up to 60C, increasing of
temperature above 6TC results in further transition from

temperatures remained unchanged while the temperature-

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 EqTxIl tertiary structure is
partially disrupted already at low temperatures. In the
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FIGURE 6: Far- @) 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
¢), and in the triple distilled water at pH 5%.0 (panel d); @] is given in degree squared centimeters per decimole.

therefore, may be classified as molten globule stéfe¥,

80 30). As can be seen from Figures 3a, 4a, and 5a, the
= 1 intermediates exhibit far-UV CD spectra more typical of
7¥ eor . : o-helical conformations, in contrast to the toxin native state
S rich in S-structures.

S or Recent studies of conformational transitions of numerous

= . proteins at high temperatures, in denaturant solutions, or at

5201 low pH have shown that different proteins may undergo
transitions through different intermediate states depending

0 , ~ . N on the protein architecture and on the agent inducing its

30 40 50 60 70 80 conformational transition. In their investigation of the
T (°C) membrane insertion of the pore forming domain of colicin

FiGurRe 7: Corrected DSC thermograms of EqTxII in pure aqueous
solution at pH 5.56.0 (1) and in glycine buffers at pH 3.5 (2),
3.0 (3), and 2.0 (4)¢ = 1.2 mg/Golution

temperature range for which the UV (Figure 1) and DSC

A, van der Goot et al(1) have shown that at 25C this
pore forming domain undergoes a native to molten globule
transition at acidic pH. From the far- and near-UvV CD
spectra, they concluded that below pH 4 the colicin A pore-
forming fragment adopts the features of the molten globule

melting curves (Figure 7) have shown characteristic confor- state with a rather compact and well-pronounced secondary
mational transitions, the corresponding CD melting curves structure but no rigid tertiary structure. They have suggested
(Figure 6) show only disruption of tertiary structure while that such intermediate states provide the best pathway for
the secondary structure remains more or less unchangedmaking a protein structure competent for a penetration into
Assuming that the observed collapse of the EqTxII tertiary membranes. Similar results have been reported on another
structures can be described as a two-state process, wgore-forming protein, diphtheria toxin, for which it has been
determined the corresponding van't Hoff enthalpies of shown that its low-pH and high-temperature conformations
transition. Using the same procedure as with UV melting are closely related. They both appear as partially denatured
curves (egs 24), we obtained AHy,,)p values from the states which, according to their intrinsic fluorescence and
near-UV CD melting curves presented in Figure 6. They far- and near-UV CD spectra, contain only a considerable
agree well with the corresponding van't Hoff enthalpies secondary structur@). Furthermore, by applying molecular
obtained from UV and DSC measurements (Table 1), dynamics simulation to investigate the acid and thermal
suggesting that the three methods applied here monitor thedenaturation of barnase, Caflisch and Karp(84) have
same conformational transition of EQTxII. shown that the unfolding behavior of the protein at low pH/
Analysis of the measured CD spectra clearly shows that low temperatures closely resembles the one observed at neu-
the equilibrium unfolding of EqTxIl induced by lowering tral pH/high temperatures. Recently, Chalikian et(8R)
pH or increasing the temperature is accompanied by ahave constructed a phase diagram characterizing conforma-
formation of thermodynamically stable intermediates with tional transition ofa-chymotrypsinogen Ad-ctg A) as a
only secondary structure and no tertiary structure which, function of pH and temperature. They found that below pH
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3.1 the heat-induced denatured stateneftg A is molten the observedAHy,)psc > (AHYpsc for EqTxIl at pH 2.0
globule, lacking the native-like tertiary structure, while and 3.0 could be that at low pH the initial state of the protein
exhibiting significant amounts of secondary structure. Fi- is already partially denatured. In that case, the measured
nally, our observation of an accumulation ofhelical DSC heat effect would not include the contribution to the
intermediates during the unfolding of EqTxIl is supported heat of transition that results from the pH-induced transition
by the results of similar study performed Bractoglobulin, from the initial low-temperature state at pH 5.6.0 to the
a predominantlys-sheet protein. In the recent study of initial low-temperature state at pH 2.0. The corresponding
refolding kinetics of thgs-lactoglobulin, Hamada et a133) van't Hoff enthalpy of transition, however, calculated from
have reported that the folding of this protein follows a the UV, DSC, or CD melting curves, assumes that the protein
nonhierarchical pathway characterized by folding intermedi- undergoes a full native to denatured state transition. There-
ates that contain non-native-helical structures. fore, the approximation of the derivati(éfp/0T) used in
DSC It is well-known that calorimetric measurements eqs 4 and 5 will be overestimated, and consequently, the
provide a direct, model-independent determination of transi- calculated van't Hoff enthalpies of transition will appear
tion enthalpies. A result of such a measurement, obtainedlarger than the measuredil?)sc values. Such explana-
after the baseline subtraction, is a so-called thermogramtion seems to be in-line with our CD results which definitely
characterized by a peak centered at the tempera@ﬁ%at show that at pH 2.0 the EqTxII tertiary structure is partially
which the ratio between the native and denatured form of destroyed already at TC.
the protein is supposed to be 1:1. The area under such curve Experimental determination oAH)pso T5 0, and the
is proportional to the enthalpy of denaturation 'Eﬁsc, difference in standard heat capacities between the protein’s
(AHg)psc, and assuming that this enthalpy does not dependdenatured and native stat®C7, allows us to calculate the
on the protein concentration, the measuf&#lq)psc equals temperature dependence of the standard enthakbyj,
the standard enthalpy of denaturatioAHg)psc. Analysis standard entropyAS;, and standard Gibbs free energy of
of DSC-thermograms also leads to a model-dependentdenaturationAGg. Assuming that in the temperature range
van't Hoff standard enthalpy of conformational transition, between 20 and 88C, ACj is constant and independent of

(AH{L)osc, expressed for a two-state model (28) the media in which the EqTxIl conformational transitions
take place and providing that an aggregation of the unfolded
(AHS)pse = 2-|—dDSC /_R(Acp)le\/lz (5) protein molecules at higher temperatures does not occur, one

obtains(22, 35)

whereM; is the protein molecular weight and¢g)r, is the ofTy — o — (T4 Ao AT —
difference between the measured specific heat capacity ofAHd(T) (AHT)osc AGpdT

the protein atT°¢ and the average value of the specific (AHT)psc — AC(Ty —T) (6)
heat capacities of the native and denatured protein extrapo-
lated to theT J°. (AH?)psc 1 ACS
Corrected thermograms of EqTxIl in pure aqueous solution AS}(T) = T - fT ‘ T dr =
and in glycine buffers with pH 3.5, 3.0, and 2.0 are shown d
in Figure 7. The calorimetric scan of EqTxIl in pure water (AHi)Dsc d
is characterized by a single peak centered at abolfi56 T, ACgln T (7)
which, with increased acidity, shifts to lower temperatures d
and becomes less pronounced. At p¥R.0, the peak o(T) = o(T) —
becomes to low for a reliable determination of the mea- AGY(T) = AHY(T) — TAS(T) (8)
sured heat effects. The values &> (AH)psc, and Due to the difficulties associated with the experimental

(AHYR)psc for the EqTxII solutions in triple-distilled water  determination oAC? with our DSC instrument, a value of
(pH 5.5-6.0) and in glycine buffers with pH 3.5, 3.0, and 5.8 kJ mot* K%, determined by UV spectroscopy, was
2.0 are collected in Table 1. Th‘éDSC and AHY)psc employed in these calculations (Figure 2). This value,
values are in good agreement with the corresponding valuesalthough determined at 10 times lower toxin concentration,
obtained from the UV and CD-melting curves which means is in good agreement with the experimental value of 5.7 kJ
that by monitoring the absorbance at 232 nm and ellipticity mol~* K%, obtained from the thermal denaturation of EqTxII

at 270 nm, although they reflect only local conformational in pure aqueous solution, measured as a test case in a far
changes, we actually monitored the global denaturation event.more sensitive DSC instrument DASM-4.

A comparison of model-dependeniAlly,)psc and The values ofAHg, AS;, andAGg, obtained at 20C for
model-independeniNHg) ¢ Values provides some insight EqTxIl solutions in triple-distilled water and glycine buffers
into the nature of the transition to which they ref2t, 34) with pH 3.5, 3.0, and 2.0 from eqgs 6, 7, and 8, are presented
If they are equal within the experimental error, as in the casein Table 2. They show that at 2GC the EqTxII stability
of thermal unfolding of EqTxII in pure aqueous solutions at increases with increasing pH and that, at all pH values, except
pH 5.5-6.0 and in buffer at pH 3.5 (Table 1), then the at pH 2.0, the enthalpic contribution that favors stability of
observed transition proceeds in a two-state manner, i.e., thehe native form only slightly prevails over the entropic
concentration of intermediates between the native and thecontribution that favors the denatured form. The unexpected
denatured state is negligibly small. On the other hand, if an negative values cAHj andAS; contributions calculated at
inequality of the van't Hoff and calorimetrically determined 20°C and pH 2.0 from eqgs 6 and 7 are very likely due to an
enthalpies of transition is observed, as with EqTxIl at low underestimation of the\H7 55 and a corresponding over-
pH, then the melting of the proteln molecules cannot be estimation of theAC3 valué used in these calculations. As
considered as an “all or none” process. A possible cause ofshown by the near- UV CD spectroscopy the native state of
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Table 2: Values of the Stabilization ParametaAtdg, AS;, and
AGj of EqTxIl at 20°C at Different pH Calculated from DSC
Results by Using Eqs-68*

bAHS PAS, bAGS
pH (kJ mol%) (kJ molrt K1) (kJ mol?)
2.0 —25 —0.10 3.4
3.0 104 0.28 215
3.5 128 0.33 30.6
5.5-6.0 175 0.46 41.0

2The value of the difference in standard molar heat capacities
between the native and denatured stat€p, used in all calculations
was 5.8 kJ/mol KP Relative error is estimated to bel0—20%.
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FiIGURE 8: ANS fluorescence intensity at 483 nrifg, as a
function of temperature in solutions of EqTxd € 0.05 mg/Qoiution
in glycine buffers at pH 1.1H), 2.0 ), 3.0 @) and 3.5 0), in
water at pH 5.56.0 (a) in 6 M Gu-HCI (#), and in any of buffer
solutions with no EqTxII presenkX); cans = 0.126 mg/Goiution
Aexc = 365 nm.

EqTxIl at 20°C and pH 2.0 is already partially disrupted.
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Ficure 9: Temperature dependence of the wavelength of the ANS
fluorescence emission maximumef)max iN solutions of EqTxII

(c = 0.05 mg/Qoiution in glycine buffers at pH 1.1M), 2.0 ), 3.0

(@), and 3.5 ), and in water at pH 5:56.0 (a), cans = 0.126
Mg/Gsolution Aexc = 365 nm.

denatured. A detailed inspection of Figure 8 shows that
Ies Maxima appear at temperatures at which the corre-
sponding far- and near-UV CD spectra show a simultaneous
collapse of the EqTxIl tertiary structure and the transition
of its secondary structure from a natigerich form into a
non-nativeo-helical form (Figure 6). In other words, the
EqgTxIl conformations that exhibit strong binding of ANS
seem to contain non-natiwerich secondary structures and
no tertiary structure and, thus, show properties of a molten
globule state. A presence af-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
EqTxIl and the corresponding ANS fluorescence binding
curves (Figures 35 and 8). CD spectra show that at high

Therefore, its temperature-induced conformational transition temperatures at each pH EqTxIl has on|y Secondary structure

should be accompanied by a largeYH3 )psc and lower
ACZ value. Consequently, th&H3 and AE contributions

whose random coil content increases at the expense of
o-helical content. Since the corresponding drop of the ANS

calculated from egs 6 and 7 should be more positive. The fluorescence intensity of about 2 orders of magnitude

AGj value of 41+ 10 kJ mof? determined at 20C for

observed in the relatively narrow temperature interval most

EqTxIlin pure aqueous solution is in satisfactory agreement probably cannot result only from the thermal quenching or

with the correspondingGg values determined at Z%& for
some other globular proteins of similar si¢86). With

an equally large temperature-induced drop in ANS binding,
one can conclude that for ANS binding a molten globule

decreasing pH, the stability of EqTXII, expressed in terms with a significant amount oft-helical secondary structure

of ACj, decreases steeply, indicating that at low pH the s required. Furthermore, as shown in Figure 9, the ANS
EqTxIl low-temperature initial state may exist in an acid- fluorescence emission wavelength at the maximum intensity,
denatured compact form (Table 2). This resultis consistent 3, .. shifts with the thermal unfolding of EqTxIl to lower
with our previous findings based on the EqTxIl intrinsic wavelengths. In temperature intervals in which according
fluorescence measuremerfi=2) to UV, CD, DSC, andlfg; measurements, the protein
ANS Fluorescence.Measurements of the temperature conformational transitions occur, a minimum in thgax
dependence of ANS fluorescence intensityaat= 483 nm, values is observed, and with further increasing of tempera-
Iigs show that on lowering pH the peak of the, vs T ture, these peak positions shift back to higher wavelengths.
curve shifts to lower temperatures while its intensity is At pH 1.1, only the temperature-induced shift to highgsx
increased (Figure 8). They also show that at all measuredvalues is observed. Since a blue shift in the emission
temperatures the fluorescence of ANS in the absence offluorescence peak of ANS reflects increased hydrophobicity
EqTxIl or in the presence of its denatured fonmG M Gu- of the medium in which ANS molecules are located, one
HCI is insignificant. Obviously, the measured emission can, by measuring the emission peak positions of the bound
fluorescence results from ANS molecules bound to the ANS molecules, actually monitor the hydrophobicity of the
protein conformational states that are neither native nor fully protein’s binding sites. Thus, according to our results, the
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optimum hydrophobicity of the EqTxIl 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 EqTxIl exists at
all temperatures up to 66C 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 globy&7) and will also

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 EqTxIl as a function of pH
and temperature. Our results exhibit the following fea-
tures: (i) at pH 1.1 in the temperature range frori@to
about 60°C EqTxIl exists as a molten globule, lacking the
tertiary structure, exhibiting a significant amountochelix-
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.

Taken together, these results demonstrate that an equilib-
rium molten globule state of EqTxII is strongly pH dependent
and appears at each pH (£.8.0) in a restricted temperature
window.
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