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Abstract

Ž .We have investigated the acid- and base-induced conformational transitions of equinatoxin II EqTxII , a
pore-forming protein, by a combination of CD-spectroscopy, ultrasonic velocimetry, high precision densimetry,
viscometry, gel electrophoresis, and hemolytic activity assays. Between pH 7 and 2, EqTxII does not exhibit any
significant structural changes. Below pH 2, EqTxII undergoes a native-to-partially unfolded transition with a
concomitant loss of its rigid tertiary structure and the formation of a non-native secondary structure containing
additional �-helix. The acid-induced denatured state of EqTxII exhibits a higher intrinsic viscosity and a lower
adiabatic compressibility than the native state. Above 50�C, the acid-induced denatured state of EqTxII reversibly
denatures to a more unfolded state as judged by the far UV CD spectrum of the protein. At alkaline pH, EqTxII
undergoes two base-induced conformational transitions. The first transition occurs between pH 7 and 10 and results
in a partial disruption of tertiary structure, while the secondary structure remains largely preserved. The second
transition occurs between pH 11 and 13 and results in the complete loss of tertiary structure and the formation of a
non-native, more �-helical secondary structure. The acid- and base-induced partially unfolded states of EqTxII form

Ž .water-soluble oligomers at low salt, while at high salt �350 mM NaCl , the acid-induced denatured state
precipitates. The hemolytic activity assay shows that the acid- and base-induced denatured states of EqTxII exhibit
significantly reduced activity compared to the native state. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Pore-forming peptides and proteins have been
found in a wide range of organisms, including
bacteria, plants, fungi, primitive metazoans, in-
sects, and mammals. These toxins are mostly
water-soluble and exert their toxic influence by
interacting with and forming pores in lipid mem-

� �branes of a target organism 1 . Sea anemones
produce one or more cytolysins all belonging to a
protein family called actinoporins. Equinatoxin II
Ž .EqTxII from the sea anemone Actinia equina L.
belongs to this family. This predominantly �-sheet
protein consists of 179 amino acid residues and
lacks cysteins. EqTxII is characterized by a
molecular mass of 19.8 kDa and an isoelectric

� �point, pI, of 10.5 2,3 . An important feature of
EqTxII is that 30% of its amino acid residues are

Žionizable 10 aspartic acids, 4 glutamic acids, 5
.histidines, 11 tyrosines, 9 lysines, and 10 arginines

� �4 . Consequently, strong dependences of the
properties of EqTxII on the solution pH and ionic
strength can be anticipated. In aqueous solutions
at neutral pH, EqTxII assumes its native globular
conformation with rigid tertiary structure. As re-
vealed by our initial studies, in response to
changes in temperature, pH, and lipid concentra-
tion and composition, EqTxII may alter its con-

� �formational state 3,5,6 . In particular, our spec-
Žtroscopic fluorescence, circular dichroism, and

.light absorbance spectroscopy and calorimetric
Ž .differential scanning calorimetry measurements
have revealed that, at low pH and 100 mM NaCl,
EqTxII adopts a molten globule-like conforma-
tion which lacks rigid tertiary structure but ex-

� �hibits enhanced �-helical secondary structure 3 .
Here, we further characterize the conformatio-

nal transitions of EqTxII at acidic pH as a func-
tion of salt and temperature by employing, in
addition to CD spectroscopy, volumetric and vis-
cometric techniques. Also, we characterize the
base-induced conformational transitions of
EqTxII by CD spectroscopy. These studies are
aimed at better understanding the role of confor-
mational transitions of the toxin in modulating its
functional activity. For this reason, we measure

the hemolytic activity of the native and acid- and
base-induced denatured states of EqTxII.

2. Materials and methods

2.1. Materials

Ž .Equinatoxin II EqTxII was isolated from sea
anemone Actinia equina L. as previously de-

� �scribed 2 and stored freeze-dried at �10�C.
CsOH, NaOH, HCl, and NaCl were purchased

Ž .from Sigma Chemical St. Louis, MO . The pro-
tein was dissolved in triply distilled water rather
than buffers to avoid the need to correct for
volume and compressibility changes due to the
ionization�neutralization equilibria of the buffer.
The concentration of EqTxII was determined
spectrophotometrically using an extinction coef-
ficient, � , of 1.87 cm�1 g�1 at 25�C determined280
by dry weight analysis. For all ultrasonic veloci-
metric, densimetric, and viscometric measure-
ments reported here, EqTxII concentration was

�1 Ž .0.5�0.7 g l �25�35 �M , while the protein
concentration for CD spectroscopic and native
PAGE electrophoretic measurements was lower

�1 Ž .and equal to 0.3 g l �15 �M .

2.2. Methods

2.2.1. Ultrasonic �elocimetry
Solution sound velocity measurements were

performed at 7.5 MHz using the previously de-
� �scribed resonator method 7�9 . We used an ul-

trasonic resonator cell with lithium niobate piezo-
transducers and a minimum sample volume of 0.8

3 � �cm 8 . For this type of acoustic resonator, the
relative precision of sound velocity measurements
at frequencies near 7.5 MHz is at least �1�

�4 � �10 % 10,11 .
The key characteristics of a solute directly de-

rived from ultrasonic measurements is the rela-
� �tive specific sound velocity increment, u , which

Ž . Ž .is equal to u�u � u c , where c is the specifico o
concentration of a solute, and u and u are theo
sound velocities in the solution and the solvent,
respectively. Acoustic pH titration experiments
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were performed by addition of equal amounts of
HCl solution to both the sample and reference
cells each containing 1 cm3 of the protein solu-
tion and water, respectively. The initial volume of
1 cm3 was delivered to each cell by a 1-ml Hamil-
ton syringe, while titrant solution were added by a

Ž10-�l Hamilton syringe Hamilton Co., Reno,
.NV . Each syringe was equipped with a Chaney

adapter that allowed a relative delivery accuracy
of �0.1%. When calculating the relative specific

� �sound velocity increment, u , of EqTxII we took
into account changes in the sound velocity in the
solvent, u , and the specific concentration of theo
solute, c, which result from addition of the titrant.

2.2.2. High precision densimetry
All densities were measured at 25�C with a

precision of �1.5�10�6 g cm�3 using a vibrat-
Žing tube densimeter DMA-60�602, Anton Paar,

.Austria . We calculated the apparent specific
volume, ��, of EqTxII using the well-known rela-

� �tionship 12 :

Ž . Ž . Ž .�� � 1�� � ��� � � c 1o o o

where � and � are the densities of the solutiono
and the solvent, respectively.

Densimetric pH titration was carried out in a
� �specially designed vial as previously described 13 .

In calculating the apparent specific volume, ��,
Ž .by means of Eq. 1 , we took into account the

changes in the solvent density, � , and the con-o
centration of the solute, c, that result from addi-
tion of the titrant.

2.2.3. Determination of the apparent specific
adiabatic compressibility

The relative specific sound velocity increments,
� �u , determined as described above, were used in
conjunction with our measured apparent specific
volume data, ��, to calculate the apparent speci-
fic adiabatic compressibility, �k , of EqTxII usingS

� �the following relationship 14 :

Ž � � . Ž .�k �� 2�� � 2 u �1�� 2S So o

where � is the coefficient of adiabatic com-So
pressibility of the solvent.

Each densimetric or ultrasonic velocimetric
titration experiment was repeated two to three

� �times, with the average values of u and �� being
Ž .used to calculate �k from Eq. 2 .S

2.2.4. Viscometry
Viscosity measurements were performed using

Žan Ubbelohde Micro-Viscometers Schott
.Glaswerke, Mainz, Germany at a temperature of

25.00�0.02�C controlled by a Heto model 01 PT
Ž .623 temperature bath Birkerød, Denmark . The

viscometer was filled with 2.5 ml of triply distilled
water or the protein solution and titrated with
HCl or NaOH. The protein dilution after each
titration did not exceed 10%. The relative vis-
cosity, 	 , of the protein solution was calculatedrel
as 	 �	�	 ��t�� t , where t and t are therel o o o o
flow times for the solution and the solvent, re-
spectively; � and � are densities of the solutiono
and the solvent, respectively. The intrinsic vis-

� �cosity, 	 , of EqTxII was calculated by dividing
Ž .the specific viscosity 	 �	 �1 , by the pro-sp rel

tein concentration, 	 �c.sp

2.2.5. Circular dichroism spectroscopy
Ž .All circular dichroism CD spectra of EqTxII

were recorded using an AVIV model 62A DS
ŽSpectropolarimeter Aviv Associates, Lakewood,

. Ž .NJ . The far UV 200�250 nm and near UV
Ž .250�300 nm CD spectra of EqTx II were mea-
sured using 1- and 10-mm path length quartz
cuvettes, respectively.

2.2.6. Nati�e gel electrophoresis
Native polyacrylamide gel electrophoresis

Ž .PAGE was performed in a PHAST System
ŽAmersham Pharmacia Biotech, Uppsala, Swe-

.den using 20% gels and reverse electrodes ac-
cording to instructions of the manufacturer. Each
sample was diluted with an equal volume of sam-

Žple buffer 0.224 M Tris�HCl, 0.224 M sodium
.acetate, pH 6.4, crystal violet as a tracking dye

and applied to the gel. After electrophoresis, gels
were silver-stained and documented using a

ŽUVItec documentation system UVItec Limited,
.Cambridge, England . Bands on the gel were

quantified using the UVIPhoto software from the
same manufacturer.
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2.2.7. Hemolytic acti�ity
The hemolytic activity of EqTxII was measured

turbidimetrically on bovine red blood cells
Ž . ŽBRBC at 25�C using a microplate reader MRX,

.Dynex Technologies, Denkendorf, Germany as
� �described previously 15 .

2.2.8. pH measurements
The pH of all protein solutions were measured

separately for each experiment using a VWR
model 8015 pH-meter and an Accumet Ag�AgCl
combination microelectrode. Absolute error of
our pH measurements was �0.01 pH units.

3. Results

3.1. CD-spectroscopy

Ž .Fig. 1 presents the near UV panel a and far
Ž .UV panel b CD spectra of EqTxII recorded

between pH 6 and 1 at 25�C in the absence of
salt. For comparison, Fig. 1 also shows the near

Ž . Ž .UV panel a and far UV panel b CD spectra of
the fully unfolded state of EqTxII in 5 M GuHCl
at pH 0.5 and 25�C. To examine the effects of salt
and temperature on the acid-induced denatured
state of EqTxII, we have measured the far UV
CD spectra of the protein at different tempera-
tures and salt concentrations. Fig. 2 presents the
far UV CD spectra of the protein at temperatures
between 5�C and 95�C at pH 1.2 in the absence of
salt. As shown in Fig. 2, the far UV CD spectrum
of the acid-induced denatured state of EqTxII
becomes significantly altered at temperatures
above 50�C. By contrast, judging by the far UV
CD spectrum of the acid-induced denatured state
of EqTxII at pH 1.2 and 25�C, the structure is
practically unaffected by salt at NaCl concentra-

Ž .tions of up to 350 mM data not shown . How-
ever, at higher salt, the protein precipitates with a
concomitant decrease in the CD signal due to a
decrease in the concentration of the protein that
remains in solution.

Ž .Fig. 3 shows the near UV panel a and far UV
Ž .panel b CD spectra of EqTxII in the absence of
salt in the pH range between pH 6 and 13.5
Ž .25�C . For comparison, Fig. 3 also shows the

Ž . Ž .near UV panel a and far UV panel b CD
spectra of the fully unfolded state of EqTxII in 5
M GuHCl at pH 12 and 25�C. In our alkaline
titration experiments, the solution pH was ad-
justed by addition of aliquots of CsOH. A com-

Žparative titration of EqTxII with NaOH data not
.shown resulted in CD spectra which were super-

imposable to those obtained from CsOH titration.
To investigate the reversibility of the acid- and
base-induced conformational transitions of
EqTxII at 25�C, we performed reverse CD titra-
tions of the denatured protein states by incre-

Ž .mental additions of aliquots of CsOH not shown
Ž .or HCl see Fig. 4 . Fig. 4 presents the far UV CD

spectra of EqTxII at different pH when the solu-
tion pH was gradually reduced from highly alka-

Ž . Ž .line pH 13.3 to highly acidic pH 1.3 values by
titrating with HCl the solution of the base-in-
duced denatured state of the protein. In general,
our results reveal that the base-induced denatura-
tion of EqTxII is partially reversible, while the
acid-induced denaturation is irreversible. It should
be noted that the base-induced denatured state of
EqTxII at pH 13 and 25�C remains water-soluble
at NaCl concentrations of up to 1 M.

The pH-induced conformational transitions of
EqTxII can be monitored by plotting the molar
ellipticity of the protein at selected wavelengths
against the pH. Fig. 5a shows how the molar

Žellipticities of EqTxII in the near UV range at
.255 and 270 nm change with pH. Fig. 5b presents

Žsimilar dependencies for the far UV range at 208
.and 217 nm . Inspection of Fig. 5a,b reveals that

the toxin undergoes an acid-induced conformatio-
nal transition below pH 2 and two base-induced
conformational transitions, one between pH 7
and 10 and the other between pH 11 and 13.

3.2. Sound �elocity, �olume, and compressibility

In this paper, we report volumetric data for
Ž .EqTxII only at acidic pH between pH 6 and 1 .

At alkaline pH, volumetric measurements of
EqTxII solutions become complicated due to a
sharp decrease in the solubility of the protein

Ž .near its isoelectric point pI 10.5 . Fig. 6 shows
the pH-dependences of the partial specific volume,

o Ž .� panel a , relative specific sound velocity incre-
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Ž . Ž .Fig. 1. CD spectra of EqTxII in the acidic pH range at 25�C. a Near UV; b far UV.

� � Ž .ment, u panel b , and partial specific adiabatic
o Ž .compressibility, k panel c , of EqTxII at 25�C inS

the absence of salt. Errors were estimated by
taking into account uncertainties due to concen-
tration determinations, temperature drifts, and
inherent instrument characteristics. Strictly

speaking, the data in Fig. 6a,c correspond to the
apparent specific volume, ��, and adiabatic com-
pressibility, �k , of EqTxII. However, for globu-S
lar proteins, the concentration dependences of ��

� �and �k are known to be weak 16,17 . Therefore,S
within the limits of experimental error, our data
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Fig. 2. Temperature dependence of EqTxII CD spectra at pH 1.2 and 25�C. Insert: temperature dependence of the molar ellipticity
at 217 nm.

determined at protein concentrations of 0.5�0.7 g
l�1 correspond to the partial specific volume, � o,
and adiabatic compressibility, k o, of EqTxII ob-S
tained by extrapolation to infinite dilution. Con-
sequently, in our analysis below, we do not dis-
criminate between the partial and apparent speci-
fic values.

Inspection of Fig. 6a reveals that, at pH 6,
ŽEqTxII exhibits a partial specific volume of 0.767

. 3 �1�0.005 cm g which is slightly larger than the
values reported for other globular proteins in

� �their native state at 25�C 16,18 . Further inspec-
tion of Fig. 6a reveals that, within our experimen-
tal uncertainty of �0.01 cm3 g�1, a decrease in
pH from neutral to very acidic values does not
cause any appreciable change in � o. By contrast,
inspection of Fig. 6b reveals that the relative

� �specific sound velocity increment, u , of EqTxII
� �strongly depends on pH. The value of u remains

essentially constant between pH 2 and 6, while
increasing below pH 2. At neutral pH, the rela-

� �tive specific sound velocity increment, u , of
EqTxII is equal to 0.159�0.003 cm3 g�1, a value

� �typical for globular proteins 16�18 .

At neutral pH, the partial specific adiabatic
o Ž .compressibility, k , of the protein is 9.1�0.7 �S

�6 3 �1 �1 Ž .10 cm g bar see Fig. 6c which corre-
sponds to the upper range of k o values reportedS

� �for other globular proteins 16�18 . Inspection of
Fig. 6c reveals the presence of small changes in
k o around pH 2.5 and pH 4.5 which, mostS
probably, are related to the neutralization of
titrable groups of EqTxII without global disrup-
tion of the protein conformation. Between pH 2
and 1, k o steadily decreases and does not level offS
even at pH 1, our lowest experimental pH. This
observation suggests that the acid-induced denat-
uration of EqTxII is not complete at pH 1. At this
pH, the value of k o is roughly equal to 6�10�6

S
cm3 g�1 bar�1.

3.3. Viscosity

Analogous to the volumetric measurements, our
viscosity data on EqTxII have been collected only
at acidic pH, since the protein solubility sharply
decreases at alkaline pH. Recall that the viscosity
of a protein solution reflects the shape and rela-
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Ž . Ž .Fig. 3. CD spectra of EqTxII in the alkaline pH range at 25�C. a Near UV; b far UV.

tive size of protein molecules. Consequently, vis-
cosity measurements provide a useful tool for
detecting changes in protein compactness induced

� �by conformational transitions 19 . Fig. 7 shows
� �the intrinsic viscosity of EqTxII, 	 , as a function

of pH at 25�C. Errors were estimated by taking

into account uncertainties due to concentration
determinations, temperature drifts, and inherent
instrument characteristics. Inspection of Fig. 7

� �reveals that, between pH 6 and 2, the value of 	
is practically pH-independent. Below pH 2, the

� �intrinsic viscosity, 	 , of the protein increases
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Fig. 4. CD spectra at 25�C of EqTxII upon reverse titration of the base-induced denatured form.

from 0.01 to 0.03 cm3 g�1 at pH 1, but does not
level off even at this lowest experimental pH. At

� �pH 1, the value of 	 is only a half the value of
� �	 in 5 M GuHCl at pH 0.5 and 25�C. However,
one cannot exclude the possibility that, upon
completion of the acid-induced denaturation of

� �EqTxII at lower pH, the value of 	 would ap-
proach that of the fully unfolded state in 5 M
GuHCl.

3.4. Nati�e-PAGE

Fig. 8 presents the results of our native PAGE
electrophoresis experiments of EqTxII after
treatment with pH and�or temperature. In gen-
eral, depending on the conformational state, the
toxin can be monomeric or oligomeric. At pH 5.5
and 25�C, EqTxII exists in its native monomeric
form. After incubation at pH 5.5 and 95�C for 30
min and storage at 25�C overnight, the protein is

Ž .only partially monomeric 15% , while the rest of
the protein forms high molecular weight, water-

Ž .soluble aggregates. At pH 1.2 at 25�C and 95�C

Ž .and 12.6 at 25�C , EqTxII oligomerizes and forms
high molecular weight, water-soluble aggregates.
These aggregates are so large that they cannot
enter the resolving gel and remain at the border
between the stacking and resolving gels. In some
cases, the aggregates even remain within the load-
ing wells without penetrating into the stacking gel

Žat all e.g. at pH 12.6 and 25�C or pH 5.5 and
.95�C . No protein band was observed on the gel

after incubation of EqTxII at pH 12.6 and 95�C
suggesting extensive hydrolysis of the protein.

3.5. Hemolytic acti�ity

Hemolysis of bovine red blood cells is a sensi-
tive assay, which has been widely used in functio-
nal studies of actinoporins and other pore-

� �forming toxins 20 . Any structural change of
EqTxII induced by pH and temperature should
alter its biological activity, which, in turn, should
be reflected in the hemolytic function of the
toxin. Fig. 9 shows the concentration dependen-
cies of the rate of bovine red blood cell hemolysis
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Ž . Ž . Ž . Ž .Fig. 5. The pH-dependences of EqTxII single wavelength molar ellipticities at 25�C. a Near UV, � 255 nm and � 270 nm. b
Ž . Ž .Far UV, � 208 nm and � 217 nm.

Žin erythrocyte buffer 0.13 M NaCl, 0.02 M
.Tris�HCl, pH 7.4 for EqTxII preincubated at

different environmental conditions. Errors were
estimated as the standard errors of the mean.
Inspection of Fig. 9 reveals that EqTxII incubated

at pH 5.5 and 95�C for 30 min and stored at 25�C
overnight maintains only 48% of the original
hemolytic activity. Incubation of the toxin at pH
1.2, regardless of the incubation temperature and
salt, reduces the hemolytic activity by, at least,
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two orders of magnitude. Incubation of the toxin
at pH 12.6 and 25�C causes a reduction in the
hemolytic activity of the protein by an additional
order of magnitude. Finally, samples of EqTxII,

which were incubated for any length of time at
pH 12.6 and 95�C, completely lose their functio-
nal activity. The lack of hemolytic activity at pH
12.6 and 95�C is in good agreement with the

Ž . Ž .Fig. 6. The pH-dependences for EqTxII at 25�C of the partial specific volume a , relative specific sound velocity increment b , and
Ž .partial specific adiabatic compressibility c .
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Ž .Fig. 6. Continued .

absence of protein bands on the native gel, con-
sistent with extensive hydrolysis of the protein
under these harsh denaturing conditions.

4. Discussion

4.1. Acid-induced denaturation of EqTxII

4.1.1. CD spectroscopy
Inspection of Fig. 1a,b reveals the absence of

any significant changes in tertiary and secondary
structures of EqTxII between pH 6 and 2. This
observation is consistent with our ultrasonic ve-

Žlocimetric and viscometric results see Fig. 6a and
.Fig. 7 . However, below pH 2, the protein loses its

native conformation. Specifically, the near UV
CD spectrum of EqTxII begins to decrease in
intensity and, around pH 1, becomes indistin-
guishable from that of the toxin in 5 M GuHCl at

Ž .pH 0.5 and 25�C see Fig. 1a . Similarly, judging
by the far UV CD spectra of EqTxII presented in
Fig. 1b, the secondary structure of the protein

begins to change below pH 2. The far UV CD
spectrum of EqTxII near pH 1, with two distin-
guishable minima at 208 and 220 nm, is distinct
from that of the native protein at neutral pH,
which has only a single minimum at 217 nm.
Importantly, the far UV CD spectrum of the
acid-induced denatured state of EqTxII at around
pH 1 differs qualitatively and quantitatively from
that of the fully unfolded state of the protein in 5
M GuHCl at pH 0.5 and 25�C. Using a secondary

� �structure deconvolution algorithm 21,22 , we esti-
mate that, above pH 2, EqTxII is a predominantly
�-sheet protein. Specifically, at pH 6, EqTxII has
12�1% �-helical structure, 52�5% �-structure,
and 36�3% aperiodic secondary structure. By
contrast, the shape of the far UV CD spectrum of
EqTxII near pH 1 suggests a higher content of
�-helical secondary structure of at least 19%
� �21,22 . Specifically, we find that, at pH 1.2, EqTxII
has 19�1% �-helical structure, 46�5% �-struc-
ture, and 35�4% aperiodic secondary structure.

Taken together, these observations suggest that,
between pH 2 and 1, EqTxII undergoes a confor-
mational transition to a denatured state, which
lacks rigid tertiary structure but exhibits en-
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Ž . Ž .Fig. 7. The pH-dependence of the intrinsic viscosity of EqTxII at 25�C in 0 M � and 5 M � GuHCl.

hanced �-helical secondary structure. This transi-
tion can be followed by the ellipticity-vs.-pH pro-
files depicted in Fig. 5a,b. Significantly, inspection
of the four curves in Fig. 5a,b reveals that the
acid-induced denaturation of EqTxII is not com-
plete even at pH 1, our lowest experimental pH.
Recall that we arrived at a similar conclusion
based on our ultrasonic velocimetric and visco-
metric data.

As is seen from Fig. 1a,b, both the near UV

and far UV CD spectra of EqTxII contain
Ž .isodichroic points: near 212, 222 far UV , and

Ž .252 near UV nm. The slight deviations from
rigorously isodichroic points are, probably, due to
small inaccuracies in protein concentration mea-
surements, in dispensing the protein and titrant
solutions, or a combination of both. All three
isodichroic points occur between pH 2 and 1,
suggesting the existence of two spectroscopic
states in this pH range. Based on this observation,

Fig. 8. Native PAGE electrophoretograms of EqTxII preincubated at different conditions as marked.
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Fig. 9. The rate of hemolysis of bovine red blood cells by EqTxII as a function of toxin concentration. EqTxII was preincubated at
Ž . Ž . Ž . Ž . Ž .pH 5.5 and 25�C � ; pH 1.2 and 25�C � ; pH 12.6 and 25�C � ; pH 5.5 and 95�C � ; pH 1.2 and 95�C � ; and pH 12.6 and

Ž .95�C 	 .

we conclude that the acid-induced conformatio-
nal transition of EqTxII is consistent with a two-
state transition.

Inspection of Fig. 2 reveals that the far UV CD
spectrum of the protein at pH 1.2 remains essen-
tially the same at temperatures up to 50�C. Above
50�C, the acid-induced denatured state of EqTxII
reversibly converts into a more unfolded state
with less ordered secondary structure, as revealed
by an increase in molar ellipticity between 210
and 230 nm. The latter state, however, remains
distinct from the fully unfolded state of EqTxII in
5 M GuHCl at pH 0.5 and 25�C. Note that the

Žinsert in Fig. 2 the molar ellipticity of EqTxII at
.217 nm as a function of temperature has the

shape of a classical, cooperative two-state transi-
tion. This observation is consistent with the two
isodichroic points in the main part of Fig. 2: one
near 208 nm and another near 235 nm. The
deviation from perfect isodichroity in these exper-
iments could arise from the technical reasons
mentioned above as well as from concentration
inaccuracies owing to solvent evaporation at ele-
vated temperatures. Thus, we conclude that, at

pH 1.2, EqTxII undergoes a heat-induced re-
versible two-state-like transition into a state with
more disordered secondary structure. Based on
the far UV CD spectrum of EqTxII, we estimate
that, at pH 1.2 and 95�C, the toxin still contains
approximately 7�2% �-helical structure and 38
�4% �-structure while the fraction of aperiodic
structure is only 55�2%. Judging by the fraction
of unordered secondary structure, the conforma-
tional state of EqTxII at pH 1.2 and 95�C cannot
be described as fully unfolded. Given the cooper-
ative nature of the heat-induced unfolding of the
acid-induced denatured state of EqTxII, one can
speculate that the latter state represents a ‘non-
compact’ intermediate state of the protein. One
can speculate even further that this equilibrium
intermediate may resemble some kinetic interme-
diate on the EqTxII folding pathway. Clearly,
further studies are needed to prove or refute
these proposals�speculations.

4.1.2. Volume and compressibility
Volumetric observables such as partial specific

volume and adiabatic compressibility provide in-
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formation about the hydration properties and in-
� �trinsic packing of biological molecules 23�25 .

With respect to proteins, compressibility mea-
surements can also be used as a probe for protein

� �conformation 25�27 .
In general, changes in volume, 
�, and com-

pressibility, 
k , associated with the acid-inducedS
denaturation of a protein can be presented as a
sum of ‘conformational’ and ‘protonation’ con-

� �tributions 13,28 :

Ž .
� � 
� � 
� 3conf prot

Ž .
k �
k �
k 4S Sconf Sprot

where 
� and 
k represent the pH-inde-conf Sconf
pendent conformational changes in the volume
and compressibility of a protein. Note that 
�conf
and 
k represent the difference in the par-Sconf
tial specific volume and adiabatic compressibility
between the denatured and native states of a
protein at the same pH; 
� and 
k repre-prot Sprot
sent the pH-dependent changes in the protein
volume and compressibility due to protonation of
titrable groups which may or may not cause global
disruption of protein structure. Strictly speaking,

Ž .Eq. 4 should also contain a pH-dependent relax-
ation term, 
k , which represents the change inSrel
protein compressibility due to proton-transfer-in-

� �duced ultrasonic relaxation 29�31 . However, in
our analysis below, the relaxation term, 
k , isSrel
neglected since its contribution to the value of

Ž .
k in Eq. 4 is rather small for acid-inducedS
� �protein transitions 28,29 . In addition, ultrasonic

relaxation associated with proton-transfer reac-
tions reaches its maximum around the pK ofa

Ž .titrable groups between pH 3 and 4 and essen-
� �tially subsides to zero below pH 2 30 .

The protonation terms, 
� and 
k , inprot Sprot
Ž . Ž .Eqs. 3 and 4 reflect the changes in the hydra-

tion of ionizable groups upon their protonation.
Recall that EqTxII has 10 Asp residues, four Glu
residues, five His residues, and the C-terminal
carboxyl group that become protonated when the
solution pH decreases from pH 6 to 1. To account
for the protonation-induced changes in protein
volume and compressibility, 
� and 
k ,prot Sprot

we model the protonation of the titrable groups
of EqTxII by the protonation of the carboxyl and

� �amino termini of triglycine 32 . We have recently
discussed advantages and disadvantages of using
triglycine as a model system for mimicking the
hydration properties of protein ionizable groups
� �28 . In short, we assign to the protonation of
each Asp and Glu residue and the C-terminal
carboxyl group the changes in volume and com-
pressibility equal to 10.5 cm3 mol�1 and 18.4�

�4 3 �1 �1 � �10 cm mol bar , respectively 28 . Further-
more, we assign to the protonation of each His
residue the changes in volume and compressibil-
ity of �4.5 cm3 mol�1 and �18.5�10�4 cm3

�1 �1 � �mol bar , respectively 28 . It is reasonable to
assume that only one-half of the His residues of
EqTxII become protonated below pH 6 since the
pK of His is 6. With these assumptions, wea

Ž . Ž .calculate 
� and 
k in Eqs. 3 and 4 toprot Sprot
3 �1 �Žbe equal to 0.007 cm g 15�10.5�0.5�5�

. � �6 3 �1 �1 �Ž4.5 �19 800 and 1.2�10 cm g bar 15�
�4 �4. �18.4 � 10 �0.5 � 5 � 18.5 � 10 �19 800 , re-

spectively.
Inspection of Fig. 6a reveals that a decrease in

the solution pH from pH 6 to 1 causes no appre-
ciable change in the partial specific volume, � o, of
EqTxII. Our calculated value of 
� , of 0.007prot
cm3 g�1 is within the experimental error of �0.01

3 �1 Ž .cm g . Consequently, based on Eq. 3 , we
conclude that the value of 
� for the acid-in-conf
duced denaturation of EqTxII is essentially zero
within the experimental uncertainty of �0.01 cm3

g�1. This result is in agreement with previous
thermodynamic studies on proteins which have
reported only small, positive or negative, volume
changes associated with conformational transi-

� �tions of proteins 25,27,33 . It is worth mentioning
that these small magnitude of the denaturation
volume for a globular protein results from a com-
pensation between different contributions to its

� �partial specific volume 25,27,33 . In particular, we
have recently suggested that the near zero volume
changes observed for small globular proteins re-
flect fortuitous compensations between the nega-
tive contributions of enhanced hydration and re-
duced intramolecular void volume and the posi-

Žtive contribution of the thermal volume which
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results from the thermally-induced mutual mo-
. � �tions of solute and solvent molecules 27 .

Inspection of Fig. 6c reveals that the partial
specific adiabatic compressibility, k o, of EqTxIIS
diminishes by 3.5�10�6 cm3 g�1 bar�1 upon a
decrease in the pH from pH 6 to 1. Since, 
kSprot

Ž . �6 3 �1 �1in Eq. 4 is 1.2�10 cm g bar , the value
of 
k for the acid-induced unfolding ofSconf
EqTxII can be calculated to be �4.7�10�6 cm3

�1 �1 Ž �6 �6.g bar �3.5�10 �1.2�10 . However,
as discussed in the previous section, the acid-
induced denaturation of EqTxII is not complete
even at pH 1. Consequently, the real value of

k should be even more negative. If we ar-Sconf

Žbitrarily assume based on our rough evaluation
.of the denaturation profiles in Fig. 5 that, at pH

1, the protein denaturation is 50% complete, then
the real value of 
k is roughly equal toSconf

�6 3 �1 �1 � Ž �6 .��9.5�10 cm g bar 2� �4.7�10 .
For globular proteins, the partial specific adia-

batic compressibility, k o, is the sum of a positiveS
intrinsic contribution, k , and a negative hydra-M

� �tion contribution, 
k 16�18,23�26 . The intrin-h
sic contribution, k , of a globular protein resultsM
from the imperfect packing of the polypeptide

Ž .chain s within the solvent inaccessible interior.
The hydration contribution, 
k , reflects the de-h
crease in the solvent compressibility which results
from interactions between the surface atomic
groups of the protein and the surrounding water
molecules. A 9.5�10�6 cm3 g�1 bar�1 decrease
in compressibility associated with the acid-in-
duced denaturation of EqTxII reflects significant
reductions in both the intrinsic, k , and hydra-M
tion, 
k , contributions to k o. In this respect, ith S
should be noted that, for small globular proteins,
the change in adiabatic compressibility, k o, corre-S
lates with the type of transition being monitored,

� �independent of the specific protein 26 . Specifi-
cally, native-to-molten globule state transitions
result in small increases in compressibility, k o

S
Ž �6 �6 3 �1 �1.1�10 to 4�10 cm g bar , native-to-
partially unfolded state transitions are accom-

o Ž �6panied by small decreases in k �3�10 toS
�6 3 �1 �1.�7�10 cm g bar , while native-to-fully

unfolded transitions cause large decreases in k o
S

Ž �6 �6 3 �1 �1.�18�10 to �20�10 cm g bar . Ac-
cording to this compressibility scale, the acid-in-

duced denatured state of EqTxII with 
k o ofS
� �9.5�10�6 cm3 g�1 bar�1 is closer to the
range of compressibility changes characteristic for
the ensemble of partially unfolded protein states.
Partially unfolded proteins lack compactness and
native secondary and tertiary structures while re-
taining some solvent-inaccessible, mostly hy-
drophobic core. Concomitantly, the partially un-
folded state of a globular protein is characterized
by significantly enhanced hydration compared to
its compact native state. This interpretation is in
qualitative agreement with our spectroscopic and

Ž .viscometric results see Fig. 7 , which suggest,
that, below pH 2, the protein adopts an essen-
tially expanded conformation with disrupted ter-
tiary structure and non-native �-helical secondary
structure. A similar acid-induced formation of
non-native �-helical secondary structure has been
observed earlier for other �-sheet proteins, such

� �as tumor necrosis factor-� 34 and cardiotoxin
� �analogue III 35 .

4.1.3. Oligomerization of the acid-induced denatured
state of EqTxII

Denatured states of proteins tend to aggregate
� �either reversibly or irreversibly 36�40 . Recall

Ž .that our native-PAGE results see Fig. 8 reveal
that, at 25�C, EqTxII oligomerizes near pH 1 and
forms large water-soluble aggregates. Such an
association of denatured protein molecules may,
in turn, facilitate formation of �-helical sec-
ondary structure as has been observed by Uversky

� �et al. 41,42 for the acid-induced denatured states
of staphylococcal nuclease. Thus, the formation
of non-native �-helical secondary structure in the
acid-induced denatured state of EqTxII may, in
part, result from protein aggregation. On the
other hand, aggregation of the acid-induced dena-
tured state of EqTxII should cause a significant
reduction of protein hydration with a concomitant
increase in the negative hydration contribution to

o � �k 18 . Consequently, the ‘true’ change in adia-S
batic compressibility, 
k o, associated with theS
acid-induced denaturation of an isolated EqTxII
molecule is, probably, more negative than our
estimate of ��9.5�10�6 cm3 g�1 bar�1.

A similar association of protein monomers has
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been reported for melittin, a pore-forming pep-
tide, which exhibits some sequence homology with

� �the N-terminal domain of EqTxII 4 . A reduction
of the net charge of melittin by pH, acetylation,
succinylation, or salt facilitates formation of te-

� �trameric, �-helix enriched structure 43 . Another
Ž .�-sheet protein, tumor necrosis factor-� TNF-�

converts at acidic pH into a monomeric form with
enhanced �-helical content. This novel �-helical
structure is not observed in the native trimeric
form of the protein and has characteristics of a
molten globule. It is worth noting that TNF-� can
adopt at least two different acid-induced dena-
tured states: a monomeric form in the absence of
salt and an oligomeric, less �-helical form at high

� �salt 34 .

4.2. Base-induced denaturation of EqTxII

4.2.1. CD spectroscopy
Inspection of Fig. 3a and Fig. 5a reveals two

base-induced spectral changes�transitions in the
near UV range. The first transition starts near pH
7 and is accompanied by large changes in elliptic-
ity between 240 and 260 nm and relatively small

Ž .changes around 270 nm see Fig. 3a . These CD
spectral changes suggest that the first base-in-

Žduced conformational transition of EqTxII be-
.tween pH 7 and 10 brings about some disruption

of the native tertiary structure of the toxin. Alter-
natively, the change in ellipticity between 240 and
260 nm around pH 7 may arise from what appear
to be small changes in the far UV CD spectrum
in Fig. 3b. Recall that the far UV ellipticity bands
are mainly due to the peptide chromophores.
Compared to the side chain bands in the near
UV, the peptide bands in the far UV are inten-
sive, having 10 times the near UV ellipticities
Ž .note the ordinate scales on Fig. 3a,b . The far
UV peptide bands overlap the near UV side
chain bands in the 250-nm region. Consequently,

Žsmall ellipticity changes in the far UV region see
.Fig. 3b due to minor secondary structural changes

of the toxin near neutral pH will have strong
effects on the short wavelength end of the near
UV CD spectrum of EqTxII presented in Fig. 3a.
Consistent with this line of reasoning, the
observed rise in positive intensity and separation

Ž .of the pH 6 shoulder at 250 nm see Fig. 3a into
a more distinct band could easily come about if

Žthe far UV CD between 235 and 240 nm see Fig.
.3b were to become less negative or were to shift

to slightly shorter wavelengths or both. Clearly,
further studies are required to clarify the nature
of the CD structural changes around 250 nm
observed between pH 7 and 10.

The second base-induced transition of EqTxII
starts at pH 11 and is accompanied by significant
changes in ellipticity around 270 nm and a red
shift in the position of the positive maximum

Žfrom 243 nm at pH 10.3 to 250 nm at pH 13.1 see
.Fig. 3a . Significantly, this shift to longer wave-

lengths above pH 10.3 is accompanied first by a
reduction in the ellipticity and then by an in-
crease. The observed red shift can be accounted
for by the ionization of solvent exposed tyrosine

� �residues at pH 10 44 . In general, the near UV
CD spectrum of the protein near pH 13 is very
similar to that of the fully unfolded state in 5 M
GuHCl at pH 12 and 25�C. This observation
suggests that the second base-induced conforma-

Žtional transition of EqTxII between pH 11 and
.13 is accompanied by a further disruption of

tertiary structure. In fact, at pH 13, the base-
induced denatured state of EqTxII retains very
little tertiary structure, if any.

Inspection of Fig. 3b and Fig. 5b reveals that,
Ž .between pH 7 and 10 the first transition , the

overall shape of the far UV CD spectrum of
EqTxII remains essentially unchanged, even
though the CD signal slightly decreases in magni-
tude. Thus, we conclude that, around pH 10,
EqTxII essentially retains its native-like sec-
ondary structure although it may lack its native
tertiary structure. Our analysis of the far UV CD
spectrum of EqTxII in Fig. 3b revels that, at pH
10.3, the toxin has 10�1% �-helical structure,
51�5% �-structure, and 39�3% aperiodic sec-
ondary structure. Note that, within experimental
error, these numbers are quite similar to those
for the native state of the toxin around pH 6
Ž12�1% �-helical structure, 52�5% �-struc-

.ture, and 36�3% aperiodic secondary structure .
No further changes in the far UV CD spectrum

occur between pH 10 and 11. However, an in-
Žcrease in the solution pH above pH 11 the sec-
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.ond base-induced transition results in an abrupt
alteration of the shape and intensity of the far
UV CD spectrum of the toxin. In particular, a

Ž .new minimum appears at 208 nm see Fig. 3b ,
which is suggestive of the protein being trans-
formed into a state with a larger �-helical content
� �22 . Our analysis of the far UV CD spectrum of
EqTxII in Fig. 3b revels that, at pH 13.3, the toxin
has 54�3% �-helical structure, 40�5% �-struc-
ture, and only 6�3% aperiodic secondary struc-
ture. Significantly, the switch from native-like sec-
ondary structure of EqTxII to non-native, �-helix
enriched structure at pH 13 coincides with the

Ž .complete loss of tertiary structure see Fig. 3a .
Thus, at pH 13, EqTxII lacks rigid tertiary struc-
ture but exhibits enhanced �-helical secondary
structure.

Inspection of Fig. 4 reveals that, when the
solution pH decreases from pH 13.3 to 10.8, the
base-induced denatured state of EqTxII refolds
into a new partially folded intermediate state,
which spectroscopically resembles the state
observed at acidic pH. However, further acidifi-
cation of the solution to pH 1.3 does not result in
further refolding of this partially folded interme-
diate. Consequently, the base-induced conforma-
tional transitions of EqTxII are virtually irre-
versible.

We have noticed that the acid- and base-in-
duced denatured states of EqTxII have certain
features in common. Most notable amongst these
are the collapsed tertiary structures, as reflected

Žin the near UV CD spectra see Fig. 1a and Fig.
.3a , and the non-native �-helix enriched sec-

ondary structures, as reflected in the far UV CD
Ž .spectra see Fig. 1b and Fig. 3b . However, the

final base-induced denatured state of EqTxII at
pH 13 is characterized by a significantly larger

Ž .�-helical content 54�3% compared to the
Ž .acid-induced denatured state at pH 1 19�1%

or the base-induced intermediate state at pH 11
Ž .10�1% .

4.2.2. Oligomerization of the base-induced denatured
state of EqTxII

Inspection of our PAGE results presented in
Fig. 8 reveals that, at 25�C, the base-induced
denatured states of EqTxII above pH 12

oligomerize and form high molecular weight,
water-soluble aggregates. Analogous to the acid-
induced denatured state of EqTxII, one may pro-
pose that protein aggregation at highly alkaline
pH may be responsible, at least in part, for the
formation of non-native �-helix enriched sec-
ondary structure of the base-induced denatured
state of the toxin.

As mentioned above, no protein band is
observed on the PAGE gel for the base-induced
denatured state of EqTxII at pH 12.6 at elevated
temperatures. This observation suggests that, at

Ž .elevated temperatures 95�C and, perhaps, lower
and highly alkaline pH, hydrolysis of the polypep-
tide chain of EqTxII is likely to occur.

Finally, a number of investigators have observed
that pore formation by actinoporins involves the
association of three to four toxin molecules
Ž . � �oligomerization 4,45�48 . However, our results
suggest that oligomeric EqTxII structures ob-

Ž . Žtained at acidic pH pH 1.2 , alkaline pH pH
. Ž .12.6 , or elevated temperatures 95�C are sig-

nificantly less active hemolytically than the native
monomeric state of the toxin obtained under
physiological solution conditions. Thus, the most
biologically active form of EqTxII appears to be
monomeric even though pore formation requires
the toxin association into oligomers. This suggests
that both the native monomeric conformation
and interaction with the membrane are necessary
for pore formation and hemolysis. Perhaps, the
oligomerization of EqTxII molecules, required for
performing their pore-forming function, occurs at
the water�lipid interface or within the non-aque-
ous environment inside the membrane.

5. Conclusion

We have studied the conformational transitions
of EqTxII using CD spectroscopy, ultrasonic ve-
locimetry, high precision densimetry, viscometry,
gel electrophoresis, and hemolytic activity assays.
Depending on the environmental conditions,
EqTxII may adopt various conformational states.
At neutral pH and room temperature, the protein
assumes a monomeric native state with rigid ter-
tiary structure and predominantly �-sheet sec-
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Ž .ondary structure. At acidic pH below pH 2 and
room temperature, the protein is irreversibly con-
verted into a partially unfolded oligomeric state
with disrupted tertiary structure and enhanced,
non-native �-helical secondary structure. The
acid-induced denatured state of EqTxII exhibits
significantly reduced specific partial adiabatic
compressibility and enhanced intrinsic viscosity
compared to the native state. At elevated temper-

Ž .atures above 50�C , the acid-induced denatured
state of EqTxII reversibly denatures to a more
unfolded state with decreased �-helical secondary
structure.

At alkaline pH and room temperature, EqTxII
undergoes two irreversible base-induced transi-

Ž .tions. The first transition between pH 7 and 10
results in a partial disruption of tertiary structure,
while the secondary structure remains largely pre-

Žserved. The second transition between pH 11
.and 13 is accompanied by a further disruption of

tertiary structure and formation of extensive,
non-native �-helical secondary structure. Analo-
gous to the acid-induced denatured state of
EqTxII at pH 1, the final base-induced denatured
state at pH 13 forms large water-soluble aggre-
gates.

In general, our results provide an experimental
basis for a better understanding of mechanisms of
biological toxicity of EqTxII and other pore-for-
ming proteins. In particular, our results provide
insight into the role of oligomerization and struc-
tural alterations of toxin molecules in modulating
their pore-forming function.
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