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Abstract The effects of mildly acidic conditions on the free
energy of unfolding (vvGbuff

u ) of the pore-forming alpha-hemolysin
(KKHL) from Staphylococcus aureus were assessed between pH
5.0 and 7.5 by measuring intrinsic tryptophan fluorescence,
circular dichroism and elution time in size exclusion chromato-
graphy during urea denaturation. Decreasing the pH from 7.0 to
5.0 reduced the calculated vvGbuff

u from 8.9 to 4.2 kcal mol31,
which correlates with an increased rate of pore formation
previously observed over the same pH range. It is proposed that
the lowered surface pH of biological membranes reduces the
stability of KKHL thereby modulating the rate of pore formation.
z 1999 Federation of European Biochemical Societies.
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1. Introduction

Alpha-hemolysin (KHL, also referred to as alpha-toxin) is a
major exotoxin produced by pathogenic strains of the Gram-
positive bacterium Staphylococcus aureus. The toxin is se-
creted as a hydrophilic monomer, which in vivo binds to a
receptor on target cell membranes, and oligomerizes to form a
transmembrane pore (reviews [1,2]). At higher concentrations
in vitro, KHL binds to arti¢cial membranes and the investi-
gation of this interaction has yielded detailed information
concerning the pore-forming process [3]. Following initial
membrane association, KHL undergoes a conformation con-
version and oligomerizes to form a heptameric non-lytic pre-
pore [4,5]. A subsequent conformation change in the pre-pore
complex results in the formation of a fully lytic heptameric
transmembrane pore [6,7]. A wealth of evidence has demon-
strated that a central glycine rich region of the protein (resi-
dues 118^142) inserts into the membrane bilayer to form the
walls of the pore, with the bulk of the heptamer remaining
exposed to the solvent [8^16]. The crystal structure of the
KHL heptamer reveals that the central glycine rich region
from each monomer forms a two-stranded anti-parallel L-
sheet which contributes to a 14-stranded L-barrel the lumen
of which constitutes the transmembrane pore [17].

The factors which in£uence the conformation changes of
the membrane associated KHL are poorly understood. The
negatively charged phospholipid, glycolipid and glycoprotein
contents of biological membranes result in the formation of

an electrostatic double layer, where the concentrations of pos-
itively charged ions and protons are signi¢cantly higher at the
membrane surface in relation to the bulk solvent (e.g. reviews
[18,19]). Previous spectroscopic studies of KHL in solution
have demonstrated that below pH 4.0 a biphasic structural
transition occurs, during which the protein assumes properties
consistent with those of a `molten globule' state, and it has
been suggested that reduced pH at the membrane surface may
trigger a partial unfolding of KHL which in turn leads to pore
formation [20,38]. This hypothesis may be feasible for model
membranes with high negative surface charge densities
(s30.4 C m32) ; however, calculations based on Chapman-
Gouy theory predict that negative charge densities similar to
those in biological membranes (30.05 to 30.1 C m32) result
in a more modest pH reduction of 1.0^1.5 units in the region
of the phospholipid headgroups relative to the bulk solvent
[21^23]. These predictions have been con¢rmed experimentally
both in model [22,24] and cell membranes [22]. Therefore, in
order to determine the e¡ects of pH changes over a physio-
logical range, we have examined the thermodynamic stability
of KHL using urea equilibrium unfolding as monitored by
intrinsic tryptophan £uorescence, circular dichroism and size
exclusion chromatography over the pH range 5.0^7.5.

2. Materials and methods

2.1. Protein puri¢cation
KHL was puri¢ed from culture supernatants of S. aureus strain

Y1090 transformed with plasmid pDU1212 using a combination of
ammonium sulfate precipitation and cation exchange chromatography
as previously described [25]. Aliquots of puri¢ed protein were stored
at 320³C for further use. Protein purity was routinely evaluated by
silver staining of SDS-PAGE gels, which con¢rmed the protein re-
mained in the monomeric state during puri¢cation and storage.

2.2. Intrinsic tryptophan £uorescence emission (ITFE) spectroscopy
KHL samples at a ¢nal concentration of 10 Wg ml31 were prepared

in 20 mM acetate (pH 5.0 and 5.5) or 20 mM sodium phosphate (pH
6.0^7.5) bu¡ers in the presence of 150 mM NaCl. For equilibrium
denaturation experiments, the urea concentration in individual sam-
ples was increased over the range 0^6 M by dilution of a 10 M stock
solution of re-crystallized urea prepared in the same bu¡er at the
given pH. ITFE spectra were measured in the wavelength range
310^450 nm using a Hitachi F2000 spectro£uorimeter, with an exci-
tation wavelength of 295 nm and excitation and emission slits set at
5 nm. Experiments were performed at 298 K, and all spectra were
corrected by subtraction of the spectrum from the equivalent bu¡er at
the given urea concentration. The observed spectral centers of mass,
Cobsd

M , of the ITFE spectra were calculated according to:

Cobsd
M �

X
IV 31V 31=

X
IVÿ1 �1�

where IV 31 is the £uorescence emission intensity at wavenumber V31.
These values of Cobsd

M were used to estimate the Gibbs free energy
between the native and unfolded protein states (vGbuff

U ) in bu¡ers at
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all pH values assuming a two-state unfolding model for a monomer
[26,27]. In this model Cobsd

M is related to the denaturant concentration,
[D], by the expression:

Cobsd
M � ��C0

MN �mN�D�� � �C0
MU �mU�D��KU��=�1� KU� �2�

where C0
MN and C0

MU are the values of the intercepts, and mN and mU
are the slopes of the linear pre- and post-transition phases in which
the protein is present in the native and unfolded states respectively.
The equilibrium constant for the transition between native and un-
folded states, KU, is calculated by:

KU � exp�31U�vGbuff
U ÿmD�D��=RT � �3�

where mD is the slope describing the dependence of vGbuff
U on the

denaturant concentration. Eqs. 2 and 3 were combined in a non-linear
least squares ¢tting of Cobsd

M and [D] using C0
MN, C0

MU, mN, mU, mD
and vGbuff

U as ¢tting parameters. The accuracy of the ¢tting procedure
was evaluated by manual input of varying values of the ¢tting param-
eters. Convergence of parameter values was una¡ected by perturba-
tions of þ 10% in the initial values, above which convergence was
only achieved at the expense of increased values of the standard error
between the experimental and the ¢tted data.

2.3. Circular dichroism (CD)
Samples containing a ¢nal protein concentration of 10 Wg ml31

were prepared in bu¡ers at pH 5.0 and 7.0 containing 0^6 M urea
as described previously for the £uorescence experiments. The CD at
218 nm was measured with a Jasco 900 spectropolarimeter using 1 mm
pathlength quartz cuvettes by integration of the signal over a 60 s
period. The temperature was maintained constant at 298 K, and in all
cases a correction was made by subtraction of the integrated signal
measured from a bu¡er blank over the same time scale. The observed
changes in the CD signal at 218 nm (Cobsd

D ) as a function of urea
concentration were analyzed using non-linear least squares ¢tting of
Eqs. 2 and 3. The terms C0

MN and C0
MU in Eq. 2 were replaced by C0

DN
and C0

DU, the intercept values of the linear pre- and post-transition
phases of the CD signal for the protein in the native and unfolded
states respectively.

2.4. Size exclusion chromatography (SEC)
Unfolding of KHL was monitored by measuring the elution time

using a Sepharose 6B (Pharmacia, Uppsala, Sweden) column
(1.6 cmU35 cm) in pH 5.0 and 7.0 bu¡ers during the application of
a linear gradient of urea over the concentration range 0^6 M. KHL at
a concentration of 2.0 mg ml31 in the appropriate bu¡er without urea
was injected in 100 Wl aliquots at pre-determined time intervals during
the gradient run. The application of the mobile phase was maintained
at a constant rate of 0.3 ml min31, and the elution time of the protein
was measured by continuously monitoring the A280 of the eluate.

3. Results

The ITFE spectra for native KHL over the pH range 5.0^
7.5 show a constant maximum emission wavelength (Vmax) of
336 nm, which is consistent with previously reported values of
the native protein [20,25]. In order to determine if a reduction
in pH resulted in tertiary structure changes, both quenching of

the ITFE by iodide and the quantum yield of aniline-8-sul-
fonic acid (ANS) were measured over the pH range 5.0^7.5.
No signi¢cant changes were observed in either experiment,
which con¢rms the results of previous investigations [20]
and indicates that in the absence of urea no detectable
changes in tertiary structure occur over the pH range studied.
The addition of urea to a ¢nal concentration of 6 M results in
a red shift in the Vmax to 352 nm with a concomitant decrease
in emission intensity due to the increased exposure of trypto-
phans to the aqueous solvent. The red shift in the ITFE on
addition of urea results in a decrease in the spectral center of
mass (COM), and these data are represented in Fig. 1 as the
fraction of native protein (fnat) for experiments over the pH
range 5.0^7.5. Fig. 1 includes both the experimentally deter-
mined values of fnat and curves derived from the non-linear
least squares ¢tting of the data using a two-state unfolding
model for a monomer. At all pH values a clear transition
between the native and unfolded states is observed, which
occurs at progressively lower concentrations of urea as the
pH is reduced from pH 7.5 to 5.0. The values derived for
vGbuff

u and mD from these unfolding curves are shown in
Table 1. The KHL monomer contains eight Trp residues dis-
tributed both in the two principal domains (the so-called rim
and cap domains, Trp residues are absent in the third trans-
membrane stem domain) and at the interface between these
domains [17]. Changes in the microenvironments of all Trp

Fig. 1. Changes in the fraction of native KHL (fnat) derived from
ITFE data as a function of urea concentration at pH values of 5.0
(F), 5.5 (E), 6.0 (b), 6.5 (a), 7.0 (R) and 7.5 (O). The solid lines
in each case are the results of non-linear least squares ¢tting to the
data used to derive the values of vGbuff

U , mD, and [urea]50.

Table 1
Values of vGbuff

U , mD and [urea]50 of KHL, over the pH range 5.0^7.5 measured changes in ITFE, CD and SEC

pH ITFE CD SEC

vGbuff
U

(kcal mol31)
mD
(kcal mol31M31)

[urea]50
(M)

vGbuff
U

(kcal mol31)
mD (kcal mol31

M31)
[urea]50
(M)

[urea]50
(M)

5.0 4.2 2.4 1.7 4.1 2.5 1.6 1.7
5.5 4.7 2.7 1.7 n.d. n.d. n.d. n.d.
6.0 5.9 3.1 1.9 n.d. n.d. n.d. n.d.
6.5 8.0 3.4 2.3 n.d. n.d. n.d. n.d.
7.0 8.9 3.7 2.4 8.9 3.7 2.4 2.6
7.5 9.7 3.4 2.8 n.d. n.d. n.d. n.d.

For experimental details see Section 2.
n.d., value not determined.
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residues will alter the form of the ¢nal ITFE spectrum, which
in turn will in£uence the value calculated for the spectral
COM. The COM is therefore sensitive to changes in the mi-
croenvironments of all Trp residues such as might be found in
intermediate conformations in the unfolding process; how-
ever, the monophasic transitions observed in Fig. 1 indicate
the absence of such intermediates under the experimental con-
ditions used in this study.

The changes in ITFE on unfolding of KHL were correlated
with the changes in secondary structure as measured by CD at
pH 5.0 and 7.0. The inset of Fig. 2 shows the far-UV CD

spectra of KHL over the pH range 5.0^7.0 in the absence of
urea, which are typical of a predominantly L-sheet protein in
the native state and are similar to those described previously
[20,25]. No changes in the far-UV CD spectra were observed
in the absence of denaturant over the pH range used in this
study. However, the main panel in Fig. 2 illustrates the e¡ect
of increasing concentrations of urea which result in a decrease
in the ellipticity at 218 nm in bu¡ers at both pH 5.0 and 7.0,
with a transition at lower urea concentrations for pH 5.0. The
solid lines in Fig. 2 show the results of the non-linear curve
¢tting of the ellipticity data, and the values derived for vGbuff

u
and mD from these ¢tted curves are shown in Table 1. The
close correlation between the values of vGbuff

u and mD derived
from the CD and ITFE experiments indicates a concomitant
loss of secondary and tertiary structure during the urea in-
duced unfolding of KHL. The values of vGbuff

u derived from
the non-linear curve ¢tting of the CD and ITFE data are
presented in Fig. 3, where the solid line represents the least
squares ¢t of the Henderson-Hasselbach equation to the data
which yields a pKa value of 6.2.

The changes in the secondary and tertiary structure of the
KHL during urea-induced unfolding were correlated with
changes in the elution time in SEC. At pH values of 5.0
and 7.0, increasing concentrations of urea from 0 to 6 M
result in a decrease in the elution times for the KHL from
V31 min to V27 min, with distinct pH-dependent transition
regions. These changes are indicative of an increase in hydro-
dynamic radius, and the normalized elution times at pH 5.0
and 7.0 are presented in Fig. 4 together with the normalized
CD and ITFE data as a function of urea concentration. The
coincidence of the transition regions measured using CD and
ITFE is matched by the transition measured by SEC, demon-
strating that the loss of secondary and tertiary structure and

Fig. 2. Circular dichroism of KHL at 218 nm on titration with urea at pH 5.0 (F) and 7.0 (E). Inset shows the far-UV CD spectra of KHL in
the absence of denaturant at pH 5.0 (dot-dashes), 5.5 (dashes), 6.0 (dots), 6.5 (long dashes) and 7.0 (solid line).

Fig. 3. Free energy of unfolding in bu¡er (vGbuff
U ) of KHL as a

function of pH. Values for vGbuff
U derived from non-linear least

squares ¢tting of both ITFE (F) and CD (E) unfolding curves are
shown. The solid line represents curve ¢tting of the data using the
Henderson-Hasselbach equation with a pKa of 6.2.
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the increase in the hydrodynamic radius are concomitant
events. Although a slight divergence of the SEC data is ob-
served in the ¢nal phase of the transition region, as shown in
Table 1 the [urea]50 values (the concentration of urea required
for 50% denaturation) from all three techniques is compara-
ble.

4. Discussion

Membrane damaging activity of the KHL is the conse-
quence of the formation of a transmembrane pore, a process
which has been extensively studied in vitro through the inves-
tigation of the interaction of the protein with arti¢cial mem-
branes (e.g. [3] for recent review). Consequently, a detailed
model of pore formation has emerged in which the initial
membrane association event is followed by a sequence of con-
formation changes terminating in the formation of a fully lytic
heptamer. Although much information is available concerning
the structural changes during the pore-forming process, inves-
tigation of the physico-chemical factors which in£uence the
conformation transitions in the KHL have received little at-
tention. In this study, we have evaluated the e¡ect of changes
in pH over a physiological range on the stability of the native
state of the KHL through changes in the free energy of un-
folding in bu¡er (vGbuff

u ). We have demonstrated that for a
decrease in the pH over the range calculated for the approach
and association of KHL to a biological membrane, the vGbuff

u
of the protein is signi¢cantly reduced from 8.9 to 4.2 kcal
mol31. Furthermore, in the absence of denaturant the ITFE
and CD spectra con¢rm that the reduction in protein stability
induced by the lowered pH is not accompanied by detectable
alterations in either the secondary or tertiary structure. These
results are in accord with recent di¡erential scanning calorim-
etry studies, which show that the melting temperature for the
KHL decreases as the pH is reduced from 7.0 to 5.0 [28].

These observations may be correlated with the crystal struc-
tures of KHL [17] and two other pore-forming toxins, staph-
ylococcal LukF [29,30] and protective antigen (PA) from Ba-

cillus anthracis [31]. It is proposed that in the membrane
associated PA pre-pore, mildly acidic pH facilitates the refold-
ing of a greek key motif to form an extended L-hairpin struc-
ture, the tip of which traverses the membrane to form the
walls of a heptameric transmembrane pore [31,32]. Direct evi-
dence of a similar structural change in KHL has been obtained
by comparison of the individual subunits in the ¢nal heptamer
structure with that of the monomeric form of the structurally
similar LukF [29,30]. In the case of PA, the loops and the
L-strands which are proposed to undergo conformational
change are rich in histidine residues, and the crystal structure
of PA at mildly acidic pH demonstrates that a surface loop in
this region becomes disordered [31]. It is noteworthy that the
LukF and KHL were crystallized at neutral [30] and slightly
acidic [7,17] pH respectively, and a comparison of the two
structures reveals that although the secondary and tertiary
structure of the rim domain is essentially unaltered, the poly-
peptide backbone atoms in this region of the KHL structure
display elevated crystallographic B-factor values. This demon-
strates an increased mobility of this region in the KHL as
compared to LukF and although crystal packing e¡ects can-
not be excluded, it may suggest a correlation between de-
creased pH of the crystallization conditions and increased
protein £exibility.

Previous studies have demonstrated that in solution at
pHA4.5 the K-helical pore-forming domains of several bacte-
rial pore-forming toxins, including colicins [33,34], exotoxin A
[35] and diphtheria toxin [36], adopt partially unfolded and
more £exible conformations which are reminiscent of `molten
globule' states. It has been suggested that upon association of
these proteins with biological membranes, the reduced local
pH triggers the formation of a partially unfolded state which
is functionally associated with the pore-forming process [37].
On the basis of conformation changes observed over the pH
range 3.5^4.0 both in solution and on association of the pro-
tein with liposome membranes with high negative charge den-
sities, a similar mechanism has been proposed for the KHL
[20,38]. However, KHL retains pore-forming ability at pH 7.0
on liposome membranes with neutral net charge [39], where a
model based on a pH-triggered conformation change predicts
that the local pH at the membrane surface is similar to the
bulk phase and would prevent formation of a partially un-
folded state. Nevertheless, recent ITFE studies have obtained
evidence consistent with the formation of an intermediate with
altered tertiary structure on membranes with net neutral sur-
face charge at pH 7.0 [25].

Results from these previous studies and those presented
here would seem to imply that membrane binding rather
than pH change over the physiological range triggers confor-
mation change in KHL. However, pH does in£uence the rate
of pore formation as demonstrated by conductance experi-
ments using KHL on planar bilayers of lipids with neutral
net charge [6,40], in which the maximum rate of pore forma-
tion occurs at bulk solvent pH values of 5.0^5.5, and de-
creases rapidly between pH 6.0 and 7.0 [40]. These results
show a striking correlation with the pH values over which
we observe the transition in vGbuff

u , and the least squares ¢t-
ting to the Henderson-Hasselbach equation for the values of
vGbuff

u yields a pKa value of 6.2 which coincides with the
protonation of the imidazole side chain of histidine residues.
Indeed, site-directed mutagenesis studies of each of the four
histidines in KHL have identi¢ed His35 and His48 as essential

Fig. 4. Fraction of native protein (fnat) as a function of urea con-
centration at pH 5.0 (open symbols) and 7.0 (solid symbols) as esti-
mated by ITFE (small squares), CD (small triangles) and SEC
(large squares). Values for fnat were calculated as previously de-
scribed [26]. The solid lines represent the curves derived from the
ITFE data using values for vGbuff

U and mD given in the text for pH
5.0 and 7.0 respectively.
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residues for the correct oligomerization of the heptameric pre-
pore and for subsequent pore formation [41^44]. We suggest
that the reduced local pH in the vicinity of the membrane
surface results in the protonation of key residues (possibly
histidines) which leads to a reduction in the stability of the
KHL. The reduced stability lowers free energy barriers be-
tween intermediate conformations of the protein with the con-
sequent modulation of the rate of pore formation.
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