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ABSTRACT: R-Hemolysin (HlyA) is a pore-forming toxin secreted by pathogenic strains ofEscherichia
coli. The toxin is synthesized as a protoxin, ProHlyA, which is matured in the cytosol to the active form
by acylation at two internal lysines, K563 and K689 (HlyA). It is widely known that the presence of fatty
acids is crucial for the hemolytic and cytotoxic effects of the toxin. However, no detailed physicochemical
characterization of the structural changes produced by fatty acids in the soluble protein prior to membrane
binding has been carried out to date. The effects of chemical denaturants, the ANS binding parameters
(Kd andn) and the sensitivity to proteases were compared between the acylated and unacylated protein
forms HlyA and ProHlyA. Our results are consistent with a molten globular form of the acylated protein.
Moreover, because molten globule proteins are intrinsically disordered proteins, using disorder prediction
analyses, we show that HlyA contains 9 regions composed of 10-30 natively disordered amino acids.
We propose that this conformation induced by covalently bound fatty acids might provide HlyA with the
ability to bind to a variety of molecules during its action mechanism.

Many protein toxins from Gram-negative bacteria require
activation steps to become active forms after intracellular
translation. This is the case for the pore-formingR-hemolysin
(HlyA1) of Escherichia coli. HlyA represents a unique class
of bacterial toxins that requires a post-traslational modifica-
tion involving a covalent amide linkage of fatty acids to two
internal lysine residues for activation (1).

HlyA is a protein toxin (110 kDa) with a wide target cell
specificity, and it has been associated with urinary tract
infections and septicemia (2). It belongs to the so-called RTX
(repeats in toxin) family, a series of protein toxins that
contain a number of glycine- and aspartate-rich nonapeptide
tandem repeats near their C-terminal end (3). Synthesis,
maturation, and secretion ofE. coli HlyA are determined
by thehlyCABDoperon (4). The gene A product is a 110-
kDa polypeptide corresponding to protoxin (ProHlyA), which
is matured in cytosol to the active form (HlyA) by HlyC-
directed acylation. HlyA activatedin ViVo consists of a
heterogeneous family of up to nine different covalent
structures (two acylation sites and three possible modifying
groups at each one, C 14:0 (68%), C15:0 (26%), and C17:0

(6%)) (5). Like other members of the family, HlyA is
extracellularly secreted as a soluble protein, although an
alternative secretion mechanism by outer membrane vesicles
was recently identified, with both mechanisms independent
of acylation (6) (Herlax, V., unpublished results).

In the extracellular medium, HlyA must associate with
calcium in order to bind to membranes in the lytically active
form (7, 8). This second activation step is acylation-
dependent because calcium-binding capacity is lower in the
unacylated protein (9).

Once HlyA is activated, the toxin appears to have a two-
stage interaction with membranes: reversible adsorption,
sensitive to electrostatic forces, and irreversible insertion (10).
The inserted HlyA form behaves as an integral protein
because it cannot be extracted without the use of detergents
(11). Moreover, ProHlyA, although non-acylated, also in-
teracts with membranes. This is not surprising because the
amino acid sequence of the polypeptide shows amphipathic
helices in the amino acid 250-400 region. However, despite
the amphipathic stretches known to be essential for lytic
activity, ProHlyA is unable to alter bilayer permeability (9).
Experiments on protein adsorption at the air-water interface
suggest that the fatty acids present in HlyA but not in
ProHlyA do not modify the surface-active properties of the
protein and that the main difference between the precursor
and the mature protein is that ProHlyA is virtually unable
to insert itself into lipid monolayers (12). Moreover, we
found that the presence of two acyl chains in HlyA confers
this protein with the property of irreversible binding to

† This research is supported by the Agencia Nacional de Promocio´n
de Ciencia y Tecnologı´a (PICT No. 01-08645).

* To whom correspondence should be addressed. Phone: 54-221-
482-4894. Fax: 54-221-4258988. E-mail: lbakas@biol.unlp.edu.ar.

‡ Instituto de Investigaciones Bioquı´micas La Plata (INIBIOLP).
§ Universidad Nacional de La Plata.
1 Abbreviations: ANS, 8-anilinonaphtalene-1-sulfonate; FRET, fluo-

rescence resonance energy transfer; GdnHCl, guanidinium chloride;
HlyA, R-Hemolysin; LB, Luria-Bertani medium; MAb, monoclonal
antibody; PMSF, phenylmethylsulfonyl fluoride; ProHlyA, proHemol-
ysin; RTX, repeats in toxin; TC, Tris-NaCl; TCU, Tris-NaCl-urea.

5177Biochemistry2007,46, 5177-5184

10.1021/bi0618013 CCC: $37.00 © 2007 American Chemical Society
Published on Web 04/04/2007



membranes, which is essential for the lytic process to take
place (13).

The increase in hydrophobicity resulting from the attach-
ment of a fatty acid increases the association of many
proteins with membranes mediating specific protein-protein
and/or protein-lipid interactions, but very little is known
about how acyl groups modify the protein structure in
solution.

To determine if covalently bound fatty acids produce
conformational changes, several methods, including chemical
denaturation, ANS binding, and limited protease digestion,
were employed. All these techniques are useful to unequivo-
cally characterize the well defined different protein confor-
mations: order, molten globule, and random coil (14). Our
results support the hypothesis that ProHlyA presents a more
compact structure, whereas HlyA has a molten globule
conformation, suggesting that the fatty acids are involved
in the adoption of the active protein conformation. Because
the molten globule form belongs to the intrinsically disor-
dered protein family, we discuss the importance of these
intrinsically disordered regions in different steps in the action
mechanism of the toxin.

MATERIALS AND METHODS

Protein purification. HlyA and ProHlyA were purified
from culture filtrates of E. coli strains overproducing
plasmids WAM 1824 (15) and WAM 783 (16), respectively
(kindly provided by Dr. R. A. Welch, University of
Wisconsin, Madison).

Cultures for HlyA were grown to late log phase in LB to
an optical density at 600 nm (OD600) of 0.8-1.0. Cells were
pelleted, and the supernatant was concentrated and partially
purified by precipitation with 20% cold ethanol. The
precipitate containing HlyA was collected by centrifugation
(1 h, 10,000 rpm in a Sorvall centrifuge, rotor SSA 34), then
resuspended in 20 mM Tris at pH 7.0 and 150 mM NaCl
(TC). SDS-PAGE analysis of this preparation showed a
main band at 110 kDa corresponding to more than 90% of
the total protein. Proteins of lower molecular mass were
removed by dialysis (membrane cutoff 30 kDa). The protein
was stored at-70 °C in 20 mM Tris at pH 7.0, 150 mM
NaCl, and 6 M urea (TCU). Proteins were first dialyzed in
TC (1:100 v/v) before each experiment, during 4 h at 4°C.

GdnHCl Denaturation.The fluorescence emission of Trp
was used to monitor HlyA denaturation at increasing
concentrations of GdnHCl. Protein intrinsic fluorescence
spectra were recorded on a Perkin-Elmer LS 50B spectrof-
luorimeter with a temperature-controlled sample holder. The
excitation wavelength used was 295 nm to minimize tyrosine
emission (17). Chemical stability was measured after incu-
bating HlyA or ProHlyA (10µg/mL) at various concentra-
tions (0-5 M) of GdnHCl buffered with TC buffer at 25°C
for 2 h. After incubation, the Trp fluorescence spectra were
recorded in the range 320-400 nm using 150-µL cuvettes.
The ratio of the fluorescence intensity at 350 and 330 nm
(X) was used to calculatefD (molar fraction of denatured
molecules) (18) as follows:

whereXx is the fluorescence intensity ratio at each GdnHCl
concentration tested.

ANS Binding.The interaction of HlyA or ProHlyA with
ANS was analyzed using the same spectrofluorimeter in a
150-µL fluorimetric cell at 25°C. 1-Anilino-8-naphthale-
nesulfonic acid (ANS, Molecular Probes, Eugene, OR)
binding curves were generated by titrating increasing amounts
of protein into a fixed amount of ANS (10µM) in TC buffer.
An excitation wavelength of 350 nm was used, and fluores-
cence emission was recorded between 420 and 600 nm. Slits
were 4 nm for both excitation and emission. ANS binding
curves were measured three times for each protein and
averaged.

The stoichiometry and dissociation constants (Kd) for the
binding of ANS to HlyA or ProHlyA were calculated using
Klotz analysis according to the methods described by Maity
(19). Klotz graphs were necessary for the evaluation of the
binding constants because nonlinear Scatchard plots were
obtained for HlyA and ProHlyA.

Assuming that there aren independent binding sites for
ANS per protein and the quantum yield of each site is the
same, the following equation can be written as follows:

whereFobs is the fluorescence intensity at a given protein
concentration, andFmax is the maximum fluorescence when
all ANS molecules are bound to protein. This calibration
factor was determined to relate the change in fluorescence
to the amount of ANS bound to protein.Pt is the amount of
total protein added, andAt corresponds to the concentration
of ANS added. Subsequently, a fixed amount of ANS
(10 µM) was titrated with increasing amounts of HlyA and
ProHlyA, and from the slope and the intercept of the plot
[Pt]/(Fobs/Fmax)[At] versus 1/[At](1-Fobs/Fmax), values ofKd

andn were determined.

For fluorescence resonance energy transfer (FRET) experi-
ments, samples were excited at 295 nm to selectively excite
Trp residues, and the fluorescence emission was recorded
between 300 and 500 nm. The FRET efficiency was
calculated from the decrease in donor fluorescence (20).

Limited Proteolysis.A trypsin stock solution was prepared
(4 mg/mL in TC buffer), aliquoted, and frozen at-20 °C
until used. Proteolysis experiments contained HlyA or
ProHlyA/trypsin at a 5:1 molar ratio in TC buffer at pH 7.4.
They were allowed to react for 0.5, 1, 5, 15, and 30 min at
room temperature. The reaction was stopped by the addition
of 0.1 mM PMSF, and the digests were analyzed by 10%
SDS-PAGE. The intensity of the main band was analyzed
using Kodak Digital Science 1D Software.

Computational Analyses.ProHlyA was analyzed for
regions of putatively disordered structure using neural
network-based predictions (PONDR,Predictor of Naturally
Disordered Regions, available at www.pondr.com). The
length-dependent predictor of intrinsic protein disorder
algorithm, VSL1, developed by Peng and Obradovic was
used. We chose this predictor because it is the most accurate
and gives the best results of the 20 order/disorder predictors
tested (21).

fD )
Xx - XGdnHCl 0 M

XGdnHCl 6 M - XGdnHCl 0 M
(1)

[Pt]

Fobs/Fmax[At]
)

Kd

n[At](1 - Fobs/Fmax)
+ 1

n
(2)

5178 Biochemistry, Vol. 46, No. 17, 2007 Herlax and Baka´s



RESULTS

GdnHCl Denaturation.Denaturing curves are suitable for
measuring differences in conformational stability among
proteins. The relative concentration of folded (native) and
unfolded conformations can be determined from studies in
which spectral probes are used to monitor the conformational
state of the protein (22). HlyA is a 1023 amino acid protein
containing 4 tryptophan (W) residues located at positions
431, 479, 578, and 913, which can serve as intrinsic
fluorophores. The ratio between the relative fluorescence
intensity at 350 and 330 nm increases because of the red
shift of W fluorescence upon denaturation, indicating a more
polar environment for W residues in the unfolded state. From
this ratio, it was possible to estimatefD (mole fraction of
denatured molecules) (Figure 1).

GdnHCl unfolding transitions reached a plateau, and a two-
model state fits the experimental data. The GdnHCl con-
centration required to reach the midpoint of the transition
between both states (Cm) was higher for ProHlyA in
comparison with that for acylated HlyA. The unfolding
curves for both ProHlyA and HlyA are not abrupt, probably
reflecting the existence of local differences in the unfolding
of different regions tested by W-residue fluorescence.

Because the unfolding event consists of an equilibrium
process involving two states, it allows for the definition of
the equilibrium constantK ) fD/(1-fD). Hence, the Gibb’s
free energy for the unfolding reaction in terms of these mole
fractions at a particular GdnHCl concentration (∆G° ) -RT
ln K) can be calculated. The dependence of∆G° on GdnHCl
concentration can be approximated by the linear equation
∆G° ) ∆G°H2O - m[GdnHCl], where the free energy of
unfolding in the absence of denaturant (∆G°H2O), which
represents the conformational stability of the protein, can
be obtained by extrapolating to zero denaturant concentration.
m is a coefficient that is proportional to the amount of

hydrophobic regions of the protein that are exposed to solvent
when the protein unfolds (23). Cm, GdnHCl concentration
at the midpoint of the denaturating transition, can be obtained
at ∆G° ) 0. As observed in Figure 2,∆G°H2O, m, andCm

show acylation dependence.
ANS Binding.To confirm the more relaxed structure of

HlyA, ANS binding behavior was evaluated. ANS is a probe
for monitoring hydrophobic areas in protein molecules. It is
almost nonfluorescent in aqueous medium, but the quantum
yield increases significantly after binding to hydrophobic sites
on a protein surface. For this reason, it is a suitable probe
for quantitative evaluation of the average surface hydropho-
bicity of a protein in its native state (24). The binding of
ANS to both HlyA and ProHlyA is associated with enhanced
fluorescence and a blue shift in ANS emission wavelength
(data not shown).Kd andn were calculated as described in
Materials and Methods. First, a plot of 1/∆F versus
1/[protein] was extrapolated to infinite protein concentration
to calculateFmax values of 3.7 and 3.34 AU/µM ANS bound
for HlyA and ProHlyA, respectively. These values indicate
that the fluorescence increase per ANS bound to protein is
similar in both cases, suggesting a similar environment for
the probe. From Figure 3, the values calculated forn are
19.6 and 38.5, and theKd values are 1.6 and 16.6µM for
ProHlyA and HlyA, respectively.Kd values determined in
this way are only apparent values because an uncertain
number of ANS molecules can bind with possibly different
quantum yields.

Resonance energy transfer between the W residues of
proteins and ANS molecules has been reported (20). The
fluorescence emission maximum for ProHlyA in solution is
blue-shifted in comparison to that of HlyA, suggesting that
the W residues are located in a more hydrophobic environ-
ment in the unacylated protein, as we previously reported
(13). The emission was quenched by the addition of ANS,
and a second emission peak at 470 nm appeared correspond-
ing to an ANS-protein complex, indicating the transference
of energy from W to adsorbed ANS molecules. In the
absence of ANS, maximum fluorescence was emitted at
347 nm because of W excitation; with increasing ANS
concentration, this emission decreased, and the emission
intensity of ANS increased (data not shown). As observed

FIGURE 1: Chemical denaturation of HlyA (3) and ProHlyA (b)
at different GdnHCl concentrations in TC buffer at pH 7.4 and
25 °C quantified from the ratio between fluorescence intensity at
350 and 330 nm (X). fD (molar fraction of denatured molecules)
was estimated asfD ) (Xx - XGdnHCl 0 M)/(XGdnHCl 6 M - XGdnHCl 0
M), whereXx is the fluorescence intensity ratio at each GdnHCl
concentration tested. The excitation wavelength was 295 nm. Data
were fitted to sigmoidal curves using the curve-fitting procedures
in SigmaPlot (Jandel Scientific, San Rafael, CA). The continuous
and dashed lines correspond to HlyA and ProHlyA denaturation
curves, respectively. The protein concentration was 10µg/mL.

FIGURE 2: Dependence of the unfolding free energy (∆G°) with
denaturant concentration for HlyA (3) and ProHlyA (b). m and
∆G°H20 were calculated from the slope and ordinate intercept,
respectively.
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in Figure 4, the energy transfer efficiency calculated from
the decrease in donor fluorescence was higher for HlyA than
for ProHlyA. It is possible to estimate binding constants
from the Trp-ANS energy transfer process; the apparent
dissociation constants for ANS were similar to those
determined by ANS fluorescence for HlyA and ProHlyA
(data not shown).

Limited Proteolysis.Limited protease degradation of
proteins is useful in determining the compactness or flex-
ibility in regions of folded proteins by observing their
resistance to digestion (25). Furthermore, unstructured or
partially structured proteins can be characterized by their
sensitivity to protease digestion (26). To experimentally test
for the presence of disordered regions in HlyA and ProHlyA,
we utilized limited proteolysis to determine if the presence
of the acyl chain in HlyA increases the rate of digestion. As
described in Materials and Methods, both HlyA and ProHlyA
were digested with trypsin. The reaction was stopped at

different times, and samples were analyzed by SDS-PAGE.
HlyA disappeared after the first minute (Figure 5A), whereas
the unacylated protein was digested more slowly, in ac-
cordance with its more compact conformation (Figure 5B).
Figure 5C shows the intensity of the main band versus time
for both HlyA and ProHlyA.

Computational Analyses.Because molten globule proteins
are intrinsically disordered proteins, HlyA was further
analyzed for the presence of putatively disordered regions.
Recently, a number of groups have published predictors of
protein disorder, several of which are available on the web,
as reviewed by Uversky et al. (27). These predictors are
based on the assumption that the absence of a rigid structure
is encoded by specific features of the amino acid sequence.
In fact, statistical analysis shows that amino acid sequences
encoding for intrinsically disordered (ID) proteins or regions
are significantly different from those of ordered proteins on
the basis of local amino acid composition, flexibility,
hydrophobicity, charge, coordination number, and several
other factors.

We used a recently developed disorder prediction algo-
rithm (PONDR-VSL1) to determine the potential of ProHlyA
to achieve these dynamic flexible structures. The sequence
was analyzed and is illustrated in Figure 6. The amino acid
sequence is represented on thex-axis, and the prediction of
disorder is on they-axis. Peaks>0.5 are strongly predicted
to be disordered.

Prediction results show that ProHlyA contains disordered
regions, located mainly from the middle to the C-terminal
end of the protein. The regions composed of at least 8 aa
are 377-385, 508-523, 528-543, 553-561, 678-693,
748-779, 827-839, 1002-1013, and 1015-1023. Thus,
fatty acids covalently bound to the protein can potentially
expose some disordered regions. The functional significance
of these regions is discussed below.

DISCUSSION

The ability of HlyA to bind to a variety of molecules is
consistent with the concept that the binding sites of this toxin
must be dynamic, and the protein possibly lacks a rigid
tertiary structure.

Our results show that HlyA has a molten globule confor-
mation promoted by the presence of acyl chains, as dem-
onstrated by a lower denaturing GdnHCl concentration. Thus,
a higher number of ANS molecules bind to HlyA with weak
affinity, and there is higher efficiency of energy transfer from
W to ANS and a faster digestion with trypsin compared to
that with ProHlyA.

Molten globule proteins typically unfold at low concentra-
tions of denaturant and do not show a sigmoidal unfolding
curve, thus indicating a lack of cooperativity (28), although
for HlyA a slight degree of cooperativity was observed
(Figure 1). The event becomes somewhat complicated in
proteins containing mixtures of ordered and molten globular
regions because the ordered part is expected to unfold
cooperatively at higher denaturant concentrations, whereas
the molten globular part unfolds with little or no cooperativity
at lower denaturant concentrations (29). As observed in
Figure 2,∆G°H2O andm showed acylation dependence. The
acylated protein was more stable in the absence of denaturant
than the unacylated form, as demonstrated by a higher

FIGURE 3: Plot ofPtot/((Fobs/Fmax) × [ANS]t) vs 1/[ANS]t(1 - (Fobs/
Fmax)) for the complex ANS-Hly (3) and complex ANS-ProHlyA
(b) to determineKd andn from the slope and intercept, respectively.
ANS binding curves were generated by titrating increasing amounts
of protein into a fixed amount of ANS (10µM) in an appropriate
buffer. An excitation wavelength of 350 nm was used, and
fluorescence emission was recorded between 420 and 600 nm.

FIGURE 4: FRET efficiency determination from Trp to ANS for
10 µg/mL HlyA (3) and ProHlyA (b) using ANS concentrations
of 0-20 µM. The excitation wavelength was 295 nm, and FRET
efficiency was calculated from the decrease in donor fluorescence
at 350 nm.
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∆G°H2O value, 2.4 and 1.4 kcal/mol for HlyA and ProHlyA,
respectively. However, acyl chains covalently bound to the
protein promote steric hindrance that contributes to a more
relaxed structure, which can thus be denatured at a lower
GdnHCl concentration. HlyA unfolds at 1.9 M, whereas
ProHlyA unfolds at 2.3 M GdnHCl.

∆G° decreases more rapidly with increasing denaturant
concentration for HlyA, as expected because of the greater
hydrophobic surface exposed during denaturation according
to the higherm value obtained: 803.93 and 418.4 cal/mol
M for HlyA and ProHlyA, respectively.

As mentioned above, ANS binding to ordered regions can
be distinguished from the binding to molten globule-like
regions by differences in the apparent binding constant. The
exceptionally high value ofn found for HlyA and ProHlyA
(Figure 3) might be due to amphipathic regions in both forms,
but it can be observed that the presence of fatty acids doubles
then value due to the molten structure they impart. Although
the high number of ANS molecules bound is unusual, the
same behavior was found for bacteriorhodopsin (n ) 50),

which has an appreciable degree of surface hydrophobicity
consistent with the location of this proteinin ViVo, embedded
in the nonpolar environment of the purple bacteria membrane
(24). The binding of a large number of ANS molecules in a
weak manner, as demonstrated by theKd values, is charac-
teristic of the loose structure of the molten conformation.
Operationally, ANS binding to pockets in ordered or molten
globule proteins gives apparentKd values that differ by more
than a factor of 5; thus, despite the uncertainties, these
apparentKd values serve as a diagnostic tool to distinguish
ordered from molten proteins (30). This difference is also
observed between HlyA and ProHlyAKd values, demonstrat-
ing once again that fatty acids induce a molten structure.
Moreover, the higher fluorescence transfer efficiency for
HlyA compared to that for ProHlyA indicates that the
quenching of W fluorescence was more effective when the
binding of ANS to the molten globule conformation takes
place, where the accessibility of both surface and inner W
residues is increased. Thus, the capability of ANS to quench
Trp fluorescence is correlated with ANS binding behavior.

FIGURE 5: Digestion products of HlyA (A) and ProHlyA (B) analyzed by 10% SDS-PAGE stained with Coomassie Blue. Proteolysis
experiments contained HlyA or ProHlyA/trypsin at a 5:1 molar ratio in TC buffer at pH 7.4. They were allowed to react for 0.5, 1, 5, 15,
and 30 min at room temperature. The reaction was stopped by the addition of 0.1 mM PMSF. LMW: low molecular weight markers. The
relative intensity of the band corresponding to HlyA (black bars) and ProHlyA (gray bars) measured using Kodak Science software was
plotted as a function of time (C).
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As mentioned above, proteins with molten globule-like
regions are included in the category of intrinsically disordered
proteins, as recently reviewed elsewhere (31).

As shown in Figure 6, most of the disordered regions of
ProHlyA predicted using PONDR are located in the C-
terminal half of the protein, which could be related to
different steps of the action mechanism of this toxin
involving its recognition for extracellular transport to pore
formation in target cells.

HlyA carries a carboxy-terminal secretion signal located
within the last 50-60 aa (32). A poorly defined secondary
or tertiary structure at the carboxy-terminus is needed for
HlyB-, HlyD-, and TolC-mediated export (33). This region
is predicted to be disordered, and although it was observed
that export of the toxin is acylation-independent (34), the
extracellular transport yield was lower for ProHlyA compared
to that for HlyA. In addition, a high concentration of
ProHlyA was found in inclusion bodies (12), and thus,
covalently bound acyl chains can also expose these regions
and facilitate transport.

Intrinsically unstructured proteins can bind in several
different patterns in a process termed binding promiscuity.
The intrinsic lack of structure can confer functional advan-
tages, including the ability to bind, perhaps in different
conformations, to several different target cells, explaining
the ambiguity in experimental determinations of the presence
of a receptor for HlyA published to date (35-37).

Many studies have searched for the presence of a receptor
for HlyA in different target cells. For example, CD11a and
CD18, the two subunits ofâ2 integrin, were identified as
cell-surface receptors that mediate HlyA toxicity in human
target cells HL60 (35). This receptor was found in most
circulating leukocytes (lymphocytes, neutrophils, monocytes,
and macrophages). Despite the absence of studies identifying
the protein region responsible for the interaction with this
receptor, studies of adenylate cyclase-hemolysin ofBorde-
tella pertusis(CyaA), another RTX toxin, revealed that the
main integrin-interacting domain of CyaA is located in its
glycine/aspartate-rich repeat region, which is characteristic
of all protein members of this family (38). These results
allowed the identification of region 1166-1287 as a major
CD11b-binding motif (39). Because this domain is involved
in calcium binding, the authors proposed that CyaA shifts

from a disordered structure to anR-helical conformation upon
calcium binding to the RTX motifs (40); therefore, it is
tempting to speculate that the Ca2+-binding domain com-
posed of glycine-rich tandem repeats corresponding to aa
550-850 of HlyA might be involved in the binding toâ2

integrin. It is important to note that these regions also match
with the disordered regions predicted and that acyl chains
might be implicated in the exposure because the Ca2+-binding
capacity of ProHlyA is lower than that of HlyA (9).

Another protein identified as a receptor of HlyA in horse
erythrocytes is the glycoprotein glycophorin (36). A glyco-
phorin-binding region between residues 914 and 936 was
identified (41). Previous sequence analyses of several RTX
toxins revealed that this is a conserved region. If this region
is deleted, the specific binding of HlyA to the cell-surface
receptors on erythrocytes is lost without affecting the
nonspecific binding (adsorption) to lipid bilayers. As shown
in Figure 6, this region is also predicted to be intrinsically
disordered.

Recently, studies carried out with staphylococcalR-toxin
showed that the high susceptibility of rabbit erythrocytes to
the pore-forming action of this toxin correlates with the
presence of saturable, high-affinity binding sites. Evidence
was presented that phosphocholine head groups of sphingo-
myelin, clustered in sphingomyelin-cholesterol micro-
domains, serve as receptors forR-toxin, a process required
for oligomerization (42). A binding site for phospholipid
headgroups is located in a cleft lined by W179 and R200
residues in staphylococcalR-toxin. A similar situation was
reported for leukocidin Luk (43). Similarly, residues W913
and R935 are found in HlyA, and they are also present in
the predicted disordered region. This can probably explain
the high susceptibility of rabbit erythrocytes (44), cells that
lack glycophorin in their membranes that can act as a receptor
for HlyA (45).

It is known that lipid binding to proteins is also a
determinant of specific protein-protein interactions such as
the assembly of proteins into oligomeric complexes. This is
the case for HlyA, where an oligomer was found at lytic
concentrations in ghosts of sheep erythrocytes. In contrast,
no oligomer structure was found for ProHlyA (Herlax, V.,
et al., unpublished results). In addition, an important role of
acylation in the oligomerization process to form hemolytic
pores was proposed for CyaA (46).

The importance of fatty acids in the exposure of disordered
regions is supported by results published for D12 mAb
epitope reactivity. The D12 epitope maps to aa 673-726.
The D12 mAb reacts with HlyA, but not with ProHlyA;
therefore, acylation is directly responsible for the exposition
of the epitope within this region (47, 48).

Finally, if we take into account that the acylation of
internal lysine residues and the presence of intrinsic disorder
regions are rare in prokaryotic proteins, then both events
should be important in the action mechanism of this toxin.
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