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a  b  s  t  r  a  c  t

Uropathogenic  strains  of  Escherichia  coli produce  virulence  factors,  such  as  the protein  toxin  alpha-
hemolysin  (HlyA),  that  enable  the  bacteria  to colonize  the host  and  establish  an  infection.  HlyA  is
synthetized  as  a protoxin  (ProHlyA)  that is transformed  into  the active  form  in the  bacterial  cytosol
by  the  covalent  linkage  of  two  fatty-acyl  moieties  to  the  polypeptide  chain  before  the  secretion  of  HlyA
into the  extracellular  medium.  The  aim  of  this  work  was  to investigate  the effect  of the  fatty  acylation
of  HlyA  on  protein  conformation  and protein-membrane  interactions.  Polarization-modulated  infrared
reflection-absorption  spectroscopy  (PM-IRRAS)  experiments  were  performed  at  the  air-water  interface,
and lipid  monolayers  mimicking  the outer  leaflet  of  red-blood-cell  membranes  were  used  as  model
systems  for the  study  of  protein-membrane  interaction.  According  to surface-pressure  measurements,
incorporation  of  the acylated  protein  into  the  lipid  films  was faster  than  that  of the  nonacylated  form.
PM-IRRAS  measurements  revealed  that the  adsorption  of  the  proteins  to the lipid  monolayers  induced

disorder  in  the  lipid  acyl  chains  and  also  changed  the  elastic  properties  of the  films  independently  of
protein  acylation.  No  significant  difference  was  observed  between  HlyA  and  ProHlyA  in the  interaction
with  the  model  lipid monolayers;  but when  these  proteins  became  adsorbed  on  a  bare  air-water  inter-
face,  they  adopted  different  secondary  structures.  The  assumption  of the  correct  protein  conformation
at  a hydrophobic-hydrophilic  interface  could  constitute  a critical  condition  for  biologic  activity.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Virulence factors are produced by uropathogenic strains of
scherichia coli that enable the bacteria to colonize, break the host
efense barriers, invade, and disseminate, to cause severe infec-
ions [1]. One of the main virulence factors is the 110-kDa protein

oxin alpha-hemolysin (HlyA), it considered the prototype member
f the RTX toxin family of Gram negative bacteria [2]. HlyA is syn-
hetized as a protoxin (ProHlyA) that is transformed into the active
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form in the bacterial cytosol before secretion. This posttranslational
modification consists in the amide-linkage of fatty-acyl moieties
to the �-amino groups of two internal lysine residues [3,4]. Once
the lipidic modification occurs—and after toxin secretion into the
extracellular medium—the binding of Ca2+ ions to the C-terminus
of the protein confers full lytic and cytotoxic activity to the bacte-
rial toxin [5,6]. Many mammalian cell types—including red blood
cells, myeloid and lymphoid cells, and renal epithelial cells—are
attacked by HlyA [7–10]. The precise mechanism by which this acy-
lated protein exerts these well characterized toxic effects is unclear,
though protein-membrane interactions are known to play a critical
role because cell membranes are the primary target of the toxin.

After the initial adsorption to the cell membrane, the insertion
of the protein into the hydrophobic matrix is postulated to yield
dynamic proteolipidic pores in the lipid bilayer [11–13]. Different
cell responses are triggered by toxin-membrane interactions, par-
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icularly a massive Ca2+ ion entry into the cells, producing an ionic
mbalance that eventually leads to osmotic cell lysis [14,15].

In contrast to HlyA, the toxin precursor ProHlyA has no lytic or
ytotoxic effects [16]. Rather, fatty acylation appears to favor an
rreversible binding of the toxin to the target-cell membrane to
romote protein–protein interactions that result in oligomeriza-
ion and pore formation [13]. Early studies on hemolytic activity
evealed that both HlyA and ProHlyA bind to the same extent
o the erythrocyte membranes, though only HlyA produces cell
ysis [3,17]. In a recent study, we demonstrated that ProHlyA also
nduces early morphologic transitions in rabbit erythrocytes, thus
uggesting that the interaction of either form of the toxin with the
rythrocyte membrane may  initially perturb the lipid bilayer caus-
ng a discocyte-to-echinocyte morphologic transition in response
o protein binding, independently of Ca2+ influx. Nevertheless, only
hen erythrocytes are exposed to HlyA, does the onset of Ca2+

ntry, triggered by the acylated toxin, occur to produce swelling
nd cell lysis [18].

In this study, we further investigated the effect of HlyA acyla-
ion by determining the interaction of the acylated and unacylated
orms of HlyA with lipid monolayers mimicking the outer leaflet of
ed-blood-cell membranes [19]. Surface-pressure measurements
nd determinations of polarization-modulated infrared reflection-
bsorption spectroscopy (PM-IRRAS) measurements revealed that
he behavior of both proteins is similar in terms of the structural
hanges induced in the monolayers, but that those interactions
o not explain the differences in toxicity between the two forms
f the toxin. When, however, pure protein monolayers were ana-

yzed, different secondary-structural elements were found to be
xposed at the air-water interface, with the entire HlyA polypep-
ide chain being more extended than its unacylated counterpart.
hus, the assumption of the correct protein conformation at a
ydrophobic-hydrophilic interface could constitute a critical con-
ition for biologic activity.

. Materials and methods

.1. Materials

HlyA and ProHlyA were purified from culture filtrates of
he E. coli strains WAM  1824 [20] and WAM  783 [21], respec-
ively, following the procedure described in [22]. The lipids
,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), N-palmitoyl-
-erythro-sphingosylphosphorylcholine (16:0-SM), and choles-

erol (Chol) were purchased from Avanti Polar Lipids (Birmingham,
L, USA) and used without further purification. Tris buffer, NaCl,
aCl2, and other reagents, all analytical-grade, were acquired from
igma–Aldrich (St. Louis, MO,  USA) unless otherwise stated. Chlo-
oform and methanol, HPLC-grade, were purchased from Merck
Darmstadt, Germany). The surface tension and resistivity of the
ltrapure water used were 72.2 mN/m and 18.2 M� cm at 23 ◦C,
espectively.

.2. Surface-pressure experiments

Surface-pressure (�) measurements were carried out with a
angmuir trough by a NIMA Model 102A instrument (NIMA Tech-
ology, Coventry, UK) with a Wilhelmy platinum plate as the �
ensor. The aqueous subphase consisted of 20 mM Tris, 150 mM
aCl, 2 mM CaCl2, pH 7.4 (TBS Buffer) prepared in ultrapure
ater. For protein-insertion assays, the ternary lipid mixture of

OPC/16:0-SM/Chol at a 2:1:1 molar ratio dissolved in chloroform
as gently spread over the subphase until the desired initial surface

ressure (�o) was attained. After solvent evaporation and �o sta-
ilization (5 min), HlyA or ProHlyA from stock solution prepared
B: Biointerfaces 158 (2017) 76–83 77

in TBS Buffer were injected into the bulk of the subphase with a
Hamilton microsyringe at a final concentrations of 20 nM,  and the
increment in � (��) was  recorded over time. The same experi-
mental set up was used to evaluate the surface-active properties of
the proteins by analyzing their adsorption kinetics in the absence of
lipids. Curves of �� vs t were fitted according to Eq. (1), from which
��eq (maximum ��  achieved under equilibrium conditions) and
� (the time needed to reach half of ��eq)  were obtained at various
�o values of the Langmuir films.

��= ��eq t/(�  + t) (1)

Isotherms of �-Area were obtained for DOPC/16:0-SM/Chol
monolayers and HlyA- or ProHlyA-DOPC/16:0-SM/Chol mixed
monolayers. The procedure stated in brief: The ternary lipid mix-
ture dissolved in chloroform was  spread onto the surface of the
teflon trough (NIMA 102A) filled with TBS Buffer as the subphase.
After solvent evaporation and monolayer relaxation (5 min), the
films were isometrically compressed at 5 cm2 min−1. For obtain-
ing mixed protein-lipid monolayers, the proteins were injected
into the subphase beneath the lipid monolayer (at concentrations
of 1 or 4 nM protein). After protein adsorption onto the interface
(10 min) compression isotherms were obtained as stated above.
Areas per lipid molecule in Å2 were calculated considering only the
lipid molecules present at the interface. The in-plane elasticity of
the films was  analyzed by calculating the compressibility modulus
(Cs−1) from the �-Area isotherms according to Eq. (2) [23]:

Cs−1 = −A (∂�/∂A) (2)

where A represents the area per lipid molecule at the surface pres-
sure �. All the surface pressure measurements were performed at
23 ± 1 ◦C.

The compression isotherms were all repeated at least three
times to ensure the reproducibility of the measurements, with stan-
dard deviations lower than 5%.

2.3. Measurements of polarization-modulated infrared
reflection-absorption spectroscopy measurements

PM-IRRAS measurements were performed with a KSV PMI  550
instrument (KSV, Biolin Scientific Oy, Espoo, Finland). The exper-
imental setup used was  similar to that described by Pavinatto
et al. [24]. In the PM-IRRAS technique, the incoming light is con-
tinuously modulated between s- and p-polarization at a high
frequency, so that the spectra for the two  polarizations can be
measured simultaneously. Therefore, the polarized reflectivities for
the directions parallel (Rp) and perpendicular (Rs) to the plane of
incidence are both measured and the differential reflectivity spec-
trum �R  = (Rp − Rs)/(Rp + Rs) is obtained. Since absorption of the
p-polarized light comes mainly from vertically oriented dipoles,
while that of the s-polarized light arises from the horizontally
oriented ones, the difference between the two  spectra provides
information on the orientation of the vibrational dipoles, which
is surface-specific since the molecules in the subphase and nearby
vapor phase have random orientations. The angle of incidence of
the light beam was 80◦, at which orientation positive bands indi-
cate a transition moment oriented on the surface plane, whereas
negative bands indicate an orientation perpendicular to the sur-
face. An average of 600 scans was collected for each spectrum at a
resolution of 8 cm−1. The spectra of the monolayer were divided by
that of the subphase to produce the resulting normalized PM-IRRAS
spectra. All the experiments were carried out in a class 10,000 clean
room at 23 ± 1 ◦C.
For the acquisition of PM-IRRAS spectra of proteins at the
air-water interface, so-called Gibbs monolayers were obtained by
adsorption of the proteins (20 nM)  to the interface after their injec-
tion into the bulk subphase (TBS Buffer), and 10 min  after the
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njection PM-IRRAS spectra were collected. The monolayers were
hen further compressed and spectra obtained at 25 and 30 mN/m.

In order to analyze protein-lipid interactions, lipid monolayers
ere obtained by spreading the lipid mixture of DOPC/16:0-

M/Chol (2:1:1 molar ratio) dissolved in chloroform on the
ubphase (TBS Buffer) surface. After solvent evaporation and mono-
ayer relaxation, the monolayers were compressed at 5 cm2.min−1

ntil a lateral pressure of 30 mN/m was attained. Then HlyA or
roHlyA were injected from the stock solutions into the bulk of the
ubphase (10 nM protein final concentration) and PM-IRRAS spec-
ra were collected 15 min  after the addition of the proteins. The
ateral pressure of the monolayers was maintained constant at 30

N/m during the whole procedure.
Representative PM-IRRAS spectra of two (for protein mono-

ayers) or three (for protein-lipid–interaction measurements)
ndependent experiments are shown.

. Results and discussion

.1. Adsorption of HlyA and ProHlyA onto the air-water interface

HlyA is a surface-active molecule that causes the water sur-
ace tension to decrease, as measured in a Langmuir balance [25].
he surface activity of the toxin has been attributed mainly to
mphipathic �-helices within the N-terminal domain, though the
-terminal region has also been reported to contribute [25,26].
ig. 1 illustrates the time courses of the adsorption of HlyA and
roHlyA to the air-water interface, where similar ��  values were
bserved after injection of the proteins into the aqueous subphase.
he total ��  measured after 10 min  was ∼17 mN/m for 80 or
0 nM of protein injected, whereas an increment of ∼15 mN/m was
btained for 20 nM.  The adsorption thus occurred with fast kinetics
t these concentrations, reaching a stable signal by only 4 min  after
lyA or ProHlyA injection.

.2. Protein monolayers at the air-water interface

Acylation plays a key role in promoting the association of
roteins to membranes [27]. Nevertheless, additional binding con-
ributions are needed to stably anchor a protein—and especially
arge proteins like HlyA (at 110 kDa)—to a membrane [28]. HlyA
nd ProHlyA both bind to erythrocyte membranes, thus indicat-
ng that the polypeptide chain itself has an affinity for the lipid
ilayer [13,29]. Considering that different arrangements of HlyA
nd ProHlyA at the membrane surface may  determine the final pro-
ein activity, we performed studies on pure protein monolayers at
he air-water interface. The crystalline structure of HlyA has not
et been resolved, though data obtained from circular-dichroism
pectra have revealed that this protein of 1023 amino acids con-
ains a 36% of �-helix structure in aqueous solution [6]. Indeed, ten
mphipathic �-helices have been identified in the toxin’s amino-
cid sequence located at the N-terminal half of the protein—at least,
ccording to structural-prediction methods [30]. Regarding the sec-
ndary structure at the C-terminus, the HlyA amino-acid sequence
ontains—as do other members of the RTX toxin family—arrays of
ly- and Asp-enriched repetitions that adopt �-sheet structures
nd form a �-parallel roll; as reported for the alkaline protease
f Pseudomona aeruginosa, it being another member of this toxin
amily [31]. Finally, the two acylation sites—Lys 563 and 689—are
ocated in the central region of the polypeptide chain. Fig. 2, Panel

 presents a schematic illustration of the HlyA structure.

In order to analyze the conformation adopted by these proteins

t an air-water interface, we collected PM-IRRAS spectra of pure
rotein monolayers. For this purpose, the proteins (20 nM)  were

njected into the bulk subphase and left for 10 min  to adsorb onto
 B: Biointerfaces 158 (2017) 76–83

the interface. At this time point, the increments in � obtained for
HlyA and ProHlyA were 16 and 18 mN/m,  respectively, and the ini-
tial PM-IRRAS spectra were measured at these � values. Both of
the protein monolayers were then further compressed up to 25
and 30 mN/m and the IRRAS spectra collected at those � levels as
well. Panels B and C in Fig. 2 illustrate the spectra for each protein
at the different � values, featuring the amide-I (1700–1600 cm−1)
and amide-II (1600–1500 cm−1) bands. The amide-I band contains
contributions mainly from the C O stretching mode with a minor
contribution from C N, thus providing useful information for the
analysis of protein secondary structure [32]. The examination of
this region for HlyA revealed that the active protein exposed both
�-helix (1659 cm−1) and �-sheet structures (1629 cm−1) when
adsorbed at the air-water interface (Fig. 2, Panel B). The deconvo-
lution of the amide-I band obtained for HlyA at 16 mN/m indicated
that 80% of this band corresponded to the �-helix component
and 20% to �-sheet structures (inset in Fig. 2, Panel B). In the
amide-II region—it corresponding mainly to the N H bending
modes—three major bands were observed in HlyA spectra at low
surface pressures—located at 1536, 1578, and 1516 cm−1—that
could be assigned to �-helix (1536 and 1578 cm−1) and random
coil structures (1516 cm−1), respectively [33].

A different profile of bands was  observed in the ProHlyA spec-
tra (Fig. 2, Panel C). The strong band in the amide-I region of
the protoxin could be assigned mainly to �-helices located at
the interface (1654 cm−1), whereas no appreciable bands could be
detected in the 1630 cm−1 region of �-sheet structure as opposed
to HlyA, although a slight shoulder at 1688 cm−1 could be assigned
to the presence of antiparallel �-sheets (inset in Fig. 2, Panel C).
The amide-II region for ProHlyA contained bands at 1536 and
1570 cm−1, that could be assigned to �-helical structures.

With progressive compression of the protein monolayers, the
protein surface concentration increased, resulting in an incre-
ment in the IRRAS-signal intensity. During compression, no major
changes were observed with respect to the shape of the amide-I
band; and similar proportions of the secondary structure appeared
at both low and high surface pressures, which correspondence
indicated that both proteins maintained their conformation at the
air-water interface during compression.

3.3. Protein adsorption onto lipid monolayers

Membrane model systems provide valuable insights into the
properties of complex biologic membranes and enable the study of
protein-membrane interactions under controlled conditions. Lipid
monolayers at the air-water interface represent the most simplified
model resembling one half of the cell membrane [34].

The interaction of HlyA and ProHlyA was therefore investigated
for monolayers of DOPC/16:0-SM/Chol at a 2:1:1 molar ratio and
various initial surface pressures �o. This ternary-lipid mixture rep-
resents a composition similar to that found in the outer leaflet of
mammalian erythrocyte membranes [35,36]. The injection of either
protein into the subphase produced an increase in surface pressure
indicating protein insertion into the lipid monolayer, as shown in
Fig. 3, panels A and B. The greater the �o, the lower the incorpo-
ration of the proteins into the monolayer (i. e.,  manifest as a lower
��) because of the closer packing of the lipids at higher initial sur-
face pressures. These curves of ��  vs. time were fitted to Eq. (1),
from which function the time (�) needed to achieve half of the max-
imum ��  was  obtained. Panel C of Fig. 3 indicates a faster kinetics
for HlyA, as manifest in lower � values that were essentially inde-

pendent of �o. In contrast, with ProHlyA, � increased progressively
with increments in �o, thus indicating a strong dependence of the
association rate on the packing density of the lipid molecules at the
interface.
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Fig. 1. Surface-activity of HlyA and ProHlyA. Adsorption kinetics of HlyA (Panel A) and ProHlyA (Panel B) to the air–water interface measured with a Langmuir balance at
23  ± 1 ◦C. Protein solutions were injected into the bulk of the subphase (TBS buffer) in order to reach the desired concentrations, and the increments in surface pressure (��)
were  recorded over time.

Fig. 2. HlyA and ProHlyA secondary structure at the air-water interface. Panel A: Schematic illustration of HlyA structure. The �-helices are represented as red cylinders
and  the �-sheet structures as violet arrows. Panels B and C: Amide-I (1700–1600 cm−1) and Amide-II (1600–1500 cm−1) regions of the PM-IRRAS spectra of HlyA (Panel B)
or  ProHlyA (Panel C) monolayers at different compression levels at the air-water interface. The Gibbs monolayers were obtained by adsorption of the proteins (20 nM)  to
the  interface after their injection into the bulk of the subphase (TBS Buffer). At 10 min  after the injection, PM-IRRAS spectra were collected—the curves corresponding to 16
(black, Panel A) and 18 (black, Panel B) mN/m in the figures for HlyA and ProHlyA, respectively. The monolayers were then further compressed and the spectra were obtained
at  25 (red) and 30 (green) mN/m.  The insets in Panels B and C depict the deconvoluted amide-I band of the HlyA monolayer at 16 mN/m and the ProHlyA monolayer at 18
m ) as w
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N/m, respectively. There, the bands assigned to �-helical (red) and �-sheet (violet
otted  curve corresponds to the sum of the intensities of the different secondary-
For  interpretation of the references to colour in this figure legend, the reader is ref

Also worth noting is that the total �� at equilibrium (��eq)  was
lightly higher for ProHlyA, as demonstrated in the plots in Panel

 of Fig. 3, from which lines the so-called exclusion surface pressure
r critical pressure (�c) could be determined by extrapolating the

lots to zero ��eq.  This parameter represents the �o above which
o further incorporation of proteins into the monolayer takes place.

 higher �c was obtained for ProHlyA (27.9 ± 0.4 mN/m)  compared
o HlyA (22.2 ± 0.3 mN/m), suggesting an increased capacity of
ell as those assigned to antiparallel �-sheet structures (blue) are indicated, and the
ure bands. Fourier self-deconvolution was used to perform the band assignments.
to the web version of this article.)

ProHlyA over HlyA for insertion into membranes. This difference is
indeed paradoxical in view of ProHlyA’s complete lack of lytic activ-
ity. The monolayer studies clearly reveal that insertion and lysis
are two  conceptually and experimentally different phenomena. The

results obtained here reinforced the notion that different protein
arrangements are inserting into the lipid monolayers, with ProHlyA
structures being favored over those of HlyA, although with slower
kinetics compared to those of the active toxin. For both proteins,
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Fig. 3. Protein interaction with lipid monolayers. Kinetics of insertion of HlyA (Panel A) or ProHlyA (Panel B) into lipid monolayers of DOPC/16:0-SM/Chol at a 2:1:1 molar
ratio.  The ternary lipid mixture was spread over the subphase (TBS buffer) to achieve the initial surface pressures indicated in the figures [�o values of 13 (black curve), 17
(red),  and 20 (green) mN/m]. After solvent evaporation (5 min), the proteins were injected from stock solutions to give a final protein concentration of 20 nM in the subphase
and  the increase in surface pressure (��) was  monitored over time. Measurements were performed at 23 ± 1 ◦C. Panel C: the time (�) needed to achieve half of ��eq is
plotted as a function of �o for each protein. Curves of �� vs time obtained at each �o were fitted to Eq. (1) (cf. Materials and Methods Section), and � as well as the ��
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ttained at equilibrium (��eq) were calculated. Panel D: the plots show the ��eq
he  exclusion surface pressure for each protein was obtained from these plots by ex
For  interpretation of the references to colour in this figure legend, the reader is ref

he exclusion pressure occurred at � values higher than the equi-
ibrium surface pressure of the proteins alone (cf.  Fig. 1), indicating
hat these proteins were stabilized at the interface by interaction
ith the monolayer lipids. Because these exclusion pressures are

ower than the pressure believed to correspond to the packing in
eal cell membranes (viz 30–35 mN/m [29]), one could assume that
he proteins should not penetrate a biologic membrane, especially
lyA. Nevertheless, the membranes occurring in nature are highly
ynamic structures where lateral-pressure values fluctuate, and
hus these proteins must still be able to find appropriate conditions
or insertion in vivo [37].

.4. Compression isotherms

In order to evaluate the effect of protein incorporation into
he lipid monolayers, we performed compression isotherms of
OPC/16:0-SM/Chol monolayers (2:1:1 molar ratio) and of mixed
lms obtained by the addition of HlyA or ProHlyA (at 1 or 4 nM
rotein concentration). Fig. 4 depicts the �-Area isotherms (Panel
) and the compressibility modulus (Cs−1) calculated from those

sotherms at different � (Panel B)—Cs−1 values were calculated
ssuming that the protein molecules incorporated into the lipid
lm at low surface pressure remained at the interface during the

ompression process. Neat DOPC/16:0-SM/Chol monolayers exhib-
ted a liquid-expanded profile with Cs−1 values remaining below
00 mN/m,  in agreement with results reported previously [19]. In
he mixed monolayers, an expansion to higher areas—calculated as
ned for the interaction of either protein with the lipid films at different �o values.
lating the curves to ��eq = 0. The values represent the mean ± standard deviations.
to the web version of this article.)

the total monolayer area divided by the number of lipid molecules
initially spread at the interface—was observed (Panel A) that could
be accounted for by the monolayer disturbance resulting from the
incorporation of the proteins into the lipid films. This alteration was
higher at 4 nM of HlyA or ProHlyA since more protein molecules
must have been incorporated into the lipid films than at 1 nM;  in
fact, the initial adsorption of the proteins to the interface before
compression already produced an increment of ∼13 mN/m in �
when either protein was  added at 4 nM.  The presence of HlyA or
ProHlyA produced a decrease in the Cs−1 values over the entire
range of �, thus indicating that the proteins changed the elastic
properties of the monolayers, making the films more fluid. At a
protein concentration of 4 nM,  a maximum in Cs−1 was observed
at ∼15–18 mN/m similar to the values obtained for pure protein
monolayers (Fig. S1 in the Supplementary Material). These observa-
tions suggested that the proteins exerted a predominant influence
over the interfacial characteristics of the mixed monolayers at this
protein concentration.

3.5. PM-IRRAS measurements

Interactions between guest molecules and Langmuir monolay-
ers can be probed with PM-IRRAS, which technique permits the

analysis of lipid conformational order and the secondary struc-
ture of proteins plus their orientation [33]. Figs. 5 and 6 present
the PM-IRRAS spectra for monolayers at a lateral pressure of 30
mN/m of neat DOPC/16:0-SM/Chol and after the addition of HlyA
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Fig. 4. Effect of HlyA and ProHlyA incorporation into lipid monolayers. Panel A: Compression isotherms of DOPC/16:0-SM/Chol monolayers (2:1:1 molar ratio) and of HlyA- and
ProHlyA-DOPC/16:0-SM/Chol mixed monolayers. In the figure, the surface pressure � is plotted as a function of the areas per lipid—calculated as Å2/lipid molecule without
considering the protein molecules adsorbed at the monolayer. Panel B: The compressibility modulus Cs−1, calculated for each treatment from those isotherms according to
Eq.  (2), is plotted on the ordinate as a function of the surface pressure � in mN/m on the abscissa.

Fig. 5. Acyl-chain conformational changes induced by HlyA and ProHlyA. The
2800–3000 cm−1 region of the PM-IRRAS spectra of neat DOPC/16:0-SM/Chol (2:1:1
molar ratio) monolayers at a lateral pressure of 30 mN/m is the black record. The
same measurements were performed at 15 min  after the addition of HlyA (red) or
ProHlyA (blue) into the subphase (at a 10 nM final concentration). The lateral pres-
sure of the monolayers was maintained at 30 mN/m after toxin incorporation. The
bands corresponding to the CH2 and the CH3 antisymmetric (as) and symmetric
(sym) stretching modes are indicated in the figure. Measurements were performed
a ◦

r

o
c
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Fig 6. Changes in the carbonyl and phosphate regions. PM-IRRAS spectra were
obtained for neat DOPC/16:0-SM/Chol (2:1:1 molar ratio) monolayers at a lateral
pressure of 30 mN/m (black record). The same measurements were performed
15  min  after the addition of HlyA (red) or ProHlyA (blue) into the subphase (at a
10  nM final concentration). The lateral pressure of the monolayers was  maintained
at 30 mN/m after protein addition. Measurements were performed at 23 ± 1 ◦C. The
main carbonyl and phosphate bands are indicated in the figure. (For interpretation
t  23 ± 1 C. (For interpretation of the references to colour in this figure legend, the

eader is referred to the web  version of this article.)

r ProHlyA. The packing and orientation of the lipid alkyl chains
an be monitored by analyzing the C H stretching bands in the
000–2800 cm−1 region of the spectra [38]. The two main bands
entered at 2916 and 2847 cm−1 for DOPC/16:0-SM/Chol mono-
ayer in Fig. 5 were assigned to CH2 antisymmetric and symmetric
tretching modes, respectively. At the frequencies observed these
ands are indicative of a relatively ordered acyl-chain conforma-
ion [39]. A band assigned to CH3 antisymmetric stretching mode
t 2969 cm−1 was also detected. The CH2 bands were affected
lightly by the presence of HlyA and ProHlyA, which alteration also
nduced shifts in the antisymmetric CH3 bands (to 2955 cm−1 and
959 cm−1 for HlyA and ProHlyA, respectively). Furthermore—and
ost significantly—bands at 2882 cm−1 (for HlyA) and 2881 cm−1
for ProHlyA) assigned to symmetric CH3 stretching appeared,
hich modification represents a strong indication of increased dis-

rder in the lipid films after protein addition.
of  the references to colour in this figure legend, the reader is referred to the web
version of this article.)

PM-IRRAS spectra of neat DOPC/16:0-SM/Chol monolayers
contained well defined, intense CH2 bands, whereas no peaks corre-
sponding to the symmetric CH3-stretching mode could be detected.
When HlyA or ProHlyA were incorporated into the subphase, the
lipid acyl chains became less ordered than in the pure-lipid mono-
layers, as indicated by the appearance of CH3 symmetric bands
[40]. Furthermore, shifts in the CH2 bands to higher wavenum-
bers were also observed, especially after ProHlyA incorporation;
a feature that is also indicative of an increased disorder in the lipid
acyl chains as a result of the protein-lipid interactions since hydro-
carbon chains containing gauche conformers absorb IR radiation at
higher frequencies than those containing all-trans configurations
[38].
In the interfacial region, the C O and PO2 -stretching vibra-
tions are sensitive to the local environment and are influenced
by hydrogen bonding [41]. For the lipid films, a band centered at
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1740 cm−1 was assigned to C O stretching mode along with a
econd band at ∼1682 cm−1 that may  be attributed to the amide
roup of SM (Fig. 6, left panel). There, in the spectra of HlyA (red
ecord), bands at ∼1744 and 1716 cm−1 were observed correspond-
ng to the nonhydrated and hydrated C O vibrations, respectively
42]. In the ProHlyA-containing monolayers (blue record), the band
ssigned to C O stretching appeared at 1732 cm−1. For both pro-
eins, the band originally at 1682 cm−1 remained, but it was  shifted
o lower wavenumbers in the presence of HlyA. With respect to the
O2

−-stretching vibrations (Fig. 6, right panel), two bands (∼1254,
220 cm−1) were observed in the lipid-monolayer spectrum cor-
esponding to the PO2

− antisymmetric stretching and a band at
100 cm−1 with a shoulder at 1119 cm−1 for the symmetric stretch-

ng. In the presence of either protein, a change in the shape of
he spectra was observed and a broad band encompassing the
254 cm−1 band appeared with a maximum at ∼1220 cm−1. In the
100 cm−1 region two bands were observed at 1126 and 1080 cm−1

fter HlyA addition, while an intense band at 1053 cm−1 and a weak
ne at 1095 cm−1 appeared in the presence of ProHlyA.

In the analysis of the contribution of the proteins to the PM-
RRAS signal, the protein-amide bands (Amide I 1700–1600 cm−1

nd Amide II 1600–1500 cm−1) were not clearly identified because
f the interference caused by the water-bending vibration, which
eflected in a strong and broad “dip” seen in the curves at around
600 cm−1 for all three monolayers. These observations, in com-
ination with the low exclusion pressures determined (cf. Fig. 3,
anel D), reinforced the idea of an interfacial interaction of both
roteins with the lipid monolayers at 30 mN/m.  Furthermore, the
esults demonstrated that the adsorption of HlyA or ProHlyA to the
ipid monolayers produced changes in the accessibility of water to
he phosphates and C O groups of the phospholipids. The changes
bserved in the CH region of the spectra after protein addition
cf. Fig. 5) indicated that, even though the proteins did not insert
nto this lipid monolayer at 30 mN/m,  their interaction with the
olar headgroups of the phospholipids produced a decrease in the
ydrocarbon-chain packing.

In summary, the data obtained here indicate that both the acy-
ated and unacylated proteins have similar surface properties. In
ddition, except for the faster association kinetics of the acylated
rotein, no major differences were observed in the interaction of
he proteins with the DOPC/16:0-SM/Chol monolayers. The �c val-
es determined from the adsorption kinetics (Fig. 3, Panel D) as well
s the PM-IRRAS measurements indicated that both proteins may
nteract superficially with the model cell membrane, also intro-
ucing a conformational disorder in the lipid acyl chains. Soluble
roteins that bind to the membrane—e. g. HlyA—interact by a com-
ination of electrostatic and hydrophobic forces, initially adsorbing
nto the phospholipid headgroups and then penetrating partially
r totally the hydrophobic-hydrophilic interface. Within this con-
ext, our results indicate that the fatty-acyl moieties are not critical
or protein adsorption onto lipid monolayers, an event that intro-
uces disorder in the lipid acyl chains and changes in the elastic
roperties of the films. These effects could trigger the morphologic
ransitions reported in erythrocytes after treatment with either
lyA or ProHlyA [18], but do not account for the differences in tox-

city between the proteins. In spite of these similarities between
he two forms of HlyA, the PM-IRRAS measurements revealed that
he secondary-structural elements exposed at the air-water inter-
ace were different for the two proteins. In this regard, the results
ndicated that �-helices in the N-terminal region along with �-
heets in the C-terminus of the polypeptide chain were present
t the air-water interface upon adsorption of HlyA, whereas the

-helical structures prevailed at the interface with ProHlyA. Early

eports exploring the conformations of these proteins in aqueous
olution had indicated that HlyA presents a more flexible configu-
 B: Biointerfaces 158 (2017) 76–83

ration while ProHlyA adopts a more compact structure, suggesting
that the fatty acids covalently bound to HlyA were involved in the
adoption of an active molten-globule conformation [43]. In line
with these considerations, our results (Fig. 2, panels B and C) sug-
gest that, when the acylated protein reaches the interface from the
subphase, HlyA’s polypeptide chain is exposed to a greater extent
than ProHlyA’s.

The differences observed by PM-IRRAS in protein conformation
(Fig. 2, panels B and C) at a hydrophobic-hydrophilic interface may
have a profound impact on the interactions of the toxin with bio-
logic membranes. For instance, glycophorin, a glycoprotein present
in the erythrocyte membrane, has been postulated to be a putative
receptor for the toxin in those cells facilitating the lytic effect of
HlyA [44]. The region binding to glycophorin has been localized
at the C-terminal end of the protein (amino acids 914–936) [45].
The exposure of the C-terminal domain at a hydrophobic interface
would locate the glycophorin binding region close to the cell mem-
brane. On the contrary, if the binding region to glycophorin is not
exposed, as could occur in the instance of ProHlyA (Fig. 2, Panel C),
the binding to this erythrocyte receptor would be prevented. Fur-
thermore, since the entire HlyA polypeptide chain was found to be
more extended at the interface (Fig. 2, Panel B), we can infer that
the acyl chains could also be exposed. This exposure may contribute
to the irreversible anchoring of the active toxin to the target-cell
membrane in an adequate conformation to trigger the transduc-
tional pathways needed for toxin activity, events that have not been
observed for the unacylated protein [18,29].

4. Conclusion

HlyA is a virulence factor frequently expressed by uropathogenic
E. coli strains associated with the development of severe urinary-
tract infections. For this reason, HlyA, as many toxins, constitutes
a potential vaccine target. Nevertheless, despite its having been
studied for many years, the mechanism of action of HlyA and its
function in infection remain elusive. Results obtained in this work
through the use of lipid Langmuir monolayers as membrane model
systems suggest that the presence of the fatty-acyl moieties favors
the kinetics of association of the protein, but is not a critical element
involved in the interaction with ternary monolayers resembling the
outer leaflet of erythrocyte membranes. Our findings suggest that
the exposure of the main protein domains of HlyA, when located at
the interface, could play a relevant role in the stable anchoring and
toxic activity of the protein by facilitating protein–protein interac-
tions between toxin monomers and/or membrane receptors. These
findings provide new insights into the protein-membrane interac-
tions involved in early stages in the contact of both the virulent HlyA
and the inactive ProHlyA with erythrocyte model membranes, thus
contributing to an understanding of the mechanism of action of
these large proteins. A further characterization of this mechanism
could lead to the development of therapeutic treatments for the
associated urinary-tract infections as well as contribute to a much
wider area of investigation since other members of the RTX-toxin
family are produced by a variety of human pathogens.
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