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Natively Folded HypF-N and Its Early Amyloid Aggregates Interact
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ABSTRACT Recent data depict membranes as the main sites where proteins/peptides are recruited and concentrated, misfold,
and nucleate amyloids; at the same time, membranes are considered key triggers of amyloid toxicity. The N-terminal domain of the
prokaryotic hydrogenase maturation factor HypF (HypF-N) in 30% trifluoroethanol undergoes a complex path of fibrillation starting
with initial 2-3-nm oligomers and culminating with the appearance of mature fibrils. Oligomers are highly cytotoxic and
permeabilize lipid membranes, both biological and synthetic. In this article, we report an in-depth study aimed at providing
information on the surface activity of HypF-N and its interaction with synthetic membranes of different lipid composition, eitherin the
native conformation or as amyloid oligomers or fibrils. Like other amyloidogenic peptides, the natively folded HypF-N forms stable
films at the air/water interface and inserts into synthetic phospholipid bilayers with efficiencies depending on the type of
phospholipid. In addition, HypF-N prefibrillar aggregates interact with, insertinto, and disassemble supported phospholipid bilayers
similarly to other amyloidogenic peptides. These results support the idea that, at least in most cases, early amyloid aggregates of

different peptides and proteins produce similar effects on the integrity of membrane assembly and hence on cell viability.

INTRODUCTION

Amyloid aggregates are oligomers or polymeric fibrillar
assemblies formed by a number of structurally different pep-
tides and proteins either in vitro or in vivo. The intracellular
or extracellular deposition of these assemblies represents the
main hallmark of amyloid diseases (1). Currently, amyloid
aggregates, particularly in their prefibrillar oligomeric orga-
nization, are considered the main culprit of cell impairment
and death resulting in tissue damage and eventually in the
appearance of the clinical symptoms of the different amy-
loidoses (2).

Since 1998, it has increasingly been recognized that the
ability to generate amyloid assemblies is a generic property
of polypeptide chains (reviewed in Dobson (2)); general
consensus has also been reached on the idea that amyloid
cytotoxicity, at least in most cases, involves precursors of
mature fibrils and is a generic property of these assemblies
not associated with specific amino acid sequences (2,3).
These remarkable results have considerably increased the
number of peptides and proteins one can study as models to
investigate the general basic features underlying protein
aggregation and aggregate toxicity. They have also led to
reconsideration of the importance of the structural adapta-
tions of natural polypeptide chains that evolved to avoid the
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appearance of aggregation-prone sequences (4,5). The cel-
lular tools, including molecular chaperones and the ubiquitin
proteasome pathway of protein degradation, have also been
considered for their ability to enable cells to cope with the ap-
pearance of misfolded proteins or their early aggregates (6).

Much remains to be understood about the biochemical
and molecular features underlying protein aggregation and
aggregate cytotoxicity; however, increasing consensus has
been gained on the key role performed in most cases by bio-
logical surfaces, particularly cell membranes, both as trig-
gers of protein/peptide aggregation and as primary targets of
prefibrillar amyloid aggregates. Indeed, surfaces, either syn-
thetic (mica, SDS micelles, lipid vesicles) (7-9) or biological
(cell membranes, RNA, glycosaminoglycans, collagen) (10—
14), are increasingly considered key sites where proteins and
peptides can be recruited, increasing their local concentration,
undergoing misfolding, or, when unfolded, organizing into
beta structures, with subsequent oligomerization and amyloid
nucleation (15). According to the amyloid channel hypoth-
esis, first proposed in 1993 (16), amyloid aggregate toxicity
arises from the nonspecific permeabilization of the cell mem-
brane after interaction with the aggregates, with disruption of
the ion balance across the membrane and cell impairment
leading to cell death. Presently, the channel hypothesis is sup-
ported by a large number of reports depicting cell membranes,
particularly the plasma membrane, as the primary site of the
interaction of cell components with intracellular or extracel-
lular aggregates.

Protein/peptide interaction with membranes or other
surfaces can result in structural changes favoring misfolding
of the polypeptide chain and aggregate nucleation (17-19).
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Membrane-induced protein unfolding and the interaction
with membranes of misfolded or unfolded polypeptides or
their early aggregates may depend on several factors. The
presence of strong local electrostatic fields on the mem-
branes can weaken polar interactions populating protein
folds where nonnative interactions are favored. In addition,
misfolded proteins, unfolded peptides, or their early aggre-
gates are destabilized by exposure to the aqueous phase of
hydrophobic patches or backbone hydrogen bonds and can
gain stability partitioning into the nonpolar membrane en-
vironment (20). On the other hand, the ability of proteins/
peptides or their early aggregates to interact with membranes
depends on chemical and physicochemical features of the
membrane itself, including curvature, fluidity or rigidity, and
lipid composition (21-23). In this respect, lipid components
may play a major role. For example, it is increasingly re-
ported that anionic lipids can favor membrane-induced pro-
tein misfolding and subsequent aggregate nucleation as well
as prefibrillar aggregate interaction with the membrane (24—
26). The cholesterol content of the membrane has also been
reported to affect the way peptides or proteins (27) or their
early aggregates (22,28) interact with the membrane, as well
as their ability to cross the membrane and to penetrate inside
cells (29,30). Taken together, these data justify efforts to
describe in detail the molecular and physicochemical fea-
tures underlying the interaction of proteins, peptides, and
their early aggregates with lipid membranes, both synthetic
and biological.

The N-terminal domain of the bacterial hydrogenase
maturation factor HypF (HypF-N) was previously character-
ized both structurally and with regard to its folding and
unfolding behavior (31). It belongs to the acylphosphatase
family, though it is devoid of acylphosphatase activity; in fact,
itis an «/ protein with a central twisted five-stranded B-sheet
faced by two antiparallel a-helices, with strands arranged in
the same 4-1-3-2-5 topology as that of any other acylphos-
phatase (32). The similarity to the members of the acyl-
phosphatase family is confirmed by the presence in the
sequence of the two conserved residues that are involved in
catalysis in all active acylphosphatases, namely Arg-23 and
Asn-41, and by ~34% amino acid identity with respect to the
eukaryotic acylphosphatases, with a higher occurrence of
hydrophobic residues and a lower isoelectric point.

In this study, we investigated the surface properties and
lipid-peptide interactions of the natively folded monomeric
HypF-N and its early aggregates. HypF-N early aggregates
were previously shown to interact with, and to permeabilize,
cell membranes and to impair cell viability, like many pep-
tides and proteins associated with amyloid diseases (3,29,33).
The data reported in this study show that HypF-N forms
stable films at the air/water interface, similarly to Af pep-
tides (34,35), and is able to insert into synthetic phospho-
lipid bilayers. HypF-N prefibrillar aggregates are also able
to destabilize supported phospholipid bilayers as human
amylin (36).
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EXPERIMENTAL PROCEDURES
Materials

Bovine brain phosphatidylserine (PS), egg-yolk phosphatidylcholine (PC),
trifluoroethanol (TFE), dithiothreitol, and ammonium acetate were obtained
from Sigma Aldrich (St. Louis, MO). Water was purified by using a Milli-Q
system (Millipore, Bedford, MA) yielding a water resistivity value higher
than 18 MQ-cm. The recombinant N-terminal domain of the bacterial
hydrogenase maturation factor HyPF was purified from an Escherichia coli
expression system, as reported previously (37). Aggregation of HypF-N was
achieved by incubating the protein at room temperature at a concentration of
0.3 mg/ml in 30% (v/v) TFE, 1.0 mM dithiothreitol, and 20 mM ammonium
acetate, pH 5.5. Rabbit anti-HypF-N polyclonal antibodies were provided by
Primm S.r.l. (Milan, Italy); Alexa-488-conjugated anti-rabbit IgG secondary
antibodies colloidal gold complexes (colloidal gold size, 10 nm) were
purchased from Molecular Probes (Eugene, OR).

Measurements at the air/water interface

HypF-N partitioning at the air/water interface was studied by monitoring the
surface pressure of a water solution after protein injection. The measure-
ments were made using three 100-ml home-built teflon Langmuir troughs
with three different surface areas: 48.6 cmz, 81.6 cmz, and 115.6 cm®. The
protein was injected into the water subphase and the surface pressure was
measured at different times using a NIMA ST9000 pressure sensor (Nima
Technology, Warwick, UK), while allowing the system to reach equilib-
rium. Surface pressure-area isotherms were measured in an R&K trough
(Potsdam, Germany) at a barrier compression speed of 4.5 cm?/min.
Typically, 60 ul of a 0.3-mg/ml HypF-N solution were injected into a water
subphase 25 ml in volume; the isotherm was measured after protein
partitioning at the air/water interface. Measurements in the presence of lipid
monolayers were performed by forming a lipid monolayer on the subphase
surface already containing the protein at the desired concentration.
Monolayers were formed by spreading an aliquot of lipid solution (typically
10 ul of a 0.5-mg/ml solution) using a Hamilton microsyringe. Surface
pressure-area isotherms were measured as described above.

Atomic force microscopy

Atomic force microscopy (AFM) measurements were performed with a
Nanoscope Illa Dimension 3000 scanning probe microscope (Digital
Instruments, Santa Barbara, CA) equipped with a G scanning head
(maximum scan size, 100 X 100 wm). Images were acquired in tapping
mode in fluid using 200-um gold-coated silicon nitride V-shaped cantilevers
(Veeco Instruments, Santa Barbara, CA) with nominal spring constant of
0.06 N/m equipped with either a standard or an oxide-sharpened tip. The
drive frequency was between 4.5 and 6.0 kHz, the drive amplitude betweeen
18 and 20 V, and the scan rate between 0.5 and 1.0 Hz. Images were
collected with 512 data points per line. Since the object size in the image
plane can be broadened by tip-size effects, the apparent size deduced
visually from the image can be overestimated; only the Z scale, reported in
the figure legends as z range and encoded in the image colors, should be
considered to assess the real object size.

Measurements of the bilayer step height were obtained from the height in
cross section of the AFM images. The data reported (see histograms in Figs. 7
and 8) represent relative heights (the height of a step measured with respect to
the adjacent one) and were obtained from at least five images corresponding to
different regions of two different samples. For each histogram, the cor-
responding set of images had scan areas ranging from 1.5 to 5 wm.

Preparation of supported lipid bilayers

Unilamellar vesicles were prepared using bovine brain PS or egg-yolk PC
(Sigma-Aldrich, Darmstadt, Germany). The lipid was hydrated at a



Amyloid Aggregates-Lipid Interaction

concentration of 1.0 mg/ml in 20 mM acetate buffer, pH 7.4, with the aid of
an ultrasonic bath (ACAD, Genoa, Italy) for 10 min. Then the sample was
sonicated with a tip sonicator (Ultrasonics Ltd., Northants, UK) for ~15 min.
To prevent overheating, every 2.0 min, sonication was stopped for 1.0 min.
To remove large lipid aggregates and titanium impurities released by the tip,
the suspension was centrifuged for 10 min at 11,500 X g in a Sorvall RC-SB
Superspeed Centrifuge (Du Pont Instruments, Newton, CT). Supported lipid
bilayers were prepared via vesicle fusion on freshly cleaved mica substrates.
The liposome solution was incubated on the mica surface at room tem-
perature for 1.0 h, then the sample was rinsed and the bilayers were imaged
in aqueous solution.

To test the HypF-N-lipid membrane interaction, aliquots of the protein
sample (typically 60 wl adjusted to pH 7.4) were withdrawn at different
aggregation times and deposited on supported lipid bilayers obtained as
described above. To eliminate TFE, which could give rise to artifacts, before
deposition on the supported lipid bilayer the volume of protein samples was
reduced to 70% of its initial value by evaporation under a stream of nitrogen
and then restored to 100% by adding buffer without TFE. Mass spectrometry
measurements showed that after this treatment, the amount of TFE still present
in the protein solution was ~1%. The final protein concentration on the
supported lipid bilayer was 7.6 uM, as a result of a further 3:1 dilution with
buffer; this corresponds to a final TFE concentration of <0.3%. After 20 min
of incubation with the protein, the supported lipid bilayers were rinsed and
imaged in water solution. HypF-N incorporation into the lipid phase was
checked by incubating the samples at room temperature for 20 min with 50 ul
of rabbit anti-HypF-N polyclonal antibodies diluted 1:100. After rinsing with
water, the sample was incubated at room temperature for 20 min with 50 ul of
colloidal gold complexed with anti-rabbit IgG antibodies (1:200 dilution),
rinsed with water and imaged under liquid. Each step of this procedure was
carried out taking care to avoid sample dehydration.
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RESULTS
Pure HypF-N monolayers

It has previously been shown that HypF-N unfolded in 30%
TFE undergoes fibrillation, producing oligomers that are
able to interact and permeabilize synthetic lipid vesicles and
cell membranes (29,38). This led us to investigate the
features of the interaction of HypF-N with different surfaces
to provide information on the possible effect of surfaces in
favoring domain misfolding and aggregation. We initially
investigated the surface activity of natively folded HypF-N
by testing its ability to partition at the air/water interface. To
this purpose, we used three home-built teflon Langmuir
troughs with different surface areas and the same subphase
volume, as detailed in Experimental Procedures. Surface pres-
sure increased with time after injection of native monomeric
HypF-N into ultra pure water at a nominal bulk concentration
in the 70- to 100-nM range, approaching a limiting value
(Fig. 1 a). This finding indicates that HypF-N molecules
assemble into a monolayer at the air/water interface. Inter-
estingly, at a fixed protein concentration (70 nM), the limit-
ing pressure values were slightly but significantly increased
(14, 16, and 18 mN/m, respectively) with the trough area
(data not shown). Fig. 1 b shows a typical pressure-area
isotherm obtained 1.0 h after injecting natively folded

FIGURE 1 (a) Adsorption isotherm of
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monomeric HypF-N into the water subphase. The isotherm
displays a wide region of linear behavior and a nonzero
surface pressure (around 5.0 mN/m) at the maximum area
available, due to protein adsorption at the air/water inter-
face. The protein film could be compressed to a surface pres-
sure >50 mN/m before collapsing.

Insertion of HypF-N into lipid monolayers

We also investigated the surface pressure of lipid monolayers
after the insertion of HypF-N either in the monomeric state or
in different prefibrillar aggregated states obtained by incu-
bating the protein in the presence of 30% TFE for different
aggregation times. In a previous report we showed that
HypF-N incubated in the presence of 30% TFE undergoes a
complex path of aggregation starting with globules 2—5 nm
in diameter. After three days of aggregation the globular
material appears to be assembled into thin crescents, which
then develop into closed rings with a diameter of ~1 um and
subsequently organize into ribbonlike fibrils. The first
twisted fibrils (mean fibril size, 8.5 nm; axial repeat period,
~70 nm) appear after five days of incubation. The fibril size
displays a broad distribution, probably reflecting different
numbers of constituent protofilaments and further associa-
tion of fibrils to form larger supercoiled structures (38).

In this study, to rule out artifacts arising from the presence
of TFE, we performed control experiments on water sub-
phases containing the same amount of TFE present in the
protein aggregates. No increase in surface pressure was de-
tected as a function of time at a fixed surface area. Upon
compression, the pressure-area isotherm of pure phospho-
lipid monolayers was slightly shifted toward larger areas.
Therefore, the isotherms obtained in the presence of the pro-
tein were always compared with the corresponding pure lipid
isotherm recorded in the presence of TFE.

A surface pressure increase from 0 to 10 mN/m was
measured in PS monolayers formed on a subphase contain-
ing HypF-N aged 2.0 h in TFE (where only 2- to 5-nm
globules are present), with the trough barriers completely
open (Fig. 1 ¢, curve 3). Instead, the initial increase of sur-
face pressure was almost negligible (~1.0 mN/m) in the
presence of natively folded monomeric HypF-N (Fig. 1 ¢,
curve 2). Such a difference in surface pressure in the pres-
ence of the same amount of HypF-N indicates that more
HypF-N molecules were incorporated in the monolayer when
added as initial aggregates than as natively folded mono-
mers. Alternatively, it could be proposed that the initial ag-
gregates correspond to partially unfolded and less densely
packed molecules; these would occupy a larger surface area
than the natively folded counterparts as a result of either their
increased molecular volume or, possibly, further unfolding at
the PS/water interface. No increase of surface pressure at
trough barriers completely open was found using subphases
containing HypF-N incubated in TFE for longer time periods
(24 h and 48 h), where higher-order oligomers and polymers
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are present (Fig. 1 ¢, curves 4 and 5). This finding can be
explained by considering that these higher-order oligomers
could occupy slightly less surface area in the PS monolayer
than that occupied by the same amount of natively folded
molecules; they could also resist further unfolding of the
constituting monomers at the PS/water interface, thus
occupying a considerably reduced surface area with respect
to that covered by the same amount of misfolded protein.
Similar considerations could explain the shift of the area/
molecule corresponding to the onset of a surface pressure
from 80 A%/molecule in the absence of the protein (Fig. 1 c,
curve 1) to 155 or 135 A%/molecule in the presence of protein
aggregates aged for 24 h (curve 4) or 48 h (curve 5),
respectively.

The change in surface area upon monolayer compression
was larger in the presence of HypF-N in the natively folded,
monomeric state (Fig. 1 ¢, curve 2) or incubated in TFE for
short times (Fig. 1 ¢, curve 3). Instead, the mature fibrils,
considered the stable end-product of the aggregation process,
were substantially unable to insert into the lipid monolayer
and their presence did not modify the curve registered in the
absence of HypF-N (not shown). In addition, the shape of the
isotherms appears completely different in the presence or in
the absence (Fig. 1 ¢, curve 1) of monomeric or aggregated
HypF-N, respectively, as indicated by the marked inflection
at ~30 mN/m in the curves measured in the presence of the
protein; the latter finding can be interpreted as a consequence
of the expulsion of the protein, or its early aggregates, from
the compressed lipid film.

A marked expansion of the isotherm with nonzero surface
pressure at maximum trough surface area was found after
insertion of monomeric HypF-N into pure PC monolayers
(Fig. 1 d, curve 2); the insertion of HypF-N prefibrillar
aggregates caused an expansion of the isotherm, although to
a lesser extent than with PS monolayers, indicating that the
latter can host a larger amount of protein or, alternatively,
that the hosted protein molecules are less compact and
occupy a larger surface area. With PC monolayers, the area
per molecule corresponding to the onset of a nonzero surface
pressure was shifted from 85 A*/molecule in the absence of
HypF-N (curve 1), to ~110 A*/molecule in the presence of
HypF-N aggregates (Fig. 1 d, curves 3-5). These values are
significantly lower than those determined under the same
conditions with PS monolayers (Fig. 1 ¢, curves 2,4, and 5),
indicating a reduced ability of HypF-N and its early
aggregates to insert into the PC monolayer as compared
with the PS one.

The reduced effect on the lipid monolayers produced by the
presence of protein aggregates was confirmed by the shape of
the isotherms. Indeed, PS monolayers were more heavily
modified than PC monolayers. In particular, PC monolayers
formed on a subphase with HypF-N incubated with 30% TFE
for 2.0 h or 24 h (Fig. 1 d, curves 3 and 4) still showed the
inflection at 30 mN/m, although the latter appeared less
marked than that found with PS monolayers; instead, in the
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presence of HypF-N aged for 48 h, the shape of the isotherm
became closely similar to that of the pure lipid, though shifted
to larger molecular areas (Fig. 1 d, curve 5).

The results of the experiments carried out on phospholipid
monolayers indicate that HypF-N prefibrillar aggregates
display the tendency to partition in the lipid moiety with
different efficiency and, possibly, different conformational
features depending on the type of lipid and the state of ag-
gregation of the protein. Overall, these data suggest that
natively folded HypF-N and its prefibrillar aggregates in-
teract with, and insert into, PC and PS monolayers. Our data
also indicate that monomeric HypF-N and its early prefibrillar
aggregates, consisting of small (~2-5 nm in height) globular
entities, interact more efficiently with monolayers than do
more aged aggregates, where higher-order oligomeric and
polymeric forms are present.

AFM imaging of supported lipid bilayers
interacting with HypF-N aggregates

We subsequently investigated the possible structural changes
occurring in lipid bilayers upon protein insertion. To this
purpose, the interaction of supported lipid bilayers with
HypF-N incubated in 30% TFE for different time periods
was studied by AFM. A supported lipid bilayer can be
produced by depositing a drop of liposome suspension on
freshly cleaved mica; as a consequence, liposomes may
adsorb onto the substrate and spontaneously coalesce, form-
ing a bilayer (39). Fig. 2 shows the typical morphology of a
supported lipid bilayer obtained upon deposition onto mica
of PC (Fig. 2 a) or PS (Fig. 2 b) liposomes. PC liposomes
generate a rather uniform bilayer membrane displaying
relatively moderate defects (the darker areas in Fig. 2 a) with
maximum depth of ~4.5 nm (the typical thickness of a
bilayer). In the case of PS bilayers, membrane defects were
usually much wider (Fig. 2 b), with depths corresponding to
the thickness of a bilayer (see Fig. 9 a); in some cases, the
membrane appeared fragmented into islands with the typical
thickness of a bilayer. Similar morphologies were previously
reported for mica-supported phospholipid bilayers (40). The
differences in bilayer morphology are likely to be due to
electrostatic effects determined by the ionic strength and pH
required in these experiments. We observed that at higher
ionic strength, the coverage of mica by lipid bilayers turns
out to be almost complete (data not shown). Despite the
observed variability of the morphology of pure PS bilayers,
the changes induced as a consequence of membrane-protein
interaction are always clearly detectable and unambiguous.

As already observed for lipid monolayers, even in the case
of supported lipid bilayers the structure of the membrane was
strongly affected by exposure to native monomeric HypF-N.
Fig. 3 shows typical images obtained after incubation of PC
or PS bilayers with 7.0 uM natively folded, monomeric
HypF-N for 20 min. Small, fragmented domains were seen in
PC bilayers, with the background displaying a widespread
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FIGURE 2 Tapping-mode atomic force microscopy images (height data)
of supported membranes made of (a) PC and (b) PS. Scan size, 7.5 um;
z range, 20 nm.

granular appearance (Fig. 3 a) similar to that obtained
previously using amylin (36). The domains often appear
located on previous membrane defects, indicating that the
latter are preferential sites for membrane rearrangement.
Fragmentation occurred also in PS membranes; in this case
the background was flat, since it corresponded to bare mica,
as shown by the scratch made with the AFM tip in the middle
of the image (Fig. 3 b).

To test whether the dramatic change in bilayer morphol-
ogy in the presence of native HypF-N resulted from direct
insertion of the protein into the lipid layer, after treatment
with HypF-N we incubated PC and PS supported bilayers
with rabbit anti-HypF-N antibodies and then with anti-rabbit
Ig antibodies conjugated to 10 nm colloidal gold beads. A
rather uniform nanoparticle distribution on the sample
surface (corresponding to a measured surface density of 44
wm 2 and 18 wm 2 for PC or PS membranes, respectively),
with nearly absent particle clusters, was observed by AFM
(Fig. 4 a). Such a measurement of nanoparticle surface

Biophysical Journal 91(12) 4575-4588
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FIGURE 3 Tapping-mode atomic force microscopy images (height data)
of supported membranes made of (a) PC and (b) PS after incubation with
native HypF-N. Scan sizes: (a) 10 um; (b) 3 um; z range, 20 nm.

density could underestimate the actual amount of protein
inserted in the PC bilayer; in fact, the efficiency of antibody
binding to HypF-N could be much less than 100% due to
both reduced epitope accessibility and conformational
changes in the protein partitioned into the lipid moiety. On
the other hand, the amount of lipid-associated protein could
also have been overestimated due to nonspecific Ig adsorp-
tion to the lipid bilayer. To rule out such a possibility, the
same measurements were made incubating the bilayers with
Ig in the absence of HypF-N (Fig. 4 b). Under these con-
ditions, nanoparticle surface densities of only 3.4 and 1.6
wm 2 were found for PC and PS bilayers, respectively, and
the bilayers remained substantially intact. We also used
phase imaging (41-43) to check whether protein adsorption/
insertion into the bilayer could give rise to local changes of
viscoelastic properties. However, in our experimental con-
ditions the analysis of the phase-contrast signal did not reveal
either membrane stiffness changes or the presence of the
protein in PS and PC lipid bilayers.
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FIGURE 4 Detection of membrane-incorporated HypF-N by colloidal
gold -antibody binding (details in the text): tapping-mode atomic force
microscopy images (height data) of PC-supported membranes: (a) treated
with native HypF-N; (b) control, in the absence of HypF-N. Scan size, 5.0
pm; z range, 20 nm.

AFM images of PC- and PS-supported bilayers exposed
for 20 min to HypF-N previously incubated for 24 h in 30%
TFE, are reported in Fig. 5, a and c, respectively. The
morphology of PC membranes did not change substantially
in the presence of the aggregates with respect to that imaged
in their absence (Fig. 2 a); however, the depth of the defects
decreased, and small domains appeared on the surface of the
membranes exposed to the aggregates. The morphological
features of similarly treated PS membranes (Fig. 5 ¢) also
resembled those imaged in the absence of the protein (Fig.
2 b); however, in this case a coexistence of areas still
homogeneous with areas clearly displaying membrane
disruption was apparent. The inset in Fig. 5 ¢ shows details
of the disrupted regions. Membrane disruption increased after
exposure of the supported bilayers for 20 min to HypF-N
preaggregated for 48 h in TFE (Fig. 5, » and d). In both
cases, membranes were fragmented into domains with
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typical sizes of a few hundreds of nanometers, whereas intact
bilayer regions were not observed anymore.

The AFM images in Fig. 6 show the morphologies of
supported PC membranes not exposed to the protein (Fig. 6
a) or exposed for 20 min to HypF-N aggregates obtained by
72 h incubation in 30% TFE after washing out the remaining
soluble monomeric protein. These aggregates were previ-
ously shown to consist mainly of large rings made of
globular particles (38). Under these conditions, 0.7- to 1.0-
nm steps were formed in the supported bilayers while the
hole depth decreased from that corresponding to the thick-
ness of a bilayer to ~2-3 nm. In addition, regions displaying
membrane disruption and granular appearance were ob-
served (Fig. 6 b). Although the step height was constant with
time, the size of the low-thickness domains increased, as
shown in Fig. 6, ¢ and d. These results indicate that mem-
brane rearrangements triggered by lipid-protein interactions
still take place, even in the absence of a protein reservoir in
the aqueous phase. It is likely that bilayer plasticity is greatly
increased upon protein insertion; in addition, since domains
grow rather uniformly in all directions on the sample surface,
the growth process does not seem to be facilitated by sample
scanning by the tip.

Figs. 7 and 8 display the quantitative analysis of the
changes in membrane surface morphology as determined by
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FIGURE 5 Tapping-mode atomic force mi-
croscopy images (height data) of supported
membranes made of (a and b), PC and (c and d)
PS after incubation with HypF-N preaggre-
gated for 24 h(a and ¢) and 48 h (b and d). Scan
sizes: (a) 8.2 um, (b) 4.3 um, and (c) 8.2 um,
inset 1.2 um; (d) 4.3 wm; z range, 20 nm.

AFM imaging. Fig. 7 shows a comparison between the step-
height distributions measured for PC membranes in the
absence of the protein and after incubation with HypF-N at
different aggregation times, respectively. Although in the
absence of the protein the distribution peak corresponded to
the thickness of a bilayer, incubating the supported mem-
branes in the presence of the protein shifted the distribution
to lower values. Such an effect was more evident with
protein samples at the very early times of aggregation (Fig. 7
b), whereas in the presence of protein left in the aggregation
solution for longer times the height distribution became
bimodal, with peaks at 4.0 and 2.0 nm (Fig. 7 ¢) or mainly at
2.0 nm (Fig. 7 d).

We could not measure the step-height distribution in the
presence of natively folded, monomeric HypF-N since at
these conditions the PC membranes are almost completely
disrupted, resulting in the appearance of granular structures
(Fig. 3 a). Instead, the height distribution of PS membranes
in the presence of monomeric HypF-N (Fig. 8 b) was
measurable and appeared considerably shifted to values
much smaller than those found in the absence of the protein
and corresponding to the thickness of a bilayer (Fig. 8 a). A
similar effect was observed upon exposure of lipid bilayers
to HypF-N aggregated for 48 h (Fig. 8 ¢), whereas in the
presence of HypF-N aggregated for 72 h a larger spreading
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of the step values was found (Fig. 8 d, gray). For PS
membranes we also determined the distribution correspond-
ing to an aggregation time of 13 days (Fig. 8 d, cross-
hatched bars), where HypF-N is mostly present as mature
amyloid fibrils. Under these conditions the distribution was
very similar to that found in the absence of the protein (Fig. 8
a), although in the presence of fibrils thin steps are slightly
more populated. This suggests that fibrils are not able to
disassemble our supported phospholipid bilayers, in agree-
ment with previous data indicating their inability to per-
meabilize synthetic membranes (38) or to impair cell
viability when present in the cell culture medium (3), unless
they do not interact with specific membrane proteins, as
recently reported for globular and fibrillar mammalian PrP
(44). Fig. 9 compares typical surface profiles obtained from
image sections taken in the absence (a) and in the presence
(b) of protein aggregates aged 13 days in 30% TFE. These
sections clearly show the change from the regular bilayer
step pattern observed in the absence of the protein to
membrane rearrangement with the formation of thin steps.
However, as shown in Fig. 8 d, the protein aggregates aged
13 days give rise to a much lower fraction of these steps than
the sample incubated for 72 h. This finding suggests a very
low membrane destabilization and is in agreement both with
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FIGURE 6 Tapping-mode atomic force mi-
croscopy images (height data) of supported mem-
branes made of PC. (a) PC without HypF-N.
(b—d) Evolution of surface morphology as a
function of time after incubation with HypF-N
preaggregated for 72 h. (b) t = 0. (¢) t = 20
min. (d) The area delimited by the square in ¢
imaged at = 60 min. Scan sizes: (a—c) 10 wm;
(d) 4.9 pm; z range, 20 nm.

the lack of liposome permeabilization by mature HypF-N
fibrils, observed previously (38), and with the very small
changes recorded in the PS monolayer isotherm in the
presence of mature fibrils (data not shown). Sample washing
before AFM imaging resulted in the removal of mature fibrils
(only a short fibril is visible in the left corner of Fig. 9 b),
further confirming the weak interaction between fibrils and
lipid membranes.

DISCUSSION

Previous reports have shown that in 30% TFE HypF-N
undergoes amyloid aggregation (45) through a pathway
starting with the appearance of 2.0- to 5.0-nm globular
entities and eventually culminating in the appearance of ma-
ture amyloid fibrils (38). The prefibrillar assemblies popu-
lated in the path of HypF-N fibrillation were also shown to
permeabilize phospholipid bilayers enriched in anionic
phospholipids (38), to bind to the plasma membrane of cul-
tured cells (30), and to be internalized inside the cytoplasm,
resulting in cell impairment and death (29). This behavior is
very similar to that reported for prefibrillar aggregates of
many other peptides and proteins either associated or not
associated with amyloid disease (9,46,47).
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The mechanisms underlying the cytotoxic effects of
amyloid oligomers can be elucidated by studying the
interaction between these oligomers and model membranes
such as phospholipid monolayers and supported bilayers.
Previous studies have shown that the permeabilization of
synthetic membranes by amyloidogenic peptides may be
traced back to the generation of defects in the lipid bilayer;
these appear to result from membrane disassembly with
lateral cohesive force reduction rather than from the presence
of well-defined oligomeric channels spanning the membrane
(34,36). Therefore, to better assess the molecular basis of
aggregate production and their membrane interaction, it is
extremely important to investigate the links between the
structure of protein assemblies and the features of both their
interaction with lipid membranes and their cytotoxicity. An
extensive discussion on the role of lipid-protein interactions
in amyloid formation is reported in a recent review (48).

Our experimental conditions were designed to study the
interaction with the membrane of protein aggregates at well-
defined aggregation states. The duration of the experiments
on monolayers and supported bilayers is small compared to
the typical timescales of the aggregation process of HypF-N
(approximately 10 days are required at a concentration of
30% TFE to obtain mature fibrils). Although the presence of

the lipid surface may accelerate the aggregation process (48),
it is reasonable to assume that within this time lapse, protein
aggregates do not undergo significant changes other than
those caused by the interaction with the lipid moiety. More-
over, experiments in situ, as those reported in Fig. 6, show
that the step-height distribution does not change with time,
whereas the domain size increases, indicating that bilayer
destabilization proceeds even in the absence of a protein
reservoir. A different scenario is found for monomeric
HypF-N. In this case, the lipid moiety lowers the activation
energy barrier for protein unfolding, which in turn induces an
extensive insertion of the protein in lipid monolayers and a
strong destabilization of lipid bilayers.

We observed that the HypF-N domain exhibits a significant
surface activity even in its native state, where it forms a
monolayer upon adsorption at the air/water interface, as
shown in Fig. 1, a and b. This behavior is likely due to the
increased hydrophobicity of the domain as a result of its
partial unfolding. In fact, the exposure of the protein mol-
ecules to the asymmetrical energetic balance after adsorption
at the air/water interface results in surface-induced structural
unfolding (15). This effect had already been observed in early
experiments (49) and has recently been reported for other
proteins involved in amyloid formation, such as lactoferrin
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(50). Additional evidence supporting the increased hydro-
phobicity of HypF-N at the air-water interface is the strong
interaction of the monomeric protein with PC or PS mono-
layers. In the presence of HypF-N, the isotherms of both PC
and PS monolayers are considerably expanded as a conse-
quence of protein insertion into the monolayer, with a much
larger expansion in PS than in PC monolayers. The latter
finding suggests that a higher number of protein molecules are
recruited by the PS monolayers at the interface, possibly as a
consequence of electrostatic effects; the different lipid content
of the monolayers could also induce a more consistent
unfolding and expansion of the adsorbed protein.

In the presence of early HypF-N aggregates, PS and PC
monolayers were found to behave differently: although PS
isotherms were more expanded by early aggregates than by
native HypF-N, the opposite behavior was observed for PC
isotherms. However, in the presence of HypF-N left in the
aggregation medium for longer times, both PC and PS
isotherms displayed a reduced expansion effect. Overall,
these results suggest that the degree of hydrophobicity of
early HypF-N aggregates decreases with increasing aggre-
gation time, in agreement with the higher instability of early
aggregates compared to mature fibrils in an aqueous
environment. It has been proposed that such an instability
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favors the interaction of early aggregates with hydrophobic
surfaces and/or their reorganization into more stable higher-
order polymers (1). In stable, mature amyloid fibrils, which
are the final product of the process, the hydrophobic patches
and the main-chain atoms exposed in the early oligomers are
likely to be shielded from contact with water. Exposure of
the main polypeptide chain to water weakens intra- or
interchain hydrogen bonds, favoring chain insertion into a
less polar environment such as the membrane interior, where
it can be shielded from water contact, increasing the strength
of polar interactions (20).

The larger expansion effects observed in PS monolayers
indicate that, in addition to hydrophobic effects, electrostatic
interactions also play an important role in favoring protein
insertion into the lipid moiety. Many recent articles support a
role of anionic surfaces (mica, SDS micelles, synthetic
bilayers enriched in anionic phospholipids, or other biolog-
ical polymers) in favoring protein recruitment, unfolding,
and aggregation (7,8,11,12,24); negative charges have also
been shown to be key sites where early aggregates of
different proteins and peptides interact with synthetic and
cell membranes (9,51,52).

Our results indicate that the surface morphology of
supported bilayers is strongly affected by the presence of
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FIGURE 9 Tapping-mode  atomic
force microscopy images (height data)
of supported membranes made of PS
(a) without HypF-N; and (b) after incu-

Section Analysis ~ bation with HypF-N preaggregated
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for 13 days. Scan size, 3 wm; z range,
(a) 30 nm; (b) 60 nm. Image sections
performed along the lines indicated in
the figures are also reported. (¢) Car-
toon showing the difference in bilayer
thickness that arises from the formation
of a thinner phase, resulting in small steps
in the topography of the supported layers.
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T
200 b thinning are shown (see Discussion).
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HypF-N. The latter is incorporated into the lipid moiety, as
shown by the antibody binding experiments, and therefore
appears directly involved in membrane structural changes.
After the strong interaction of native HypF-N with lipids,
the structure of PC bilayers appears extensively altered,
displaying regions of granular appearance. In this case, the
lipid rearrangement corresponds to a sort of micellization;
when this occurs, it becomes impossible to measure the
thickness of the bilayer, as the latter is completely lost. A
similar behavior, resulting in granular lesions of the bilayer,
has already been observed in the presence of human amylin
(36). Another typical feature observed as a result of the
interaction of HypF-N with supported bilayers is the oc-
currence, in the bilayers, of steps whose height is well below
the thickness of the bilayer itself. In fact, the protein-lipid
interaction causes depletion of the bilayer lipids in a manner
similar to that associated with the effect of surfactants,
allowing the formation of a thinner phase. The reduced

step heights are likely to correspond to differences between
the thickness of standard bilayers and that of the thinner
phase, as shown in the cartoon in Fig. 9 c¢. A possible
explanation of membrane thinning could be the formation of
an interdigitated phase. However, interdigitated phase for-
mation as a consequence of peptide interaction with the
membrane has been described for gel-phase bilayers (53,54),
whereas our experiments have been performed above the
lipid transition temperature. An alternative explanation of
membrane thinning was described by Huang (55,56) for
amphiphilic antimicrobial peptides. The peptide insertion in
the interfacial region of a fluid bilayer causes the expansion
of the headgroup region laterally. This causes the hydrocar-
bon chains to undergo trans-gauche conformational changes
to accommodate the lateral expansion. As the chain volume
does not change significantly when the chain conformation
switches from trans to gauche, the average thickness of the
bilayer decreases.
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Membrane disruption induced by HypF-N exhibits differ-
ent features in PS and PC supported bilayers. Indeed, changes
in step height are measured in both systems, although
micellization effects appear to predominate in PC bilayers.
In the case of PS bilayers, the height distributions show the
persistence of a small fraction of unperturbed lipids, whereas
this finding disappears in PC bilayers. This behavior could
be a consequence of the different ratio of saturated to
unsaturated fatty acids in either lipid (0.88 for PC and 0.95 for
PS), which could more easily result in phase separation for PS
bilayers. In addition, as pointed out above, electrostatic ef-
fects could also play a role in protein-PS bilayer interactions.

It has been proposed that cytotoxic effects of amyloid
aggregates can initially be traced back to alteration of ionic
equilibria inside exposed cells due to membrane permeabi-
lization. This event could occur either through the organi-
zation of the monomers into membrane-spanning oligomeric
pores with poor ion specificity (57) or through the formation
of bilayer defects spreading over the entire membrane
surface and leading to local membrane disruption (27). In our
investigation, we did not observe porelike structures in the
bilayer. On the other hand, previous studies suggested that
interdigitation, or, more generally, membrane thinning, is not
induced by peptides that insert across the membrane but,
rather, appears to result from lateral separation of lipid
headgroups by the peptides (58). Therefore, the previously
reported membrane permeabilization by HypF-N aggregates
(38) is likely to occur in regions where the latter form diffuse
defects as a consequence of either micellization effects or
bilayer thinning. In addition, the adsorption of monomers or
oligomers on the surface of lipid bilayers at sites where the
thickness is reduced could produce protein-facilitated elec-
troporation with a mechanism similar to that proposed for
annexin V (59).

It might be surprising that even native HypF-N displays
such a strong interaction with lipid monolayers and bilayers.
However, the presence of a lipid surface can favor protein
unfolding (60) in the same way that the air/water interface can
(50). The effect of a surface in favoring protein recruitment,
unfolding, and aggregate nucleation can depend on the
molecular and physicochemical features of either the protein
or the membrane itself. It is known that in the adsorbed state
proteins may undergo structural modifications involving
nonnative interactions of specific residues. Accordingly,
functional (most often hydrophobic) groups can be exposed
on the surface without paying the energy penalty of exposing
the same groups to the aqueous environment (15), thus low-
ering the activation energy barrier for protein unfolding. The
surface chemical and physicochemical features affecting the
conformational states of adsorbed proteins include surface
chemistry and charge, wettability, thickness, and curvature
(21,61). Therefore, in the presence of a lipid interface the
structure of monomeric HypF-N most likely cannot be de-
fined as ‘‘native’” anymore, even though we have not assessed
the type and extent of its structural perturbation.
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A question that arises is whether the protein undergoes
further aggregation steps as a consequence of the interaction
with the membrane. Our experimental conditions were
designed with the aim of controlling the protein aggregation
state. Protein aggregates after TFE removal were incubated
on the membrane for 20 min, after which the sample was
washed before AFM inspection. As the typical time scales of
the aggregation process are much longer (approximately 10
days are required at a concentration of 30% TFE to obtain
mature fibrils), it is reasonable to assume that the aggregation
process did not proceed further.

Overall, the data obtained with monolayers and supported
bilayers agree in indicating a strong interaction of natively
folded monomeric HypF-N and its early aggregates with the
lipid moiety. In fact, both monomeric HypF-N and its early
aggregates insert into lipid monolayers and bilayers, giving
rise to isotherm expansion and extensive changes in bilayer
morphology, whereas mature fibrils produced only minor
effects on both model systems.

An increasing number of studies are focused at providing
information on the effects of surfaces, notably synthetic or
biological membranes, on protein/peptide recruitment, local
concentration, misfolding, and aggregate nucleation (8,17,
19,23,62). From these studies, it is becoming increasingly
apparent that biological surfaces are key triggers of amyloid
aggregation and/or aggregate cytotoxicity and that the latter
depends on the composition of the surfaces themselves. Our
data add to those of many others in trying to describe the
physicochemical features underlying peptide/protein inter-
action with membranes, an increasingly recognized key
feature of amyloid toxicity.
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