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ABSTRACT: Accumulating evidence has strongly suggested that amyloid fibrils of protein or peptide are
cytotoxic. Fibrillar species appear to lead to disruption of cell membrane structures and thereby cause cell
death. In this study, human erythrocytes were used as an in vitro model to examine the disruptive effect of
lysozyme fibrils on the plasma membrane. Both the protofibrils and mature fibrils induced hemolysis and
aggregation of erythrocytes. Treating ghost membranes with the fibrils resulted in aggregation of membrane
proteins through intermolecular disulfide cross-linking. LC-ESI-MS/MS and Western blotting analysis
showed that lysozyme fragments were incorporated into the aggregates of ghost membrane proteins, which
suggested that thio-disulfide exchange among lysozyme and membrane proteins was triggered when the
fibrils interacted with erythrocyte membranes. Metal-ion chelators, radical scavengers, and antioxidants had
no effect on the amyloid-induced disulfide cross-linking. The exposure of interior hydrophobic residues and
the increased level of solvent-accessible disulfides in the lysozyme fibrils are thought to be involved in
membrane disruption. These results may unveil a novel pathway for the cytotoxicity of amyloid fibrils.

More than 20 human diseases are associated with the conver-
sion of polypeptides from their native state into highly ordered,
β-sheet-enriched aggregates known as amyloid fibrils (1). The
presence of these aggregates in the vicinity of dying cells and
tissues led to the hypothesis that amyloid fibrils form and cause
organ dysfunction due to the polypeptide accumulating and
self-assembling into fibrillar forms on the cell membrane (2, 3).
Amyloid formation is a complex process and proceeds through a
series of heterogeneous intermediates of various sizes and
morphologies, including oligomers, protofilaments, and mature
fibrils. Oligomers and protofilaments have been identified as the
main species that are responsible for the cytotoxicity of amyloid
fibrils (4), although in some cases, monomers, nonfibrillar or
amorphous aggregates, and mature fibrils also exhibit cytotoxi-
city (5, 6). The mechanism by which the fibrillar species of a
protein induces cell damage has been studied extensively (7-9).
Numerous observations have indicated that the primary inter-
acting site of amyloid fibrils is the target cell membrane. As a
consequence of fibril interaction, the structure and properties of
the membrane are altered, and a cascade of events leading to
cell death is triggered. Alteration of the membrane by amyloid
fibrils includes channel or pore formation and enhancement of
permeability (2, 3), receptor activation (10), lipid loss (11),

membrane fragmentation (12), and oxidation ofmembrane lipids
and proteins (13, 14).

A broad spectrum of proteins, including some nonpathogenic
ones, has been demonstrated to be able to form amyloid fibrils.
Fibril formation involves rearrangement of the hydrogen bonds
and backbone of a protein, which can result in exposure of the
hydrophobic interior and other reactive groups, e.g., disulfides,
to the environment. These exposed domains promote amyloid
fibrils to interact with lipid bilayers and to trigger oxidative stress,
which leads to disruption of the cell membrane.

Human lysozyme with point mutations is related to non-
neuropathic systemic amyloidosis (15). Its wild type can also
form amyloid fibrils in vitro that are similar to those extracted
from pathological deposits in tissue. Hen egg white lysozyme
(termed lysozyme here) is a well-characterized protein and has
been used as an alternative in vitro model for studying amyloi-
dogenesis of proteins. Lysozyme is a small global protein with a
single chain that consists of 129 amino acid residues and four
disulfide linkages. Incubation of lysozyme under conditions of
low pH and elevated temperatures results in the formation of
amyloid fibrils (16). A recent experiment has shown that lyso-
zyme fibrils reduce the viability of neuroblastoma cells through
apoptotic and necrotic pathways (17).

In this study, human erythrocytes were used as a model to
examine the disruptive effect of lysozyme fibrils on the cell
membrane. The results showed that both the protofibrils and
mature fibrils induced aggregation andhemolysis of erythrocytes.
Incubating ghost membranes with fibrils resulted in co-aggrega-
tion of lysozyme andmembrane proteins through intermolecular
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sulfide cross-linking. The role of disulfides and free sulfhydryl
groups in the interaction of lysozyme fibrils with ghost mem-
branes was explored.

MATERIALS AND METHODS

Materials. Hen egg-white lysozyme (molecular mass of
14.3 kDa), dithiothreitol (DTT),1 thioflavin T (ThT), monobro-
mobimane (mBBR), 1-anilinonaphthalene 8-sulfonate (ANS),
N-ethylmaleimide (NEM), phenylmethanesulfonyl fluoride, des-
ferrioxamine, 5,5-dithiobis(2-nitrobenzoic acid) (DTNB), 2,6-di-
tert-butyl-4-methylphenol (BHT), and quercetin were purchased
from Sigma-Aldrich (St. Louis, MO). Sequencing-grade trypsin
was purchased from Promega (Madison, WI). Electrophoresis-
related reagents were from Promega and Amersham (Uppsala,
Sweden).Other reagents were of analytical grade orHPLCgrade.
Fresh blood was drawn from healthy volunteers using sodium
citrate as an anticoagulant.
Preparation and Characterization of Lysozyme Amyloid

Fibrils. Lysozyme fibrils were prepared by incubating the
protein (1.4 mM) in 10 mM HCl containing 0.02% NaN3 at
pH 2.0 and 65 �C for up to 10 days (16). The growth of lysozyme
fibrils was monitored by ThT fluorescence and transmission
electron microscopy (TEM). ThT fluorescence was measured in
a mixture of 35 μM protein and 10 μM ThT, with excitation at
440 nm and emission at 482 nm in a Perkin-Elmer LS55
spectrofluorimeter. For TEM measurements, an aliquot of
lysozyme fibrils was diluted 20-fold with water and dropped
onto copper-mesh grids. Samples were negatively stained with
2% (w/v) uranyl acetate and air-dried at room temperature.
Observations were made using a Hitachi H-600 electron micro-
scope with an accelerating voltage of 80 kV.
Quantification of Free Sulfhydryl Groups andDisulfides.

Quantification of free sulfhydryl groups of lysozyme fibrils and
ghost membranes was performed according to Ellman’s meth-
od (18). The DTT-accessible disulfides of native and fibrillar
lysozyme were determined by the mBBR method (19) with
modification. Briefly, lysozyme samples were added with 2 mM
DTT and incubated at room temperature for 1 h. mBBR was
then added from a stock solution in acetonitrile to a final
concentration of 5 mM and incubated for 20 min. To the
mixtures was added 30% trichloroacetic acid (TCA), and they
were allowed to stand for 30 min in the dark. The samples were
centrifuged at 15000g, and the pellets were washed with 1%TCA
and centrifuged again. The pellets were dissolved in 100 mM
Tris-HCl (pH 8.0) containing 1% SDS, and fluorescence
was measured at 450 nm with excitation at 380 nm using a
Perkin-Elmer LS-55 spectrofluorometer. Cysteine was used as a
standard for calibration.
ANS Binding Assay. The emission spectra of ANS fluores-

cence in the presence of lysozyme fibrils were recorded between
400 and 600 nm using an excitation wavelength of 350 nm.
Aliquots of the incubated mixture were diluted in phosphate
buffer (50 mM, pH 7.0) containing 25 μM ANS. The ANS
fluorescence was then scanned immediately, and the intensity at
465 nm was measured.

Ultracentrifugation of Lysozyme Fibrils. The fibrils were
separated into three portions using a Hitachi CS150GXLmicro-
ultracentrifuge. Fraction A consisted of the pellets collected by
centrifugation of the mature fibrils at 50000g for 40 min. The
supernatant was further centrifuged at 200000g. The pellets and
the supernatant were named fraction B and fraction C, respec-
tively. The pellets were resuspended in deionizedwater and stored
at 4 �C until use. Protein was quantified by the Bradford
assay (20) using native lysozyme as the standard.
Preparation of Erythrocytes and Ghost Membranes.

Fresh blood was centrifuged at 1000g for 10 min, and erythro-
cytes were separated from plasma and buffy coat and washed
three times with isotonic phosphate buffer [10 mM NaH2PO4/
Na2HPO4, 5 mM KCl, and 140 mM NaCl (pH 7.4)]. The
erythrocyte suspensions used in experiments were prepared daily.
Erythrocyte ghost membranes were prepared by hypotonic
hemolysis. Packed erythrocytes were lysed by diluting the cells
in hypotonic phosphate buffer in the presence of phenylmetha-
nesulfonyl fluoride. The lysates were centrifuged at 30000g for
20min at 4 �C, and the pellets were resuspended andwashed with
phosphate buffer. Centrifugation and washing were repeated
three times, and the final white pelleted ghost membranes were
resuspended in the same buffer and stored at -40 �C.
Lysozyme Fibril-Induced Hemolysis. Erythrocyte suspen-

sions (1% hematocrit) were incubated at 37 �C for 40 min in the
presence of lysozyme fibrils. An aliquot of the reaction mixture
was removed and centrifuged at 1000g for 10 min, with the
absorbance of the supernatant determined at 540 nm. The control
value (100% hemolysis) was determined using the same volume
of erythrocyte diluted with water.
Scanning Electron Microscopy (SEM). Erythrocytes

(1% hematocrit) were incubated for 40 min at 37 �C in the
presence and absence of mature lysozyme fibrils. After incuba-
tion, the samples were centrifuged at 1000g for 10 min and the
packed cells were resuspended in isotonic phosphate buffer that
contained 1% glutaraldehyde. After fixation, samples were
dehydrated through graded acetone, critical-point dried, and
gold-coated by sputtering. The morphological changes in the
erythrocytes were visualized with a Quanta 200 scanning electron
microscope at an accelerating voltage of 20 kV.
Gel Electrophoresis of Ghost Membranes Treated with

Amyloid Fibrils. SDS-PAGE was performed by using a 5%
stacking gel and a 10%separating gel (2.6%C).Aliquots of ghost
membranes were incubated at 37 �C for 40 min in the presence or
absence of native lysozyme or fibrils. Some samples were treated
in the presence of 10 mM DTT for disulfide reduction or 5 mM
NEM for sulfhydryl blocking. Bands were visualized by Coo-
massie brilliant blue R-250 staining. For the Western blotting
assay, the gel bands were transferred to a polyvinylidene fluo-
ride membrane (0.45 μm, Millipore) with a mini transfer cell
(GEHealthcare). The blots were probed with lysozyme antibody
(Abcam, Cambridge, U.K.) and visualized by enhanced chemi-
luminescence (GE Healthcare).
In-Gel Digestion and Liquid Chromatography-Electro-

spray Ionization Tandem Mass Spectrometry (LC-ESI-
MS/MS) Analysis of High-Molecular Mass Aggregates
(HMWAs). The target bands were cut from the gel and washed
with water and 50% (v/v) acetonitrile in 25 mM NH4HCO3

buffer until the color disappeared. The gel pieces were dried and
reduced with 10 mMDTT. Alkylation was achieved via addition
of 55 mM iodoacetamide and incubation in the dark for 45 min.
In-gel trypsin digestion was conducted at 37 �C overnight.

1Abbreviations: Aβ, amyloid-β peptide; ANS, 1-anilinonaphthalene
8-sulfonate; DTT, dithiothreitol; BHT, 2,6-di-tert-butyl-4-methylphe-
nol; HMWAs, high-molecular mass aggregates; LC-ESI-MS/MS,
liquid chromatography-electrospray ionization tandem mass spectro-
metry; NEM, N-ethylmaleimide; SEM, scanning electron microscopy;
TEM, transmission electron microscopy; ThT, thioflavin T.
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Peptides were extracted and analyzed by LC-ESI-MS/MS on a
Thermo Finnigan LTQ tandem mass spectrometer. Raw data
were searched using the SEQUEST algorithm against the NCBI
nonredundant database.
Statistical Analysis. Values are presented as means ( the

standard deviation. A Student’s paired t test was utilized to
calculate the statistical significance.

RESULTS

Lysozyme Amyloid Fibril Formation and Characteriza-
tion. The fibrillar species of lysozyme were obtained by incubat-
ing the protein (1.4 mM) at pH 2.0 and 65 �C. Mature lysozyme
fibrils were harvested after incubation for 10 days. The ThT
fluorescence assay showed that there was no obvious “lag phase”
in the early stage of lysozyme fibrillation. Fibril growth was
accelerated on the fourth day and reached a mature state in 9-10
days (Figure 1).

The intensity enhancement and blue shift of ANS fluorescence
over the time course of the fibrillation process were also
determined. The incubation of lysozyme resulted in a significant
increase at 465 nm in ANS fluorescence (Figure 1), as well as a
blue shift in the maximum wavelength, which reflected an
increase in the solvent-exposed hydrophobic interior of the
protein.

The morphology of the fibrillar species changed with incuba-
tion from amorphous granular aggregates to protofibrils and to
mature fibrils with increasing binding affinities for ThT and
ANS. On the fourth day of incubation, a so-called “beads-on-
a-string” morphology (21) was observed via TEM (Figure 2A).

The mature lysozyme fibril exhibited a typical morphology,
characterized as long, straight, and partly twisted fibrils with
diameters of 4-20 nm (Figure 2B).

The transformation of native lysozyme to amyloid fibril
involves unfolding and reorganizing the polypeptide chains, in
whichmore disulfide bonds became solvent-accessible (Figure 3).
Quantification of free sulfhydryl groups of the fibrils was
performed to exclude the possibility of free sulfhydryl formation
during lysozyme fibrillation. No sulfhydryl group has been
detected in the fibrillar species.
Hemolysis and Aggregation of Erythrocytes Induced by

the Fibril Species of Lysozyme. Incubation of human ery-
throcytes in an isotonic environment with the fibril species of
lysozyme resulted in hemolysis and cell aggregation. Both the
protofibrils and mature fibrils induced hemolysis and aggrega-
tion of erythrocytes in an age-dependent (Figure 4A) and dose-
dependent (Figure 4B) manner. The hemolytic effects increased
with the growth of fibrils, and the 7-day-old fibrils exhibited
maximum hemolysis data (Figure 4A). The subsequent decline in
the hemolysis curve was partly caused by increased levels of

FIGURE 1: Kinetics of lysozyme fibril growthmonitored by ThT and
ANS fluorescence. Representative curves were derived from one of
three independent incubations.

FIGURE 2: TEM images of lysozyme fibrils prepared under a single
growth condition as described inMaterials andMethods. The fibrils
were 4 (A) and 10days old (B).The 4-day-old aggregates demonstrate
a beads-on-a-string morphology. Scale bars represent 100 nm.

FIGURE 3: Solvent-accessible disulfide bonds of lysozyme in the
duration of amyloid fibril growth. Disulfide data were calculated
according to the free sulfhydryl groups formed by DTT reduction
[means ( standard deviation (n= 5)].

FIGURE 4: Hemolysis of erythrocytes induced by lysozyme fibrils.
(A) Hemolysis of erythrocytes induced by lysozyme fibrillar species
(70 μM) with differing amyloid ages. (B) Dose-dependent hemolysis
induced by mature lysozyme fibrils. Erythrocyte suspensions (1%
hematocrit) were incubated with the fibril species. Hemolysis is
expressed as hemolytic rate against 100% lysis of erythrocytes.
Experiments were performed in triplicate, and the results are shown
as means ( the standard deviation.
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aggregation and deposition of hemoglobin, which led to lower
absorbance at 540 nm. Therefore, the actual overall disruptive
effect of the fibril species on erythrocytes, including hemolysis
and cell aggregation, had a tendency to increase with fibril aging,
in contrast to the previous view (4, 22) that only oligomers and
protofibrils exhibit cytotoxicity while mature fibrils show a weak
or no effect.

Erythrocytes were prone to aggregation in the presence of
mature fibrils. Aggregation of the cells occurred at a fibril
concentration as low as 7 μM, at which hemolysis was not
obvious. This phenomenon has also been observed recently by
Chaudhary et al. (23), who found that extensive aggregation of
erythrocytes and lipid vesicles was induced by a low dose of
lysozyme fibrils.
SEM Studies of Morphological Alteration of Erythro-

cytes by Lysozyme Fibrils. Normally, erythrocytes have a
biconcave discoid shape (Figure 5A), with high shape variability
under physiological conditions. SEM images showed that cells
incubated with 28 μM fibrils gathered into aggregates with
deformed and broken shapes (Figure 5B). At higher concentra-
tions of fibrils, the population of damaged and aggregated cells
increased significantly. Numerous intact cells lost their biconcave
shape and transformed mostly to stomatocytes and a few
echinocytes, which indicated an increased difference between
the tensions of the two leaflets of the cell membrane (24). As with
its monomer, lysozyme fibrils are charged positively at physio-
logical pH and, therefore, can be attracted to the anionic
glycocalyx surface of the erythrocyte membrane. The electro-
static force drove the fibrillar species that accumulated on the
membrane, which made the cells “sticky” toward each other and
gathered into aggregates, as shown in Figure 5B. A small amount
of amorphous aggregates was found on the membrane surface of
erythrocytes treated with native lysozyme (Figure 5C), although
these aggregates had no obvious effect on the permeability and
morphology of the cell, which suggested that the fibrillar
structure was a prerequisite for lysozyme to disrupt the intact
cell membrane.
SDS-PAGE of Ghost Membranes Treated with Lyso-

zyme Fibrils. The fibril-induced changes in the membrane
protein pattern of erythrocytes have been assessed by gel
electrophoresis of ghost membranes. The results indicated that
lysozyme fibrils induced aggregation of ghost proteins. As shown
in Figure 6A, the HMWAs of membrane proteins appeared on
the top of the gel lanes and in the sample wells. At the same time,
most of the other bands in the gel were weakened, except for band
7. Sulfhydryl blocking reagentNEM (5mM) and reductantDTT
(10 mM) inhibited significantly the effect of the fibrils on

membrane proteins (lanes 4 and 5), suggesting that intermole-
cular disulfide cross-linking was involved in the aggregation of
membrane proteins. However, NEM did not completely inhibit

FIGURE 5: SEM imagines of erythrocytes after incubation in the presence or absence of lysozyme and mature lysozyme fibrils. (A) Control cells.
(B) Cells incubated with 28 μM mature fibrils. The arrows indicate the fibril aggregates on the cell membrane. (C) Cells incubated with 28 μM
native lysozyme.The arrowspoint to the lysozymeaggregates on the cellmembranes.The scale bar represents 20μminpanelsAandBand5μmin
panel C, as shown in the right corner of each image.

FIGURE 6: SDS-PAGE of erythrocyte membranes and lysozyme
fibrils. (A) Membrane disruptions induced by native lysozyme and
mature fibrils. Samples were subjected to electrophoresis on a 10%
gel: lane 1,molecularmassmarkers; lane 2, controlmembranes; lanes
3-5, membranes treated with 35 μM lysozyme fibrils (3) and with
35 μMfibrils in the presence of 5 mMNEM (4) and 10mMDTT (5),
respectively; lanes 6-8, membranes treated with 35 (6) and 70 μM
native lysozyme (7) and 70 μM lysozyme supplemented with 10 mM
DTT (8), respectively; and lane 9, lysozyme fibrils (20 μg). The circled
bands of lane 3 were sliced for MS analysis. (B) SDS-PAGE of
native lysozyme and mature fibrils. Electrophoresis was performed
on an 18% gel. Lanes 1-3 contained mature fibrils, native lysozyme,
and molecular mass markers, respectively. (C) Western blotting
results of ghost membranes (lane 1), lysozyme fibrils (lane 2), and
membranes treated with 35 μM lysozyme fibrils (lane 3).
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the disulfide cross-linking, as shown in lane 5, because of its
inability to reduce the formed disulfides.

No aggregate was visualized in lane 9, to which mature fibrils
were applied. Instead, SDS-PAGE with a high concentration of
acrylamide (18%) and a Tricine buffer system showed that the
fibrils could be separated into lysozymemonomers and small-size
peptide fragments (Figure 6B), which indicated the absence of
intermolecular disulfide cross-linkage in the fibrils.

Unexpectedly, lysozyme was also shown to promote aggrega-
tion of ghost proteins (lane 6 and 7), which was diminished by
addition of DTT (lane 8) and NEM (data not shown). This may
indicate that lysozyme monomers aggregated upon interacting
with ghost membranes, and the resultant aggregates acted
similarly to amyloid fibrils, to induce intermolecular disulfide
cross-linking of membrane proteins. However, the disruptive
effect of nonfibrillar lysozyme on ghost membranes was dose-
independent and much weaker than that of the fibrillar form.

Metal-ion chelators desferrioxamine (1 mM) and EDTA
(2 mM), antioxidants ascorbic acid (5 mM) and BHT (2 mM),
and free radical scavengers mannitol (10 mM) and quercetin
(1mM) did not exhibit obvious protection of ghost proteins from
fibril-induced aggregation (Figure 7A). This suggested that
metal-catalyzed oxidation and free radicals were not involved
in membrane disruption.
Hemolysis and HMWA Formation Induced by the

Fibrillar Fractions. Mature amyloid fibrils have been charac-
terized by high heterogeneity of species, containing long fibrils up
to micrometers, and short fibrils, oligomers, and remaining
monomers in sizes down to nanometers (8, 16, 17). To clarify
the membrane-disruptive effects of lysozyme fibrillar species,
mature amyloids were fractionated into three portions by ultra-
centrifugation. Fraction A consisted of the first pellets at 50000g
and fraction B the second pellets at 200000g, and fraction C was
the final supernatant. A quantitative assay showed that 31.0,
24.5, and 44.5% of the lysozyme were found in fractions A-C,
respectively (Table 1). The values of DTT-accessible disulfides
were similar in fractions A-C and mature fibrils; no significant
difference was found (Table 1). As shown in Figure 7B, these
three fractions had disruptive effects on ghost membranes similar

to those of the mature fibrils, inducing strong aggregation of
membrane proteins. Hemolytic data showed that fraction A had
a weaker effect than fraction B, fraction C, and mature fibrils
(Table 1), probably because more aggregation and deposition of
hemoglobin were induced by the large fibrillar species. These
facts implied that the membrane disruption by lysozyme fibrils
was dependent on the fibrillar aging and probably also on the
exposure of disulfide bonds, rather than the fibrillar form and
particle size of lysozyme assemblies.
Western Blotting and LC-ESI-MS/MS Identification

of Lysozyme Fragments in the HMWAs. To clarify whether
lysozyme and its fragments co-aggregated and associated into
HMWAs through intermolecular disulfide cross-linking, the gel
bands of HMWAs were transferred onto a blotting membrane
for antibody recognition. Lysozyme was identified in the
HMWAs (Figure 6C). LC-ESI-MS/MS analysis of the tryp-
sin-digested products of the HMWAs was also performed.
Sequence matching of the MS/MS data showed that the
HMWAs were mixtures of ghost membrane proteins and
lysozyme fragments. Cytoskeletal proteins, including spectrins,
ankyrin, band 3, and band 4.2 proteins, were the main compo-
nents of HMWAs. Six lysozyme fragments were identified
(Figure 8) with a sequence coverage of 47% and probability
values (P value) from 9.87�10-6 to 3.33�10-16. Both the circled
aggregates in lane 3 of Figure 6A had the same com-
position of proteins.

Considering no free sulfhydryls were detected in the amyloid
fibrils, the co-aggregation of lysozyme fragments with ghost
proteins suggested that free sulfhydryl groups of lysozyme could
be generated as a consequence of the fibrils interacting with ghost
membranes, and subsequent intermolecular disulfide cross-link-
ing was triggered and proceeded among lysozyme andmembrane
proteins. Interestingly, the total number of sulfhydryl groups in
ghost membranes did not change after treatment with fibrils,
implying that only thiol-disulfide exchange occurred in the
fibril-membrane system.

DISCUSSION

Lysozyme belongs to the class of enzymes that lyse the cell
walls of bacteria by specifically hydrolyzing the 1,4-β-D-linkage
betweenN-acetylhexosamine residues. In addition, lysozyme can
also exert its antimicrobial action through structural transition.
The nonenzymatic antimicrobial activity is produced or
enhanced by exposing the hydrophobic interior of the protein
through irreversible denaturing by heating (25) and partial
reduction with DTT (26). Moreover, the cationic and hydro-
phobic properties of lysozyme have been demonstrated to cause
perturbation and fusion of biological membranes (27). Accord-
ingly, lysozyme binding to cell membranes or vesicles can be

FIGURE 7: Effects of small molecules and fibrillar sizes on fibril-
induced HMWAs. Fibrillar species corresponding to 35 μM lyso-
zyme were applied in the samples. Samples were subjected to electro-
phoresis on a 10% gel. (A) Effects of metal-ion chelators,
antioxidants, and free radical scavengers on fibril-inducedHMWAs.
Ghost membranes weremixed with the compounds prior to the fibril
treatment: lane 1, molecular mass markers; lane 2, control mem-
branes; lane 3, fibril-treated membranes; and lanes 4-9, membranes
treated with the fibrils in the presence of 1 mMdesferrioxamine (lane
4), 2 mM EDTA (lane 5), 5 mM ascorbic acid (lane 6), 2 mM BHT
(lane 7), 1 mM quercetin (lane 8) and 10 mM mannitol (lane 9),
respectively. (B) Effects of fibrillar sizes on fibril-induced HMWAs:
lane 1, control membranes; lane 2, membranes and fibrils; lane 3,
membranes and fractionA (the pellets at 50000g); lane 4,membranes
and fraction B (the pellets at 200000g); and lane 5, membranes and
fraction C (the supernatant at 200000g).

Table 1: Properties of the Fibrillar Species Fractionated by Ultracentrifu-

gation

fraction A fraction B fraction C mature fibrils

protein content (%) 31.0 24.5 44.5 100

disulfidesa 3.51 ( 0.28 3.67 ( 0.24 3.71 ( 0.23 3.46 ( 0.29

hemolytic rate (%) 21.7 ( 2.5b 27.4 ( 3.1 30.3 ( 2.0 28.9 ( 3.2

aDTT-accessible disulfides per lysozyme monomer. Data were calcu-
lated according to the free sulfhydryl groups formed by DTT reduction.
b p < 0.05 to compare with fraction B, fraction C, and mature fibrils.
Fibrillar species corresponding to 70 μM lysozyme were applied in the
hemolysis assay.
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accompanied by aggregation and subsequent penetration into
lipid bilayers. In this study, aggregation of native lysozyme on the
surface of erythrocyte membranes was visualized under SEM
(Figure 5C). However, the binding of lysozyme did not result in
obvious perturbation of the intact erythrocytes. In contrast,
lysozyme induced the intermolecular disulfide cross-linking
between ghost proteins, probably because the ghosts were
deficient in cytosolic components such as hemoglobin and
glutathione which serve to maintain the essential thiol-disulfide
status of membrane proteins.

The conversion of lysozyme from its native form to amyloid
fibrils increased significantly the disruptive effect of the protein
on erythrocyte membranes. The hydrophobicity of the fibrillar
species, probed by the fluorescent dye ANS, increased with the
fibril aging and with the ability of the fibrils to induce hemolysis
and aggregation of intact erythrocytes. This suggests that one of
the pathways through which lysozyme fibrils disrupt the cell
membrane is interaction between the hydrophobic domains of
the protein and lipid bilayers.

Oxidative stress can be also a pathway of the amyloid fibril-
induced cytotoxicity. Mounting evidence has shown that oxida-
tive stress is a causal factor for triggering amyloid disorders
(28-30). Amyloid fibrils and peptides such as amyloid-β peptide
(Aβ) and its fragments have been found both in vivo and in vitro
in association with the generation of radical oxygen species
(ROS) (31). In turn, enhanced amyloid fibrillation of proteins
under oxidized conditions has been observed (32). Oxidative
stress can change the redox status of a cell and induce protein
modification that leads to structural and functional alterations.
In this study, however, metal-catalyzed oxidation and free
radicals were not involved in the lysozyme fibril-induced inter-
molecular disulfide cross-linking. In addition, the total number
of sulfhydryl groups in ghost membranes did not change
after treatment with the fibrils. These facts probably suggest
that oxidative stress is not a causal factor in the lysozyme

fibril-induced membrane disruption. We propose that mixing
the fibrils with ghost membranes changes the packing patterns of
lipids and proteins and therefore makes the disulfides and free
sulfhydryl groups of ghosts spatially more accessible to each
other. Another driving force was derived from the disulfides in
lysozyme fibrils. Upon unfolding and amyloid fibrillation, the
disulfides of lysozyme become more solvent-accessible. The
addition of fibrils to ghost membranes changed the SH/SS ratio,
and therefore, the thiol-disulfide equilibrium was shifted. As a
consequence, the redox potential of the disulfide-sulfhydryl
couple can be altered, in favor of thiol-disulfide exchange
between the free sulfhydryl groups and disulfides of membrane
proteins and lysozyme. It has been reported (33) that, upon
unfolding and at high pH, lysozyme monomers assembled into
stable aggregates through a pathway of intermolecular disulfide
cross-linking. However, more evidence is still required to eluci-
date precisely how the fibrils induce disulfide cross-linking
between the proteins.

The reversible interchange of sulfhydryl groups and disulfide
plays an important role in many biochemical pathways. Oxida-
tion of the sulfhydryl groups or reduction of the disulfide bonds
in a protein can result in activation or inactivation of protein
functions (34). In this study, evidence that the disruptive impact
of lysozyme fibrils on erythrocyte membranes is related to the
fibril-induced intermolecular disulfide cross-linking ofmembrane
proteins is provided. The disulfide cross-linking caused the
aggregation or possibly the clustering of cytoskeletons and other
membrane proteins which, in synergywith the hydrophobic effect
of the fibril, could have led to enhancement of membrane
permeability, cell aggregation, and breaking the cell into debris.

In conclusion, lysozyme can exert its disruptive effect on
cellular membranes by exposing the hydrophobic interior of
the protein (25, 26). Our results demonstrate that transforma-
tion of native lysozyme to amyloid fibrils increased significantly
the disruptive effect of the protein on erythrocyte membranes.

FIGURE 8: LC-ESI-MS/MS identification of lysozyme fragments in the HMWAs. (A) Amino acid sequence of hen egg white lysozyme.
The underlined sequences were identified in the HMWAs by LC-ESI-MS/MS. (B) Tandem MS spectrum of the lysozyme fragment
FESNFNTQATNR (residues 34-51) from an [M+2H]2+ ion at m/z 714.93. The y- and b-ions formed by peptide bond cleavage are shown
in the inset.
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The hydrophobicity of the fibrillar species and the solvent-
accessible disulfides is thought to be related to the ability of
lysozyme fibrils to induce hemolysis and aggregation of intact
erythrocytes. Treating ghost membranes with the fibrils resulted
in co-aggregation of membrane proteins and lysozyme through
intermolecular disulfide linking. The thiol-disulfide exchange
among lysozyme and membrane proteins was triggered upon the
fibrils interacting with erythrocyte membranes. Considering the
recent report that Aβ fibrils promote disulfide bonding and
aggregation of glyceraldehyde-3-phosphate dehydrogenase in
cortical neurons (35), intermolecular disulfide cross-linking
among proteins can be a general pathway in the amyloid fibril-
induced cytotoxicity.
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