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Does the Cytotoxic Effect of Transient Amyloid Oligomers from
Common Equine Lysozyme in Vitro Imply Innate Amyloid Toxicity?*
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In amyloid diseases, it is not evident which protein
aggregates induce cell death via specific molecular
mechanisms and which cause damage because of their
mass accumulation and mechanical properties. We
showed that equine lysozyme assembles into soluble
amyloid oligomers and protofilaments at pH 2.0 and 4.5,
57 °C. They bind thioflavin-T and Congo red similar to
common amyloid structures, and their morphology was
monitored by atomic force microscopy. Molecular vol-
ume evaluation from microscopic measurements al-
lowed us to identify distinct types of oligomers, ranging
from tetramer to octamer and 20-mer. Monomeric ly-
sozyme and protofilaments are not cytotoxic, whereas
the oligomers induce cell death in primary neuronal
cells, primary fibroblasts, and the neuroblastoma
IMR-32 cell line. Cytotoxicity was accessed by ethidium
bromide staining, MTT reduction, and TUNEL assays.
Primary cultures were more susceptible to the toxic
effect induced by soluble amyloid oligomers than the
neuroblastoma cell line. The cytotoxicity correlates
with the size of oligomers; the sample incubated at pH
4.5 and containing larger oligomers, including 20-mer,
appears to be more cytotoxic than the lysozyme sample
kept at pH 2.0, in which only tetramers and octamers
were found. Soluble amyloid oligomers may assemble
into rings; however, there was no correlation between
the quantity of rings in the sample and its toxicity. The
cytotoxicity of transient oligomeric species of the ubiq-
uitous protein lysozyme indicates that this is an intrin-
sic feature of protein amyloid aggregation, and there-
fore soluble amyloid oligomers can be used as a primary
therapeutic target and marker of amyloid disease.

The molecular basis of the pathogenicity of amyloid aggre-
gates is a central theme in understanding the causes of a wide
range of amyloid-related diseases, including Alzheimer’s, Par-
kinson’s, prion diseases, type II diabetes, and familial amyloi-
dotic polyneuropathy (1–4). There is a striking difference be-
tween the amounts of amyloid depositions in various types of
amyloid disorders. In systemic lysozyme amyloidosis, for exam-

ple, the deposits can grow to kilogram quantities in the liver (5,
6). In neurodegenerative diseases, by contrast, there is no clear
correlation between the amount of amyloid deposition and the
clinical severity of disease. Significant cognitive impairment of
Alzheimer’s patients was observed without noticeable amyloid
deposits in the brain, although the level of readily soluble
amyloid oligomeric assemblies in the Alzheimer’s brain was
found to be greatly elevated (7, 8).

The evidence is accumulating that prefibrillar aggregates
are cytotoxic both in vivo and in vitro (4, 8, 9), although this
question is still open to debate. Moreover, aggregates of the
proteins, which are not related to clinical amyloidoses, such as
human �-lactalbumin (10), SH3 domain, or HypF-N protein,
have also been found to be cytotoxic, which implies a common
mechanism for cytotoxicity of misfolded proteins (11). By con-
trast, it has been shown that the mature amyloid fibrils of
amyloid � peptide and transthyretin are not toxic (4, 12). It is
still not evident, however, which particular amyloid structures
induce cell death by specific molecular mechanisms and which
play the role of “inert” material and cause disease due to their
quantity or mechanical properties.

In our research, we addressed this problem by subjecting
well defined oligomeric intermediates of equine lysozyme (EL)1

to the toxicity assays on different cell types. EL belongs to an
extended family of structurally related proteins, chicken-type
lysozymes, and �-lactalbumins. It possesses a calcium-binding
site similar to �-lactalbumins and a bacteriolytic enzymatic
activity like conventional lysozymes. It combines also the struc-
tural and folding properties of both subfamilies and is viewed
as an evolutionary bridge between them (13–15).

In the 1990s, it was found that amyloidogenic mutants of
human lysozyme are involved in systemic amyloidosis (6),
whereas wild-type human lysozyme also is able to form amyloid
fibrils in vitro (16). Oligomers of human �-lactalbumin (HAM-
LET) appeared to be toxic to immature and tumor cells (11).
Recently, we have demonstrated that, in contrast to lysozymes
and �-lactalbumins (16, 17), EL forms morphologically very
distinct linear and annular protofilaments, depending on cal-
cium ion concentrations and pH (18). In the present study, the
soluble amyloid oligomers of EL were produced under fibrilla-
tion conditions prior to development of the filamentous struc-
tures, and their toxicity was assessed in comparison with the
monomeric and fibrillar species. This analysis revealed that
toxicity depends on the size of soluble amyloid oligomers.
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EXPERIMENTAL PROCEDURES

Protein Samples—Holo-EL was purified from horse milk as described
previously (19). Protein concentration was determined by absorbance
measurements on a Beckman UV-VIS spectrophotometer at 280 nm
using an extinction coefficient, E1% � 23.5. To produce amyloid struc-
tures, EL was incubated at a 20 mg/ml (1.36 mM) concentration in 20
mM glycine (pH 2.0) or 10 mM sodium acetate (pH 4.5) buffers with 0.2%
sodium azide at 57 °C, as described previously (18).

Amyloid Assays—Thioflavin-T (ThT) binding assay was performed as
described previously (16). Fluorescence of ThT was measured on a
FluoroMax-2 spectrofluorometer (JOBIN YVON/PSEX Instruments)
using excitation at 440 nm, emission between 450–550 nm, and setting
the excitation and emission slits at 5 nm.

Congo red binding assay was performed as described by Klunk et al.
(20). Absorbance spectra of the reaction solution were collected together
with negative controls containing dye and protein separately, subtract-
ing from the former the signals associated with the absorption of the
dye and the scattering contribution from the fibrils.

Atomic Force Microscopy (AFM)—AFM measurements were per-
formed on a PicoPlus AFM (Molecular Imaging) in a tapping mode
using a 100-�m scanner. Acoustically and magnetically driven cantile-
vers were used for imaging under both ambient and liquid conditions.
Both cantilevers have etched silicon probes of the TESP model with
diameters of 10 nm and less (Digital Instruments). In the acoustic
mode, we applied a resonance frequency in the 170–190 kHz range, a
scan rate of 1 Hz, and a resolution of 512 � 512 pixels. In magnetic
mode, the cantilevers operated at a resonance frequency of �25 kHz, a
scan rate of 1–2 Hz and a resolution of 256 � 256 or 512 � 512 pixels.
Height, amplitude, and phase data were collected simultaneously. Im-
ages were flattened and plane adjusted. The scanning of samples was
performed in trace and retrace to avoid the scan artifacts. The scanner
was calibrated by measuring atomic steps on a highly orientated pyro-
lytic graphite in the z-axis and using a standard 1-�m calibration grid
(Molecular Imaging) in the xy plane.

For ambient imaging, amyloid samples (200 �g/ml) were deposited
on the surface of freshly cleaved mica (GoodFellow) for 5 s, washed
three times with 250 �l of MilliQ water, and dried at room temperature.
For imaging in fluid, the samples were diluted to 50–80 �g/ml, placed
on the mica for 10 min, washed three times with 200 �l of buffer
solution, and a final 300-�l solution was added to the open liquid cell.
The short adsorption time of the amyloid species on the mica substrate
(compared with hours and days of the incubation period) and the high
dilution of the samples ensured that aggregation was not triggered by
the mica surface. Graphite was used as a substrate in control measure-
ments. Topographical images of soluble amyloid oligomers and fibrils
were essentially the same under all conditions.

Measuring Molecular Dimensions—The dimensions of protein spe-
cies were measured in multiple cross-sections of the same particle in
AFM height images using PicoPlus software (Molecular Imaging). The
distribution of the z-heights of particles was also evaluated by applying
the grain analysis module of Scanning Probe Image Processor (SPIP)
software (Image Metrology). In the latter, the heights of all species
above the threshold surface set at the noise level were measured. To
build an average height distribution, 3–4 areas on the mica surface of
1 � 1-�m size, with 1000–4000 particles in each, were subjected to the
SPIP grain analysis in each sample; the experiments were repeated
three times. Because of adhesion forces, the molecular species were
spread on the mica surface, giving larger lateral measurements com-
pared with vertical dimensions. Generally, an AFM tip also contributes
to the broadening effect because of its specific geometry. To evaluate the
tip geometry and the accuracy of our measurements, we used the tip
deconvolution module of the SPIP software and performed measure-
ments on the reference samples, such as carbon nanotubes with �1-nm
diameters and spherical latex particles with �1.5-nm diameters. Proc-
essing images with the SPIP tip deconvolution module indicated that
the shape of the tip did not produce topological artifacts. Measurements
of the reference samples confirmed the previous conclusions (21, 22)
that the diameter at the half-maximal height of the individual protein
particle treated as a spherical cap sufficiently compensates for the
AFM-induced broadening of the xy dimensions. The volume of each
particle was derived from Equation 1,

VAFM � ��h/6��3r2 � h2� (Eq. 1)

where h is the particle height, and r is the radius at half-height (21).
The molecular volume of monomeric EL was estimated using,

Vm � �Mo/No��V1 � dV2� (Eq. 2)

where Mo is the protein molecular weight, No is Avogadro’s number, d
is the extent of protein hydration (0.4 mol H2O/mol protein), and V1 and
V2 are the partial specific volumes of protein (0.74 cm3 g�1) and water
(1 cm3 g�1) molecules, respectively (21). The number of EL monomers in
oligomeric species was determined by the following ratio.

n � VAFM/Vm (Eq. 3)

Cell Cultures—Primary neural cell cultures, containing both neurons
and glial cells, and primary mouse embryonic fibroblasts were isolated
from 9–12.5 gestation day embryos BALB/c mice, according to the
procedure described previously (23, 24). The cells were cultivated as
monolayers in Dulbecco’s modified Eagle’s medium with 1000 mg/liter
D-glucose, 110 mg/liter sodium pyruvate, heat-inactivated 10% fetal calf
serum, 2 mM L-glutamine, 100 units/ml penicillin/streptomycin (Biolog-
ical Industries) in 5% CO2 at 37 °C. The medium was changed everyday.

IMR-32 cells were grown in Dulbecco’s modified Eagle’s medium
supplemented with 20 mM Hepes, 6% fetal bovine serum, 2.4 mM L-
glutamate, and 1% PEST in a humidified incubator containing 5% CO2

and at 37 °C.
The cell viability was assessed after 48 h of incubation with the

amyloid structures, as it has been shown previously that the cell met-
abolic response to added compounds requires hours or days (4, 11, 25,
26). In all cytotoxicity assays, the control measurements were per-
formed after 24 h of incubation with amyloid, and the cell viability was
decreased; however the effect was less pronounced than after 48 h.

Cell Staining with Ethidium Bromide (EtBr)—Three days after iso-
lation, the primary cells were confluent. They were diluted three times
after treatment with 0.05% trypsin and 0.53 mM EDTA (Invitrogen).
Both primary cell cultures and IMR-32 cells were seeded into the cell
culture plates (96-well; BD Biosciences) with �10,000 cells/well in 200
�l of medium. At confluence after 24 h, the medium was changed, and
aliquots of EL containing amyloid structures were added to a final
concentration of 5–50 �M. In the control experiments, the cells were
incubated in the presence of 30 �M amyloid incubation buffer or with 15
�M freshly dissolved monomeric EL.

The cells were incubated in the presence of EL amyloid samples for
48 h and then detached as described above and suspended in the
medium. 500-�l aliquots of the cell suspensions in primary mouse
embryonic fibroblast medium were stained with 5 �l of 20 mg/ml EtBr
for 10 min at 4 °C. Cell viability was estimated using a fluorescence-
activated cell sorter (FACS) caliber flow cytometer (Bd Biosciences)
according to the procedure described in Ref. 27. The viability was
estimated by counting 10,000 events using the Cell Quest program
(FACS caliber manual).

Inhibition of MTT Reduction—IMR-32 cells were plated at a density
of 10,000 cells/well in 96-well plates. The aliquots of EL amyloid were
added to the wells (100 �l) at various final EL concentrations (see Fig.
5), and the cells were incubated for 48 h. 10 �l of 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) labeling reagent was
added to each well, and the samples were incubated for a further 4 h.
100 �l of solubilization mixture (10% SDS, 0.01 M HCl) were added to
each well, and the samples were incubated overnight. Absorbance of
blue formazan at 570 nm was measured with a plate reader (28).

Labeling of Free DNA Ends—IMR-32 cells were cultured in 48-well
plates (Nunclon). EL amyloid aliquots were added to the final concen-
tration of 14 and 64 �M, and the slides were further incubated for 48 h.
DNA fragmentation was detected by a transferase-mediated dUTP
nick-end-labeling (TUNEL) method using a fluorescent staining kit
according to the manufacturer’s instructions (Roche Diagnostics). Sim-
ilar aliquots of the incubation buffers (pH 2.0 and 4.5) were added to
IMR-32 cells in control experiments. Stained cells were analyzed by
flow cytometry as described above.

RESULTS

Structural Characterization of EL Fibrillation—The kinetics of
EL self-assembly was monitored using ThT fluorescence assay
(Fig.1), which serves as a marker for amyloid (17). Protein
aliquots were diluted into a buffer containing ThT after differing
periods of incubation. Both samples of EL, incubated at pH 2.0
and 4.5 at 57 °C, were characterized by short lag phases of 3 and
12–14 h, respectively, which correspond to the initiation of
nucleation (29). This was followed by an increase of fluorescence
intensity reaching a plateau level with 10- and 7.5-fold increases
of ThT dye fluorescence bound to EL amyloid incubated for �120
and �200 h at pH 2.0 and pH 4.5, respectively (Fig. 1).
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EL-aggregated structures were analyzed by AFM. Repre-
sentative images of EL species are shown in Fig. 2, and their
height distribution histograms are presented in Fig. 3. Protein
molecules from freshly prepared EL samples adsorbed on the
mica surface, which was manifested in a narrow log-normal
distribution of z-heights with a mean value of 0.4 nm in both
cases of pH 4.5 and pH 2.0 (Fig. 3, a and b). The molecular
volumes of these species were evaluated by Equation 1 using
their z-heights and diameters at half-height, determined by
both the grain analysis SPIP software and by multiple cross-
section measurements of individual particles. The results are
presented in Table I. Both methods gave a good agreement with
the calculated volume of EL monomer using Equation 2.

During the growth phase (Fig. 1), the larger round-shaped
oligomers were formed in the samples (Fig. 2a) characterized
by broader distributions of z-heights (Fig. 3, c and d). They gave
rise to elongated linear and annular (Fig. 2, d–f) protofibrils
with a “bead-on-string” morphology. Subsequently the proto-
filaments with an �2-nm z-height emerged in the samples (Fig.
2, b and c); the cross-section of a typical protofilament is pre-
sented in Fig. 2c. The protofilaments were rather short, 30–300
nm in length, and there were both straight and curved sections,
whereas some of them were locked into circular structures (Fig.
2b). Similar protofilaments were observed previously at pH 4.5
and 57 °C in the presence of 10 mM CaCl2 (18).

After incubation periods of 72 h (pH 4.5) and 24 h (pH 2.0),
respectively, both EL samples displayed the same increase in
ThT fluorescence and were characterized by the formation of
round-shaped oligomers, whereas the protofilaments have not
yet been observed. These samples were subjected further to the
cytotoxicity assays to compare the effect induced by mono-
meric, oligomeric, and fibrillar species of EL. The z-height
histograms of the species produced at these time points were
characterized by a decrease of the main peak concomitantly
with the appearance of a pronounced right-hand shoulder cor-
responding to progressive enlargement of oligomers. In the pH
4.5 sample (Fig. 3c), a second peak centered at the z-height of
�2.1 nm became apparent. The fraction of oligomers with a
characteristic z-height of �0.7 nm was determined in both
samples at pH 4.5 and 2.0 by subtracting from the histograms
at given time points those of freshly dissolved EL (Fig. 3, e and
f). In addition, in the sample incubated at pH 4.5 compared

with the sample at pH 2.0, there is a fraction with a z-height of
�1.1 (Fig. 3g), identified by the difference between the corre-
sponding distributions shown in Fig. 3, c and d. The control
experiments, with a significantly smaller number of particles
were carried out using manual cross-section analysis (Table I)
to confirm the values obtained from larger screenings by the
SPIP grain analysis module (Fig. 3). The volumes of oligomers
were calculated by Equation 1 using the linear parameters of
oligomers determined in both types of measurements. The stoi-
chiometry of oligomers was calculated using Equation 3 and
presented in Table I. Both approaches gave consistent results.
The distribution of oligomers in the pH 4.5 sample (Fig. 3c) was
well fit by a sum of log-normal functions with the means of
z-height equal to �0.4, �0.7, �1.1, and �2.1 nm (�2 � 0.002)
(Fig. 3h), although the best fit of the distribution of the pH 2.0
sample was achieved using only two log-normal functions with
the means of 0.4 and 0.7 nm (�2 � 0.005).

The soluble amyloid oligomers described above (Fig. 2a) were
characterized by a 2–3-nm long wavelength shift of Congo red
spectra compared with a 5–6-nm shift caused by the fibrillar
structures formed subsequently. Apart from single round-
shaped oligomers in both samples, we also observed character-
istic annular protofibrils with 4- or 5-fold symmetry (Fig. 2,
d–f). They consisted of segments in which z-heights and molec-

FIG. 1. Kinetics of EL amyloid formation monitored by ThT
fluorescence. EL was incubated at 20 mg/ml in 10 mM sodium acetate,
pH 4.5 (E), and 20 mM glycine, pH 2.0 (�), 57 °C as described under
“Experimental Procedures.”

FIG. 2. Amyloid structures of EL observed by AFM. a, height
image of round-shaped oligomers, 72 h of incubation at pH 4.5 and
57 °C. z-scale is 7 nm. The same soluble amyloid oligomers imaged after
transferring into serum-free culture medium (inset). b, protofilaments
of �2 nm height, 24 days of incubation at pH 4.5 and 57 °C. z-scale is 10
nm. c, height image and cross-section of a typical protofilament, dem-
onstrating that its z-height is �2 nm. d–f, representative images of
annular protofibrils formed after 72 h of incubation at pH 4.5. The
species were transferred to serum-free culture medium and imaged in a
liquid cell on mica surface (d). The pH 4.5 samples were dried in air
using graphite (e) or mica (f) substrates.
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ular volumes were similar to the dimensions of the individual
round-shaped species with z-heights of 0.7–1.2 nm present in
the same samples (Fig. 2a).

The control AFM imaging of the amyloid structures was
performed immediately after their transfer from the incubation
buffers to serum-free culture medium and in a 48-h incubation
in serum-free culture medium at 37 °C. Under these conditions,

the morphology and the cross-sectional dimensions of the oli-
gomers, protofibrils, and protofilaments did not change, as
shown in the representative images in Fig. 2a, inset, and Fig. 2,
d–f). To confirm the stability of the oligomeric structures in the
physiological solutions, population analysis using the SPIP
software was also performed and compared with the manual
measurements in the cross-sections. Immediately after trans-

FIG. 3. Molecular dimensions of EL
determined by AFM. In each protein
sample, 3–4 areas of 1 � 1-�m size, with
1000–4000 particles in each area, were
subjected to SPIP software grain analy-
sis. The distribution of z-heights in the
freshly prepared EL samples at pH 4.5 (a)
and pH 2.0 (b) immediately after protein
dissolving and after 72 h of incubation at
pH 4.5 and 57 °C (c) and after 24 h at pH
2.0 and 57 °C (d) are shown. The histo-
grams showing the difference between the
population of oligomers in the samples
c�a (e), d�b (f), and d�c (g) are presented
here. The formation of larger species
manifested by the appearance of addi-
tional maxima with larger z-height val-
ues. The data were fit to log-normal func-
tions, as shown in the inset to panel a for
the freshly dissolved EL and in panel h for
the oligomers formed at pH 4.5 and 57 °C
after 72 h. To compare the samples, all
distributions were normalized to the total
number of particles in the scanned field.

TABLE I
Molecular dimensions of EL-soluble amyloid oligomers determined by AFM

The z-height and diameter were determined using multiple cross-section analysis; the volume and stoichiometry were calculated using
equations 1–3.

Structures n h Diameter Vm No. of monomers No. of monomersa

nm nm nm3

0.4 9 0.39 � 0.06 15.7 � 2.42 38.3 � 11.6 1 � 0.5 1 � 0.5
0.7 8 0.70 � 0.14 20.96 � 0.8 122.5 � 9.4 4 � 0.5 5 � 2
1.1 10 1.05 � 0.114 22.33 � 1.46 207.9 � 26.8 8 � 1 8 � 3
2.1 8 2.03 � 0.224 27.85 � 2.83 584.3 � 119.0 21 � 4 25 � 7

a The stoichiometry of oligomers were derived from AFM data using the SPIP grain analysis module.

Cytotoxicity of Amyloid Oligomers6272
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ferring to the culture medium, the distributions of oligomeric
species in both the pH 4.5 and 2.0 samples remained identical
to those shown in Fig. 3. After 48 h of incubation in the culture
medium, the positions of all of the main peaks in the oligomeric
distributions did not change compared with those shown in Fig.
3; however, large amorphous aggregates were observed in the
same samples. Similarly, amorphous aggregation was also
prompted in the sample of monomeric EL during the same
length of incubation in the serum-free culture medium; how-
ever, these aggregates were found to be nontoxic.

The AFM imaging of EL oligomers was also performed after
48 h of incubation with IMR-32 cells in the serum-free culture
medium at 37 °C. The distinct oligomers and annular proto-
fibrils were monitored in cell supernatants, and their dimen-
sions were estimated using cross-sectional analysis. They dis-
played the same morphological characteristics as the amyloid
structures freshly added to the cells. This confirmed that, once
formed, EL amyloid structures remain stable under the condi-
tions of the cytotoxicity assays presented below. Furthermore,
the test cells did not affect the morphology of EL amyloid
structures.

Cell Viability Measured by EtBr Assay—The effect of amyloid
structures on viability of three types of cells, primary neuronal
cells, primary fibroblasts, and the neuroblastoma cell line IMR-
32, was examined. The cells were subjected to EtBr staining
after incubation in the presence of increasing concentrations of
amyloid aggregates; the results are presented in Fig. 4. In the
control measurements (Fig. 4), there was no difference in cell

viability upon the addition of equivalent aliquots of incubation
buffer or monomeric EL. The soluble amyloid oligomers in-
duced cell death in a concentration-dependent manner in all
cells examined. The effect caused by the oligomers formed at
pH 4.5 was more pronounced than the effect from the oligomers
assembled at pH 2.0. The primary neuronal cells were most
sensitive to treatment with soluble amyloid oligomers; cell
death reached 48% at a 50 �M final concentration of EL amyloid
produced at pH 4.5 compared with 38% for primary fibroblasts
and 12% for IMR-32 cells (Fig. 4, a–c). However, in all three cell
types, the percentage of dead cells did not exceed 10–15% in
the presence of the highest concentration (50 �M) of EL amyloid
produced at pH 2.0 (Fig. 4, a–c). By contrast, the fibrillar
samples incubated both at pH 4.5 and 2.0 for 12–24 days were
not toxic; within the same protein concentration range, they did
not induce death in the most sensitive primary neuronal cell
culture (Fig. 4d).

Cell Viability Measured by MTT Reduction and DNA Frag-
mentation—The effect of amyloid structures on the oxidative
metabolism of IMR-32 cells was evaluated by MTT assay, in
which the metabolic activity of the cells was assessed by their
ability to cleave MTT to a water-insoluble formazan (28). The
cell viability decreased with increasing protein concentrations
reaching a maximum toxic effect of �30 and �15% in the
presence of 64 �M EL amyloid aggregates formed at pH 4.5 and
2.0, respectively (Fig. 5). EL amyloid protofilaments formed
both at pH 4.5 and 2.0 (Fig. 2b) did affect the cleavage of MTT
by IMR-32 cells.

FIG. 4. Cytotoxic effect of EL amyloid structures measured by EtBr assay. The cell viability of primary neuronal cells (a), primary
fibroblasts (b), and IMR-32 cells (c) were measured in the presence of EL-soluble amyloid oligomers incubated at pH 4.5 (black bars) and pH 2.0
(striped bars). EL protofilaments formed after 12 days of incubation at pH 4.5 do not affect the viability of primary neuronal cells (d). Each data
set represents a mean value of three experiments with statistical significance of p � 0.05.
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TUNEL assay was used as a marker for determining apo-
ptotic cell death (4). The experiments revealed a concentration-
dependent effect of EL amyloid aggregates on DNA fragmen-
tation in IMR-32 cells (Fig. 6). However, the effect was
somewhat higher after the addition of 64 �M EL incubated at
pH 4.5 (18%) than in the presence of the similar EL aliquot
aggregated at pH 2.0 (12%).

DISCUSSION

Protein aggregation generates a very broad range of struc-
tures including oligomers, protofibrils, and fibrils. Monomeric
EL and higher order oligomers were visualized and character-
ized by AFM (see “Experimental Procedures”). Although EL
monomers are apparently prevalent in solution, we have found
that tetramers were formed as the first distinct oligomers (Ta-
ble I). Size distributions of oligomers depend on pH of protein
incubation. In the pH 2.0 sample, the largest oligomers that
were found were octamers, whereas in the pH 4.5 EL solutions,
we detected both octamers and larger species corresponding to
20–25-mer in size (Table I). Here we demonstrated that EL
monomers and fibrillar species are not toxic; however, the
solutions containing soluble amyloid oligomers induce cell
damage and death. Moreover, the toxicity significantly in-
creases with the growing size of oligomers. Even a relatively
small increase of fractions of larger oligomers (octa- and 20-
mer) in the pH 4.5 sample produces a dramatic cytotoxic effect
on the primary cells (Fig. 4) compared with the pH 2.0 sample.

Similarly, �-lactalbumin, a protein which is structurally ho-
mologous to EL, forms multimeric protein-lipid complexes that
induce apoptosis after intratumoral administration in the
brain (10). The cytotoxic effect of oligomers of amyloid � peptide
and �-synuclein has been characterized in numerous studies
using a wide range of cell types (8, 9, 12, 30). Nonfibrillar
species of the SH3 domain or HypF-N were also found to be
cytotoxic (11). Our results on cytotoxicity of soluble amyloid
oligomers of EL, protein which is abundant in milk and other
body fluids, also indicate that toxicity is an intrinsic property of
soluble amyloid oligomers.

It is interesting to note that EL can assemble into amyloid
rings in a calcium-dependent manner (18). However, under the
conditions of cytotoxicity assay, calcium ions are present in the

culture medium, and the proportion of rings varies in both
samples incubated at pH 2.0 and 4.5. We have not discovered
any correlation between the degree of cytotoxicity and the
number of annular structures observed in both samples.
Rather, the cytotoxic effect clearly depends on the presence of
larger oligomers in EL samples (Figs. 4–6). Fig. 2 shows that
the rings exhibit a clearly segmented structure, and the molec-
ular dimensions of the segments are similar to the parameters
of individual oligomers present in solution, which suggests that
the rings can be formed from round-shaped oligomers. A simi-
lar morphology was observed in the amyloid rings of the de
novo designed protein albebetin, which also demonstrate a well
defined segmentation and are assembled from oligomers (31).

In the present study, we compared the cytotoxicity induced
by EL on three cell types. The primary cells and primary
neuronal cells, in particular, are the most susceptible to the
toxic effect of EL oligomers. Similarly, selective degradation of
human central nervous system neuronal cells in vitro induced
by soluble oligomeric amyloid � peptide has been reported
previously (32). Three methods measuring cell viability in the
presence of EL amyloid, including EtBr staining of the dam-
aged cells, MTT reduction assay measuring cell metabolic ac-
tivity, and the TUNEL method evaluating DNA degradation,
gave consistent results, indicating that the oligomers induce
cell death in a concentration-dependent manner. The results
from TUNEL assay, aimed at labeling apoptotic cells, indicated
that the oligomers formed at pH 4.5 are more toxic to the
neuroblastoma cell line than the pH 2.0 sample. It is interest-
ing to note that the diameter of the EL tetramer calculated
from AFM volume measurements and using spherical cap ap-
proximation (21) equals �3 nm, which is close to the cytoplas-
mic membrane thickness of 3–8 nm (33). We hypothesize that
larger amyloid-prone species can induce destruction of cyto-
plasmic membranes through insertion into a lipid bilayer sim-
ilar to the pore-like activity in vitro of �-synuclein annular
protofibrils (30).

Ubiquitous protein, such as lysozyme, which is present un-
der a variety of conditions in vivo, can be prompted spontane-
ously to aggregate into multimeric species in the body. As
amyloidogenicity is viewed as a generic property of the polypep-
tide chain (1), a variety of proteins can enter the amyloid
pathway. Recently, we have shown that, in the early stages of

FIG. 5. The viability of IMR-32 cells in the presence of EL-
soluble amyloid oligomers evaluated by MTT reduction assay.
EL-soluble amyloid oligomers were incubated at pH 4.5 (black bars) and
pH 2.0 (striped bars). Each data set represents a mean value of six
measurements. p � 0.05.

FIG. 6. Fractionation of DNA in IMR-32 cells induced by EL-
soluble amyloid oligomers and measured by the TUNEL
method. EL oligomers were incubated at pH 4.5 (black bars) and pH
2.0 (striped bars). p � 0.05.
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dementia, the immune system removes aggregated species of
both amyloid � peptide and lysozyme from the serum of Alz-
heimer’s patients, among which the former is related and the
latter is not directly involved in the disease (34). Immune
response is considered as a clearance pathway able to eliminate
aggregating proteins causing amyloid development (34). This
demonstrates that soluble oligomeric species of amyloid-form-
ing proteins, rather than mature fibrils, can be considered as a
primary therapeutic target and diagnostic marker in protein
aggregation diseases.
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