
Amyloid fibrillation of protein molecules is associat-

ed with a variety of amyloid-related diseases, including

Alzheimer’s disease, type 2 diabetes, and several systemic

amyloidoses [1-3]. These proteins, despite their unrelated

amino acid sequences and tertiary structures, can unfold

and assemble into fibrils with similar morphologies and

β-sheet enriched structures. Accumulating evidence has

strongly suggested that amyloid fibrils are cytotoxic due to

their abilities to disrupt cellular membranes, induce

oxidative stress, and trigger a cascade of cellular events

leading to apoptosis [4, 5].

Amyloid fibrillation of a protein generally consists of

several phases including association/dissociation of pro-

tein monomers, nucleation, oligomer formation, elonga-

tion, and maturation of the fibrils. Of these, nucleation is

the rate-limiting step in amyloid formation. After nucle-

ation is completed, the aggregation process then proceeds

to fibril elongation, wherein the fibril grows via a self-

replicating mechanism by utilizing the formed amyloid

structure as a template. Coincubation of a protein with its

preformed fibril seeds significantly accelerates fibril

growth by skipping over the nucleation phase. Recent

reports have demonstrated that amyloid seeds form in

cells after the cells take up an amyloidogenic peptide [6],

and that preformed superoxide dismutase fibrils function

as seeds to trigger amyloid formation of the protein in

cells [7].

The process of amyloid formation may, however,

comprise parallel steps that are competing with the fibril

growth [8, 9]. These furcating aggregation pathways may

result in the formation of off-pathway aggregates that are

less cytotoxic than amyloid species. Besides, numerous

investigations have demonstrated that small molecules

can be used to manipulate the aggregation pathway of a
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Abstract—Preformed amyloid fibrils can act as seeds for accelerating protein fibrillation. In the present study, we examined

the effects of preformed seeds on lysozyme amyloid fibrillation in the presence of two distinct inhibitors – epigallocatechin

(EGC) and polyethylene glycol 2000 (PEG). The results demonstrated that the effects of fibrillar seeds on the acceleration

of lysozyme fibrillation depended on the aggregation pathway directed by an inhibitor. EGC inhibited lysozyme fibrillation

and modified the peptide chains with quinone moieties in a concentration-dependent manner. The resulting aggregates

showed amorphous off-pathway morphology. Preformed fibril seeds did not promote lysozyme fibrillation in the presence

of EGC. PEG also inhibited lysozyme fibrillation, and the resulting aggregates showed on-pathway protofibrillar morphol-

ogy. In contrast, the addition of fibril seeds into the mixture of lysozyme and PEG significantly stimulated fibril growth.

Assays of cell viability showed that both EGC and PEG inhibited the formation of cytotoxic species. In accordance with

thioflavine T data, the seeds failed to alter the cell-damaging potency of the EGC-directed off-pathway aggregates, but

increased the cytotoxicity of the PEG-directed on-pathway fibrils. We suggest that the pattern of interaction between

lysozyme and an inhibitor determines the pathway of aggregation and therefore the effects of seeding on amyloid formation.

EGC covalently modified lysozyme chains with quinones, directing the aggregation to proceed through an off-pathway,

whereas PEG affected the protein in a noncovalent manner, and fibril growth could be stimulated under seeding through an

on-pathway.
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protein [10-13]. Exploration of the role of preformed

amyloid seeds on protein aggregation through different

pathways is of importance to shed light on the molecular

mechanism of protein fibrillation under different condi-

tions.

Mutated human lysozyme has been reported to be

associated with non-neuropathic systemic amyloidosis

[14]. The amyloid fibrils formed by wild-type lysozyme in

vitro have ultrastructures and biochemical properties sim-

ilar to those of lysozyme extracted from pathological

deposits in tissues [15]. Under in vitro conditions of low

pH and elevated temperature, lysozyme transforms into

amyloid fibrils with typical amyloid structure and bio-

chemical properties. Recent studies have shown that the

lysozyme fibrils prepared in vitro exhibit nonenzymatic

cytotoxicity, including induction of hemolysis in human

erythrocytes, triggering cross-linking of cytoskeletal pro-

teins, and reducing the viability of neuroblastoma cells

through apoptotic and necrotic pathways [5, 16, 17].

A common property of the interior of cells is dense

crowding with a high concentration of macromolecules.

A number of hydrophilic polymers, including polyethyl-

ene glycol (PEG), polysaccharides, and albumin, have

been utilized to simulate the internal environment of liv-

ing cells for exploring the molecular mechanism of pro-

tein fibrillation under crowded conditions. A crowding

reagent can exert two opposing effects on protein fibrilla-

tion. Several reports have demonstrated that protein fib-

rillation is enhanced under crowded conditions [18-20],

but crowding reagents have also been found to inhibit

protein amyloid fibrillation [21-23].

Polyphenols have been reported to have inhibitory

effects on protein fibrillation [24-26]. Epigallocatechin

(EGC), belonging to the flavonoid family, is abundant in

green tea and is a potent antioxidant that has been widely

investigated. Its gallate derivative, epigallocatechin-3-

gallate (EGCG), has been reported to inhibit amyloid

formation in various proteins and peptides [11, 12]. The

anti-amyloidogenic role of EGCG involves covalent

modification of peptide chains and remodeling of fibrillar

species into off-pathway aggregates. EGC may also func-

tion through pathways similar to those of EGCG in the

inhibition of amyloid formation and destabilization of

existing amyloid fibrils.

In the present study, by utilizing lysozyme as an in

vitro model, we investigated the role of seeding on amy-

loid fibril growth in the presence of two distinct

inhibitors – EGC and PEG 2000. The results demon-

strated that EGC and PEG directed lysozyme aggrega-

tion into different pathways. The seeding effects of pre-

formed fibrils on the acceleration of lysozyme fibrillation

depended on the inhibitor-determined aggregate path-

way. The seeds attenuated the inhibitory role of PEG on

lysozyme fibrillation proceeding through an on-pathway.

In contrast, the seeds exerted little effect on fibril growth

proceeding through an off-pathway induced by EGC.

MATERIALS AND METHODS

Chemicals. Hen egg-white lysozyme (14.3 kDa),

EGC (306 Da), PEG 2000, nitroblue tetrazolium (NBT),

thiazolyl blue tetrazolium bromide (MTT), thioflavine T

(ThT), and dimethylsulfoxide (DMSO) were purchased

from Sigma Aldrich (USA). Electrophoresis-related

reagents were from Bio-Rad (USA). Rat pheochromocy-

toma PC12 cells were obtained from ATCC (USA). Cell

culture reagents were purchased from HyClone (USA).

Other reagents were of analytical grade.

Preparation and characterization of lysozyme fibrils.

Lysozyme fibrils were prepared according to previous

reports [5, 25] with minor modifications. Briefly, hen egg-

white lysozyme was dissolved in 10 mM HCl solution

(pH 2.0) with or without an inhibitor to a final concen-

tration of 10 mg/ml (0.7 mM). The samples were incu-

bated at 65°C in a water-bath without agitation. ThT flu-

orescence was measured in a mixture of 33 µg/ml

lysozyme and 10 µM ThT, with excitation at 440 nm and

emission at 484 nm in a Perkin Elmer LS55 spectrofluo-

rimeter (Waltham, USA). For analysis by transmission

electron microscopy (TEM), an aliquot of lysozyme solu-

tion 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 tempera-

ture. Observations were carried out using a JEM-1400

(Japan) or a Hitachi H-600 (Japan) electron microscope

with accelerating voltage of 80 kV.

Seeding assay. For seeding experiments, mature

lysozyme fibrils aged 12 days were sonicated (20 kHz) 20

times for 5 s with a time interval of 5 s in a water bath at

37°C. The resulting fibrils seeds were added to lysozyme

solutions at ratio of 2% (seeds/lysozyme; w/w).

Gel electrophoresis and NBT staining assay. Sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) was performed in Tricine buffer (pH 8.2) using a

5% stacking gel and a 15% separating gel. Twenty micro-

grams of protein was applied to each lane, and bands were

visualized by Coomassie brilliant blue R-250 staining. For

western blotting, the gel bands were transferred onto

polyvinylidene fluoride membranes (0.45 µm; Millipore,

USA) with a mini transfer cell (GE Healthcare, USA).

Quinoproteins were detected by staining the membranes

with NBT (0.24 mM in 2 M potassium glycinate, pH 10).

The membranes were then immersed in the glycinate/

NBT solution for 45 min in the dark, resulting in a blue-

purple stain of quinoprotein bands and no staining of

other peptides.

Cytotoxicity assay. Cell viability was assessed as the

inhibition of the ability of cells to reduce the metabolic

dye MTT to a blue formazan product. PC12 cells were

cultured in RPMI 1640 medium supplemented with 10%

fetal bovine serum, penicillin (100 U/ml), and strepto-

mycin (100 µg/ml) and incubated at 37°C in a 5% CO2 in

a humidified atmosphere. Cells were harvested and plated
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in 96-well plates with approximately 10,000 cells per well.

The plates were incubated at 37°C for 24 h to allow cells

to attach. For the MTT reduction assays, stock sample

solutions were diluted with RPMI 1640 medium. The

diluted samples were added to the wells and incubated for

24 h. To the cell samples, MTT (5 mg/ml in PBS) was

added and incubated for 4 h. Then, the supernatants were

discarded, and 150 µl of DMSO was added to each plate

to dissolve formazan crystals. The absorbance of each

sample was recorded at 570 nm with a Model 680

Microplate Reader (Bio-Rad). Averages from six repli-

cate wells were used for each sample and control.

Percentage viability of cells in comparison to untreated

control cells could then be calculated. All data are pre-

sented as means ± standard deviations. Student’s t-test

was used for comparisons between two samples.

RESULTS AND DISCUSSION

Lysozyme amyloid fibrillation in the presence of fibril-

lar seeds. Incubation of lysozyme under conditions of low

pH and elevated temperature resulted in the formation of

amyloid fibrils. The growth of amyloid fibrils was moni-

tored and characterized by ThT fluorescence and TEM.

A typical fluorescent profile of ThT bound to lysozyme

fibrillar species exhibited a lag phase followed by a sig-

moid-like elongation phase and a saturation phase, corre-

sponding to the processes of nucleation, fibril elongation,

and maturation, respectively, as shown in Fig. 1a. Mature

fibrils harvested after 12 days of incubation showed a typ-

ical amyloid morphology characterized as long, straight,

dense fibrils with diameters of 8-35 nm (Fig. 1b).

Amyloid seeds were prepared by sonicating the mature

fibrils. When fresh lysozyme was incubated with fibril

seeds, the ThT fluorescence increased without a lag phase

and reached a plateau after approximately 8 days of incu-

bation, as shown in Fig. 1a. To determine the effects of

seeding on different stages of fibril growth, the seeds were

introduced and mixed with lysozyme after incubation was

initiated. Fibril growth was accelerated by introduction of

the seeds after 3 days of incubation. Once the fibril growth

started (after 5 days of incubation), the addition of fibril

seeds did not affect lysozyme fibrillation (data not

shown), suggesting that the seeds played a role in fibril

acceleration only in the early stages of amyloid forma-

tion. Figure 1c shows a TEM image of mature fibrils pre-

pared in the presence of fibril seeds. The coincubation of

preformed seeds with lysozyme resulted in a relatively

dense fibrillar structure in comparison with that of the

non-seeded sample.

Effects of seeding on lysozyme fibrillation in the pres-

ence of EGC. EGC exhibited an inhibitory role on

lysozyme fibrillation. As shown in Fig. 2a, EGC inhibit-

ed the growth of lysozyme fibrils in a dose-dependent

manner, resulting in a significant decrease in the final

intensity of ThT fluorescence. No sigmoidal curve was

observed when lysozyme was incubated with 70 or

100 µg/ml EGC, indicating that fibril formation was

inhibited completely. Changes in the kinetics of aggrega-

tion usually lead to alterations in the morphology of

resulting aggregates. A TEM image demonstrated that

incubation of fresh lysozyme with EGC resulted in the

formation of amorphous aggregates. As shown in Fig. 2b,

amorphous aggregates were predominant in the day-12

sample containing 100 µg/ml EGC. We categorized these

amorphous assemblies as “off-pathway” aggregates, as

described in previous reports [11, 12].

An acceleration of fibril growth was observed when

the seeds were introduced into the mixture of fresh

lysozyme and 30 µg/ml EGC, as depicted in Fig. 2c.

However, there was almost no increase in ThT fluores-

Fig. 1. a) ThT fluorescence of lysozyme fibril growth in the absence (open triangle) or presence of fibril seeds. The seeds were introduced into

the samples at day 0 (closed triangle) or day 3 (open square) after incubation was initiated. TEM images of mature fibrils aged 12 days pre-

pared in the absence (b) or presence (c) of seeds. Scale bars represent 200 nm.
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cence when lysozyme was incubated with the seeds in the

presence of 70 or 100 µg/ml EGC, indicating that the

seeds were not able to accelerate fibril growth in the pres-

ence of high doses of EGC. Consistent with ThT data, the

TEM image demonstrated that addition of fibril seeds did

not promote much fibril formation, although a few

“beads-on-string” aggregates were observed (Fig. 2d),

suggesting that the seeding reaction was unable to com-

pete with the “off-pathway” aggregation of lysozyme

induced by 100 µg/ml EGC.

To explore the role of EGC on amyloid formation

after fibril assembly has commenced, EGC was intro-

duced into the samples at later time points of incubation.

After fibril growth was triggered, the addition of EGC

caused decreases in ThT fluorescence and changes in fib-

rillar morphology, indicating that fibril growth was inter-

rupted by EGC under both non-seeding (Fig. 3, a and b)

and seeding (Fig. 3, c and d) conditions. This suggested

that EGC inhibited lysozyme fibrillation not only

through suppressing the formation of amyloid species,

but also through interrupting the assembly of amyloid

species on the existing fibrillar templates and destabiliz-

ing the formed amyloid structures. To explore these pos-

sibilities, the destabilizing role of EGC on the fibrils was

examined. TEM data showed that treatment of preformed

lysozyme fibrils (12 days) with EGC resulted in the trans-

Fig. 2. a) Concentration-dependent effects of EGC on amyloid inhibition. ThT curves of lysozyme fibril growth in the absence (open trian-

gle) or presence of 30 (open square), 70 (closed square), and 100 µg/ml EGC (open rhombus), respectively. The inset shows the molecular

structure of EGC. b) TEM image of lysozyme fibrils aged 12 days prepared in the presence of 100 µg/ml EGC. c) Amyloid inhibition by EGC

under seeding. The seeds were introduced before incubation into the samples containing 0 (closed triangle), 30 (open square), 70 (closed

square), or 100 µg/ml EGC (open rhombus), respectively; open triangle designates the control sample without seeds and EGC.

d) TEM image of lysozyme fibrils aged 12 days prepared in the presence of 100 µg/ml EGC + seeds. Scale bars represent 200 nm.
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formation of the amyloid fibrils to short filaments and

amorphous aggregates (Fig. 3e). This fact confirms that

EGC has disruptive activity on amyloid fibrils.

Both noncovalent binding and covalent modifica-

tions are thought to be involved in mediating the inhibito-

ry effects of polyphenols on protein fibrillation [25, 27,

28]. Moreover, considerable evidence has shown that

polyphenols can be transformed into reactive quinonoid

species that covalently bind with peptide chains to form

quinoproteins [25, 29]. To examine whether EGC was

transformed into quinone intermediates during the incu-

bation, NBT staining assays were performed to detect

quinone-modified peptides. At an alkaline pH, quinones

and related quinonoid substances can catalyze a redox

cycling reaction during which NBT is reduced to blue-

purple insoluble formazan, allowing the detection of

quinoproteins on a blotting membrane [30]. Figure 3f

shows the SDS-PAGE and NBT staining patterns of

lysozyme incubated for 0-12 days in the absence or pres-

ence of EGC. In the presence of SDS, the fibrillar species

could be disaggregated and separated into lysozyme

monomers and small-sized peptide fragments originating

from acidic hydrolysis of the protein. In the presence of

100 µg/ml EGC, the SDS-PAGE patterns were similar to

those of lysozyme fibrils aged 12 days.

A parallel SDS-PAGE experiment was performed,

and the gel bands were electrically transferred onto a

polyvinylidene fluoride membrane prior to detection of

quinoproteins by NBT staining. As shown in the lower

panel, quinone-modified peptides were observed in lanes

4-8, indicating that incubation of EGC with lysozyme

resulted in the formation of reactive quinones that bound

to the peptide chains. The quinopeptides formed by EGC

and lysozyme were stable under electrophoresis, electric

blotting, and dialysis, suggesting that the peptides were

modified covalently by EGC. The formation of reactive

quinone is thought to be a prerequisite for inhibition of

amyloid fibrillation of lysozyme by EGCG [29] and other

polyphenolic compounds [25]. Thus, modification of

peptides altered the interacting forces within intra- and

interpeptide chains, causing amyloid fibrillation to pro-

ceed through an off-pathway.

Effects of seeding on lysozyme fibrillation in the pres-

ence of PEG. PEG inhibited lysozyme fibrillation in a

concentration-dependent manner, as shown in Fig. 4a.

When PEG was applied at high concentrations (50 or

100 mg/ml), no increase in the final intensity of ThT flu-

orescence was observed, indicating that fibril formation

was inhibited completely. To explore the effects of seeding

on lysozyme aggregation in the presence of PEG, fibril

seeds were introduced into the mixture of fresh lysozyme

and PEG before the onset of incubation. As depicted in

Fig. 4b, the intensity of ThT fluorescence increased with

the incubation time, regardless of whether samples con-

tained PEG. This suggested that fibril seeds could stimu-

late lysozyme fibrillation under a crowded environment.

We next examined the morphologies of lysozyme

assemblies obtained in the presence of PEG and fibrillar

seeds by TEM. Consistent with the ThT data, fibril for-

mation was inhibited by PEG. In contrast to the effects of

EGC, addition of fibril seeds to a mixture of fresh

lysozyme and PEG significantly increased the density and

diameters of the fibrils, including the samples containing

high doses of PEG. Under crowded conditions

(100 mg/ml PEG), a few vermicular aggregates, similar to

so-called protofibrils [12, 13, 31], were observed on day

12 of incubation (Fig. 4c). The addition of fibril seeds to

the PEG-crowded sample obviously promoted fibril

growth, and the resulting fibrils showed typical fibrillar

morphology (Fig. 4d). We categorize the protofibrils as

“on-pathway aggregates” because these entities could

assemble into mature fibrils following seeding conditions

and promote amyloid formation of fresh lysozyme

(Fig. 5).

Thus, two distinct seeding roles were observed during

lysozyme fibrillation. When EGC was applied at a high

concentration (70 or 100 µg/ml), lysozyme fibrillation

was inhibited completely, and only amorphous aggregates

were formed. The addition of preformed fibril seeds failed

to promote fibril growth. When PEG was applied at high

concentrations (50 or 100 mg/ml), lysozyme fibrillation

was also inhibited completely. In contrast, the addition of

preformed fibril seeds significantly promoted fibril

growth. The protofibrils shown in Fig. 4c suggested that

PEG inhibited the assembly of lysozyme into large fibril-

lar species, and aggregation was restrained in the early

stages of amyloid fibrillation. In other words, PEG inhib-

ited lysozyme fibrillation by interrupting assembly of the

on-pathway fibrillar species. Because the seeds can pro-

vide templates for fibril assembly, lysozyme fibrillation

through an on-pathway can be accelerated by seeding.

The PEG-directed on-pathway aggregates possess

seeding capacity accelerating lysozyme fibrillation. As

shown in Fig. 4a, 100 mg/ml PEG inhibited completely

the assembly of on-pathway fibrillar species into mature

fibrils. To further prove the amyloid property of the PEG-

directed species, the protofibrils harvested on day 12 were

sonicated and added as seeds (2%) into solution of fresh

lysozyme prior to incubation at 65°C. The ThT profile

demonstrated that the PEG-directed on-pathway species

significantly promoted fibril growth (Fig. 5). In contrast,

the EGC-directed off-pathway aggregates (2%) showed a

weak inhibitory role on lysozyme fibrillation. These sam-

ples obtained on day 12 showed a typical amyloid mor-

phology under TEM (data not shown). These results con-

firm that the PEG-directed on-pathway species, but not

the EGC-directed off-pathway aggregates, possess seed-

ing capacity in accelerating lysozyme amyloid fibrillation.

Cytotoxicity induced by lysozyme assemblies prepared

in the presence of inhibitors and seeds. Lysozyme amyloid

oligomers and fibrils have been reported to induce cell

damage through both apoptotic and necrotic pathways
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Fig. 3. Inhibition of lysozyme fibrillation in the absence or presence of amyloid seeds by introduction of EGC at different time points of incu-

bation. EGC (100 µg/ml) was introduced into the samples at 0 (closed square), 3 (closed rhombus), 5 (open square), and 7 days (open tri-

angle) after incubation was initiated, as indicated by the vertical arrows. For curve (closed triangle), no EGC was added. a) Incubation under

non-seeding. b) TEM image of the sample indicated by a tilted arrow in panel (a). c) Incubation under seeding. d) TEM image of the sam-

ple indicated by a tilted arrow in panel (c). e) Short filaments and amorphous aggregates induced by treating preformed lysozyme fibrils

(5 mg/ml) with EGC (50 µg/ml) at 65°C for 48 h. Scale bars in (b), (d), and (e) represent 200 nm. f) SDS-PAGE (upper panel) and NBT

staining assay (lower panel) of lysozyme assemblies prepared in the presence of EGC (100 µg/ml). Lanes: 1) native lysozyme (14.3 kDa)

without incubation; 2) lysozyme incubated without EGC for 12 days; 3-8) lysozyme incubated with EGC for 1, 3, 5, 7, 9, and 12 days,

respectively.
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[16]. Previous investigations [5, 26] demonstrated that

lysozyme fibrils cause hemolysis and aggregation of

human erythrocytes in a dose- and age-dependent man-

ner. In this study, MTT assays were performed to evaluate

the cytotoxicity of lysozyme assemblies prepared in the

absence or presence of an inhibitor and fibrillar seeds. As

shown in Fig. 6a, fibrillar species (0.5 mg/ml) exerted a

prominent cytotoxicity on PC12 cells compared with the

untreated control cells (p < 0.01). Upon treating by the

fibrillar species aging 4, 8, and 12 days, the percentages of

cell viability were 78.7, 60.0, and 59.3%, respectively.

Coincubation of fresh lysozyme with seeds significantly

increased the fibrillar cytotoxicity on PC12 cells. The

seeded-fibrillar species on days 4, 8, and 12 decreased the

percentage of cell viability to 65.1, 51.6, and 51.9%,

respectively.

In the presence of 100 µg/ml EGC, the resulting

lysozyme assemblies on days 4, 8, and 12 did not show

significant cytotoxicity on PC12 cells (p > 0.05), the

resultant percentages of cell viability being 95.8, 92.6, and

89.3%, respectively (Fig. 6b). The addition of fibrillar

seeds into the mixture of fresh lysozyme and EGC did not

change the cell-damaging capacity of lysozyme assem-

blies. As shown in Fig. 6b, there was no significant differ-

Fig. 4. Effects of seeding on lysozyme fibrillation in the presence of PEG. a) Inhibitory effects of PEG on lysozyme amyloid fibrillation.

Concentrations of PEG were 0 (open triangle), 10 (closed rhombus), 20 (open square), 50 (closed square), and 100 mg/ml (open rhombus),

respectively. The inset shows the molecular structure of PEG. b) Amyloid inhibition by PEG under seeded conditions. The seeds were intro-

duced before incubation into the samples containing PEG at 0 (closed triangle), 10 (closed rhombus), 20 (open square), 50 (closed square),

and 100 mg/ml (open rhombus), respectively. The control sample without seeds and PEG (open triangle). TEM images of the lysozyme

assemblies aged 12 days prepared in the presence of 100 mg/ml PEG (c) or 100 mg/ml PEG + seeds (d). Protofibrils are indicated by arrows

in (c). Scale bars represent 200 nm.
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ence between the cell viability of the seeded (filled

columns) and non-seeded samples (open columns), sug-

gesting that the seeds were not able to stimulate the

growth of cytotoxic species, in accordance with the ThT

data. This observation indicated that the EGC-directed

off-pathway aggregates lacked the capacity to develop

into effective cell-damaging species under seeding.

PEG also exhibited a strong inhibitory role on the

formation of cytotoxic assemblies. In the presence of

100 mg/ml PEG, the resulting aggregates on days 4, 8,

and 12 did not show significant cytotoxic role on PC12

cells (p > 0.05). The rates of cell viability were 93.4, 92.6,

and 89.1%, respectively (Fig. 6c). In contrast to the case

of EGC, the addition of fibrillar seeds into a mixture of

fresh lysozyme and PEG significantly increased the cell-

damaging capacity of the lysozyme assemblies. The

resulting percentages of cell viability were 78.0, 59.5, and

54.1% (Fig. 6c) for the seeded samples incubated for 4, 8,

and 12 days, respectively.

To further explore the effects of seeding on fibril

growth, the seeds were introduced into the mixture of

lysozyme and PEG at later time points after the onset of

incubation. As shown in Fig. 7a, the intensity of ThT flu-

orescence increased after the seeds were introduced, sug-

gesting that amyloid formation was stimulated in the

aging lysozyme solution. MTT assays showed that, in the

absence of seeds, PEG inhibited the formation of cell-

damaging species, resulting in similar cell viability for the

day-8 and day-16 samples (Fig. 7b, open columns).

Addition of seeds into the sample at day 4 significantly

increased the growth of cell-damaging species (Fig. 7b,

hatched columns). The percentages of cell viability of the

samples harvested on days 8 and 16 were 61.8 and 57.6%,

respectively. Addition of seeds into the sample on day 8

also significantly promoted fibril growth and increased

cell-damaging capacity of the assemblies (Fig. 7b, closed

columns). The resulting sample on day 16 decreased the

cell viability to 56.8%. Both of the two later-seeded sam-

ples obtained on day 16 showed a typical amyloid mor-

phology under TEM (Fig. 7, c and d).

We also introduced the seeds into the mixture of

lysozyme and EGC on days 4 and 8 of incubation. As

expected, no changes were observed in ThT fluorescence

and cytotoxicity of the samples after the seeds were intro-

duced (data not shown).

These cytotoxic data correlated well with the number

of accumulated fibrils as detected by the corresponding

Fig. 5. Effects of PEG- and EGC-directed aggregates on

lysozyme amyloid growth. Lysozyme aggregates prepared in the

presence of 100 mg/ml PEG (closed square) or 100 µg/ml EGC

(open square) were sonicated and added as seeds (2%) into a solu-

tion of fresh lysozyme (10 mg/ml) prior to incubation at 65°C.

The PEG-directed on-pathway species significantly promoted the

growth of lysozyme fibrils. Curve (open triangle) is the control

sample of lysozyme without seeds.
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treated with lysozyme assemblies (0.5 mg/ml) harvested after different incubation times before MTT assays. a) Lysozyme only; b) lysozyme +

EGC; c) lysozyme + PEG. C1 values are the control cell viability of culture medium with (filled column) or without (open column) seeds.

C2 and C3 are the cell viability of culture medium with 5 µg/ml EGC or 5 mg/ml PEG, respectively. * p < 0.05 versus the value of corre-

sponding non-seeded samples; # p < 0.01 versus the control cell viability of culture medium.
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ThT and TEM measurements. EGC directed the aggre-

gation of lysozyme through an off-pathway, resulting in

the formation of assemblies with low cytotoxicity under

both seeded and non-seeded conditions. In contrast,

PEG did not alter the on-pathway pattern of lysozyme

assembly; therefore, the formation of cytotoxic fibrils

could be accelerated under seeding. We conclude that the

effects of seeding on lysozyme amyloid fibrillation

depend on the pathway of aggregate formation.

It is worth noting that PEG [32] and EGC [33] have

been reported to inhibit lysozyme fibrillation in an alkali-

salt medium (pH 12.75) instead of the acidic medium

(pH 2.0) used in the present work. Typically, lysozyme

fibrils are prepared at pH 2.0 to study fibrillar properties

and cytotoxicity [5, 16, 31, 34-37]. Fibrils prepared in an

acidic medium can be disassembled by SDS into

lysozyme monomers and hydrolysis-originated fragments

[25, 29, 31]. In contrast, at a high pH, lysozyme trans-

forms into aggregates by intermolecular disulfide cross-

linking [38, 39]. Although the molecular mechanisms of

lysozyme fibrillation were different under acidic and alka-

line conditions, PEG and EGC exhibited an inhibitory

effect on amyloid formation under both conditions.

Several mechanisms have been used to elucidate fib-

ril growth, including nucleated conformational transition

[40] and template-based assembly [41, 42]. In template-

Fig. 7. Fibril seeds stimulate the on-pathway fibrillation of lysozyme (10 mg/ml) in the presence of PEG (100 mg/ml). Seeds were introduced

into the samples on days 4 and 8 of incubation, as indicated by the arrows. a) ThT fluorescence of fibril growth: (open triangle) lysozyme only;

(closed square) lysozyme + PEG; (closed triangle) lysozyme + PEG + seeds (day 4); (open square) lysozyme + PEG + seeds (day 8). b) MTT

assay of the cells after exposure to the lysozyme fibrils (0.5 mg/ml) prepared in (a): open columns, lysozyme + PEG; hatched columns,

lysozyme + PEG + seeds (day 4); closed columns, lysozyme + PEG + seeds (day 8); * p < 0.05 versus the value of corresponding non-seed-

ed sample. c, d) TEM images of lysozyme fibrils at day 16: c) lysozyme + PEG + seeds (day 4); d) lysozyme + PEG + seeds (day 8). Scale

bars represent 200 nm.
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dependent assembly, the association of monomers and

oligomers with the fibrillar template follows a so-called

dock-lock mechanism. Monomers or oligomers can be

added on the existed template reversibly in the dock

phase. In contrast, in the lock phase, the added

monomers or oligomers associate irreversibly to the tem-

plate, accompanied by the conformational transition into

a β-sheet enriched structure and subsequent fibril elonga-

tion. In addition, recent reports demonstrate that ring-

like oligomers are the basic building units of amyloid fib-

rils [43, 44]. During an early stage of fibril formation,

such oligomers associate with each other by a ring-to-ring

or ring-on-ring pattern [44].

The distinct roles of seeding established in this study

may be attributed to different patterns of interactions

between the inhibitors and lysozyme. Upon incubation

with lysozyme, ECG transforms to active quinone inter-

mediates and covalently binds to the peptide chains. The

modification of peptide chains alters the interacting

forces of lysozyme monomers and/or oligomers, leading

to interruption of on-pathway fibrillation. Alternatively,

the formation of amorphous aggregates through the off-

pathway becomes predominant. In the presence of fibril

seeds and EGC, lysozyme fibrillation through the on-

pathway assembly proceeds competitively with off-path-

way aggregation. When EGC is applied at a high concen-

tration, off-pathway aggregation becomes predominant,

while on-pathway fibrillation is inhibited.

Polymers with high hydrophilicity, such as PEG,

Ficoll, dextran, and other polysaccharides, have been

used to create crowded conditions for mimicking the

intracellular environment. These polymers are highly sol-

uble in water and form network-like structures with high

viscosity at high concentrations [45, 46]. Several proper-

ties, such as nonspecific interactions, excluded volume,

and increased viscosity are thought to drive the crowding

effects of these polymers on protein fibrillation [47-49].

In general, the effects of excluded volume are to acceler-

ate the rate of amyloid formation of peptides, while

increased viscosity plays an opposite role on fibril growth

due to a reduction in the diffusional mobility of aggrega-

tion-prone intermediates.

In this study, we showed that PEG inhibited

lysozyme fibrillation in a concentration-dependent man-

ner. The inhibition of amyloid formation by a low con-

centration of PEG (10 or 20 mg/ml) indicates that direct

nonspecific interactions between lysozyme and PEG may

play a more important role than the effects of excluded

volume and viscosity. Oligomers and protofibrils are gen-

erally considered short-lived intermediates of the assem-

bly process but can be stabilized under some environ-

ments [50-52]. The peptide–PEG interaction stabilizes

the aggregation-prone intermediates and decreases the

rate of fibril assembly, thereby resulting in the observed

inhibition of lysozyme fibrillation. Because PEG is

chemically inert, the fibrillar species of lysozyme are con-

fined in their on-pathway forms in crowded environ-

ments. These species may be kept in the “dock” phase

where the monomers/oligomers associate with large

species reversibly. When preformed seeds are introduced

into the crowding system, the seeds provide many tem-

plates, triggering the assembly of on-pathway species into

amyloid fibrils and leading to acceleration of fibril

growth. Moreover, the on-pathway species can also act as

seeds to accelerate fibril growth of fresh lysozyme

monomers under a non-crowded condition. This infor-

mation may be important for exploring the role of seeding

in amyloidogenesis in intracellular medium.

In conclusion, we investigated the effects of seeding

on lysozyme fibrillation in the presence of two distinct

inhibitors. The results suggest that the effects of seeding

of preformed fibrils on acceleration of lysozyme fibrilla-

tion depends on the type and concentration of inhibitor.

EGC inhibited lysozyme fibrillation and covalently mod-

ified the peptide chains with quinone moieties in a con-

centration-dependent manner. The addition of pre-

formed fibril seeds did not stimulate fibril growth because

lysozyme aggregation in the presence of EGC proceeded

through an off-pathway. PEG also inhibited lysozyme fib-

rillation. The addition of preformed fibril seeds signifi-

cantly accelerated fibril growth because lysozyme fibrilla-

tion within the PEG-crowded system proceeded through

an on-pathway assembly. In accordance with the ThT and

TEM data, cytotoxic assays showed that fibrillar seeds

failed to alter the cell-damaging effects of the EGC-

directed off-pathway aggregates, but did increase the

cytotoxicity induced by the PEG-directed on-pathway

fibrils.
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