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ABSTRACT We study the effect of pH and temperature on fibril formation from hen egg white lysozyme. Fibril formation is
promoted by low pH and temperatures close to the midpoint temperature for protein unfolding (detected using far-ultraviolet
circular dichroism). At the optimal conditions for fibril formation (pH 2.0, T ¼ 57�C), on-line static light-scattering shows the
formation of fibrils after a concentration-independent lag time of ;48 h. Nucleation presumably involves a change in the
conformation of individual lysozyme molecules. Indeed, long-term circular dichroism measurements at pH 2.0, T ¼ 57�C show
a marked change of the secondary structure of lysozyme molecules after ;48 h of heating. From atomic force microscopy we
find that most of the fibrils have a thickness of ;4 nm. These fibrils have a coiled structure with a periodicity of ;30 nm and
show characteristic defects after every four or five turns.

INTRODUCTION

Linear structures formed by proteins such as actin and

tubulin are reversible and highly dynamic. Misfolded or

partly unfolded globular proteins also often form linear

structures but these fibrillar protein aggregates usually form

slowly and are essentially irreversible. A case in point are the

amyloidoses, such as Alzheimer’s disease, Creutzfeld-Jacob

disease, prion disease, etc. These are associated with deposi-

tion of fibrillar protein aggregates in various organs (Sunde

and Blake, 1998). For most of these proteins conditions have

also been found under which they form fibrillar aggregates in

vitro (Chamberlain et al., 2000; Jimenez et al., 2001, 2002;

Zurdo et al., 2001).

A very different example of fibrillar protein aggregates is

the formation of transparent heat-set gels by various food

proteins (Langton and Hermansson, 1992; Kavanagh et al.,

2000; Koike et al., 1996). Such gels often form under

conditions of strong electrostatic repulsion (pH far away

form the protein isoelectric point and low ionic strength).

Electron microscopy (Kavanagh et al., 2000; Aymard et al.,

1999) and atomic force microscopy (Ikeda and Morris, 2002)

have revealed that these transparent gels also consist of

fibrillar protein aggregates. Heat-set fibrillar gels have been

reported for ovalbumin (Nemoto et al., 1993), b-lactoglob-
ulin (Kavanagh et al., 2000), and bovine serum albumin

(Tani et al., 1995), to name but a few food proteins.

In a previous work (Arnaudov et al., 2003), mainly

motivated by food applications, we investigated fibril

formation of b-lactoglobulin (b-lg) at a temperature of

80�C, pH 2, and low ionic strength. On-line proton NMR

spectroscopy and static and dynamic light-scattering were

used to characterize the aggregation process. We found that

fibrils start forming immediately after the heating has started,

without any detectable lag time. Fibril formation is a mul-

tistep process: freshly formed fibrils still disintegrate upon

slow cooling, but aged fibrils do not. Below an initial protein

concentration of ;2.5 wt % fibril formation is no longer the

dominant process. Instead, at low concentrations, most pro-

tein molecules go to an unfolded or partially folded state from

which fibrils can no longer be formed.

It is not exactly clear to what extent fibril formation is

mechanistically similar for different proteins under similar

circumstances. Although some authors have called the fibrils

such as those formed by b-lactoglobulin ‘‘amyloid fibrils’’

(Gosal et al., 2002; Sagis et al., 2004), no detailed

comparison has been made, yet. Therefore, we here continue

our studies of heat-induced fibril formation by studying

fibrillar aggregation of hen egg white lysozyme (HEWL)

under conditions (temperature of 57�C, pH 2–4, and low

ionic strength) similar to those used in our previous study of

b-lactoglobulin.
HEWL has been recently found to form amyloid fibrils in

vitro (Krebs et al., 2000; Goda et al., 2000; Cao et al., 2004).

It is also one of the best characterized and most studied of all

proteins. Its folding-unfolding has been studied in detail

(Redfield and Dobson, 1988; Radford et al., 1992; Itzhaki

et al., 1994; Dobson et al., 1994) and unfolding intermediates

have been found. It is also an important food protein.

Furthermore, HEWL is homologous to human lysozyme,

which is one of the proteins that cause an amyloid disease

upon mutation (Booth et al., 1997; Pepys et al., 1993) and for

which aggregation is also observed in vitro (Morozova-

Roche et al., 2000). The formation of amyloid aggregates in

vitro by wild-type and point-mutated human lysozyme has

been studied by Morozova-Roche et al. (2000). Amyloid

fibril formation was observed upon incubation of the wild-

type and the variant human lysozymes at conditions in which

partially folded intermediates are highly populated. Seeding

experiments proved that the fibril formation was greatly
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influenced by the presence of the seeds. Amyloid aggregates

have also been found to form from equine lysozyme

(Malisauskas et al., 2003). Short fibrils and rings were ob-

served by atomic force microscopy (AFM), which was used

as a basic monitoring technique.

The only study of the formation of amyloid fibrils by wild-

type HEWL induced by heat treatment alone is that of Krebs

et al. (2000). Fibrils were formed from aqueous solutions at

pH 2.0 by incubation at 37�C after a brief heat shock at

100�C followed by freezing in liquid nitrogen, or by simple

incubation at 65�C. Fibrils were also formed at pH 7.4 in

solution containing 30% 2,2,2-trifluorethanol by incubation

either at 37�C or at 65�C. Other studies of HEWL amyloid

fibril formation invariably involve denaturing agents such as

ethanol (Goda et al., 2000; Yonezawa et al., 2002; Tanaka

et al., 2001) or even full reduction of the protein (Cao et al.,

2004). No study has yet been done on fibril formation by

HEWL using the simplest procedure of heating an aqueous

solution at a constant temperature. Also there are practically

no data about the kinetics of the fibril formation from

HEWL. For human lysozyme, Morozova-Roche et al. (2000)

studied the fibrillar aggregation induced by heating at 57�C
at pH 2. Following these authors, we here study the fibrillar

aggregation of HEWL induced by heating at 57�C at pH 2.

We also explore the effects of increasing the pH (up to 4) and

temperature (up to 80�C). The kinetics of aggregation is

studied by on-line static light scattering (SLS). The intensity

of the scattered light is particularly sensitive to the size of the

scattering objects, which makes the method very useful in

detecting the onset of the aggregation. The type of the

aggregates and their morphology are studied in detail by

AFM. The effect of the temperature and the heating time on

the secondary structure of HEWL at different pH values is

studied by circular dichroism (CD). Prolonged heating at

pH 2 may cause protein hydrolysis, which may or may not

influence the course of the aggregation process. Therefore

we also perform tris-tricine sodium dodecyl sulfate poly-

acrylamide gel electrophoresis (SDS-PAGE) on the heat-

treated protein solutions.

MATERIALS AND METHODS

Materials

Hen egg white lysozyme was obtained from SIGMA (63 crystallized and

lyophilized, L-6876, Lot 51K7028). All solutions were prepared with

deionized water (Barnstead) and contained 200 ppm NaN3 to prevent

bacterial growth. Before use a concentrated solution of HEWL at pH 4.0 was

extensively dialyzed against the solvent (aqueous solution of HCl at pH 4.0).

The solutions used in all the experiments were prepared by dilution from the

dialyzed one. The pH was adjusted by addition of small amounts of 1 M HCl

(Merck, Darmstadt, Germany). The ionic strength of the protein solutions at

pH higher than 2.0 was adjusted to 13 mM by addition of NaCl (Merck).

Care was taken to minimize dust. Glassware was cleaned with chromic acid,

rinsed with plenty of deionized water and dried in a clean environment. The

protein solutions were filtered through 0.1 mm Acrodisc syringe filters

(Gelman Laboratory) into the glass tubes in which the experiments were

subsequently carried out. The protein concentrations were determined by

a Hitachi U-2010 spectrophotometer at l ¼ 280 nm, using an extinction

coefficient of 2.65 L g�1 cm�1.

Methods

Static light scattering

SLS data were obtained at a scattering angle of 90� using an ALV/SLS/DLS-
5000 light-scattering apparatus (ALV, Langen, Germany), equipped with

an argon ion laser (LEXEL, Palo Alto, CA) operating at a wavelength of

514.5 nm. Two types of experiments were carried out. In the first one the

sample holder of the instrument was preheated to the desired temperature

(57�C, 60�C, 65�C, or 80�C), the sample was introduced in the sample

holder, and the intensity of the scattered light was recorded continuously for

as long as 2 days. In the second type of experiment samples of each protein

concentration were introduced in a thermostatic bath preheated at the desired

temperature, the sample holder of the light scattering apparatus was pre-

heated to the same temperature, and at regular time intervals the samples

were quickly replaced from the bath to the light-scattering equipment and the

intensity of the scattered light was measured. The intensity of the scattered

light was calibrated by the intensity of the scattered light from pure toluene

measured before each series of experiments at 25�C. Before heating, the

presence of only monomeric protein in the samples was established by

dynamic light scattering (scattering angle 90�, temperature 25�C) for each
sample.

Atomic force microscopy

Tapping mode AFM was carried out using a Nanoscope III, multimode

scanning force microscope (Digital Instruments, Santa Barbara, CA).

Observations were performed on dry samples in air prepared as follows.

Clean silicon plates were used as substrates. The plates were cleaned first in

pure ethanol by ultrasound, then rinsed with pure ethanol and dried with pure

and dry nitrogen. The dry silicon plates were subsequently subjected to

plasma cleaning. After the plasma cleaning the silicon plates were dipped into

test protein solutions for 1 h, taken out and dried immediately using pure and

dry nitrogen. The test protein solutions were prepared by taking aliquots at

regular time intervals fromHEWL solutions kept in tightly closed glass tubes

in a preheated bath at the desired temperature, quenching the aliquots in ice-

cold water and diluting them to a final protein concentration of 0.1 wt %.

Circular dichroism

Circular dichroism spectra were recorded by using a Jasco J-715 spec-

tropolarimeter (Jasco, Tokyo, Japan). Far-ultraviolet (UV) (185–260 nm)

spectra were recorded in 0.01 cm path length cell (Hellma, Muellheim/

Baden, Germany) using a step size of 0.5 nm, bandwidth of 1 nm, and scan

rate of 50 nm/min. Each protein spectrum was obtained by averaging 10

scans and corrected by subtracting the solvent spectrum. The temperature

was varied between 25�C and 90�C by means of a computer-controlled

Peltier device (PTC-348WI, Jasco). The temperature scan was carried out on

fresh protein solutions with concentration of 0.2 wt %. At every temperature

the sample was allowed to equilibrate for 5 min before the wavelength scan

series was started. Spectra were also recorded at 25�C from quenched

samples of already heated protein with concentrations of 0.1 wt %. The

quenched samples were obtained by the procedure described in the previous

section.

SDS-PAGE

Gel electrophoresis was performed under nonreducing conditions using

commercial SDS/polyacrylamide gels (16.5% Tris-Tricine precast gels,
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BioRad, Hercules, CA). Reference polypeptide mixture was purchased from

BioRad. Coomassie brilliant blue R250 (Sigma, St. Louis, MO) was used for

staining.

RESULTS

Light scattering

The intensity of the scattered light is extremely sensitive to

the presence of large objects such as protein aggregates. We

use light scattering to detect the onset of aggregation. Fig. 1

shows the intensity of the scattered light as a function of the

heating time at 57�C for samples of 2.0 wt % HEWL at three

different pH values (2.0, circles; 3.0, squares; and 4.0,

triangles). The dependence of the scattered intensity on the

heating time, in the cases when aggregation occurs (pH 2.0

and 3.0), is very characteristic; the intensity stays constant

for a long time and then rapidly increases. At pH 2.0 the

aggregation starts after almost 2 days of heating. At pH 3.0

the aggregation starts after .10 days of heating. The

scattered intensity for HEWL solution at pH 4.0 stays

virtually constant during 42 days (data shown until day 20),

thus showing no signs of aggregation.

To study the kinetics of fibril formation from HEWL in

more detail, light-scattering experiments with different initial

protein concentration are carried out at pH 2.0, 57�C (see

Methods). We observed that there was a large spread from

sample to sample, both in the time at which the intensity

starts to increase and in the rate of increase of the scattered

intensity. To obtain reliable data the scattered intensity was

averaged over 10 samples for each concentration. Fig. 2 a
shows the averaged data for increasing initial concentra-

tions of lysozyme (1.0 wt %, circles; 2.0 wt %, squares; and
3.0 wt %, triangles). Fig. 2 b shows the time at which the

aggregation starts, calculated from the data plotted in Fig. 2 a.

As one can see the lag time plotted in Fig. 2 b hardly depends
on the initial protein concentration. This suggests that the

aggregation process involves some monomolecular nucle-

ation step, i.e., a slow change in the conformation of the

protein molecules precedes the aggregation.

We also explored the aggregation process at higher

temperatures. Light-scattering experiments with HEWL

solutions at pH 2.0, 3.0, and 4.0 were performed at 60�C,
65�C, and 80�C. The results obtained upon heating at 60�C
and 65�C do not differ from those obtained at 57�C. Upon
heating solutions at pH 2.0, 3.0, and 4.0 at 80�C, the intensity
of the scattered light starts to increase immediately after the

samples are placed in the preheated sample holder and the

temperature is equilibrated, i.e., the aggregation starts

immediately. At pH 2.0, fibrillar aggregates accompanied

by spherical aggregates are formed (see Atomic force

microscopy). At pH 3.0 and 4.0 only spherical aggregates

are formed (see Atomic force microscopy). The effective

FIGURE 1 Intensity of the scattered light as a function of the heating time

for 2.0 wt % HEWL at pH 2.0 (circles), pH 3.0 (squares), and pH 4.0

(triangles) heated at 57�C, as determined by SLS at a scattering angle of 90�.

FIGURE 2 (a) Intensity of the scattered light with heating time for three

sample series with three different concentrations of HEWL: 1.0 wt %

(circles), 2.0 wt % (squares), and 3.0 wt % (triangles), as determined by LS.

(b) Lag time as a function of protein concentration as estimated from the data

presented in a.
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hydrodynamic radius of the spherical aggregates formed

after 6 days of heating at 80�C at pH 4.0 (measured using

dynamic light scattering) is RH ¼ 24 nm.

Atomic force microscopy

AFM is used both to confirm the presence of fibrillar

aggregates in the HEWL samples at pH between 2.0 and 4.0,

heated for different times at temperatures between 57�C and

80�C, and to study the fibril morphology in as much detail as

possible.

Fig. 3 shows tapping mode AFM height images of fibrils

formed fromHEWL solutions at pH 2.0 heated at 57�C, 60�C,
and 80�C. Fibrils are formed in all cases, though at 80�C
a considerable amount of spherical aggregates are formed,

too. The fibrils formed are very long, thin, and straight.

For HEWL solutions at pH 2.0 heated at 57�C the average

fibril length is .5 mm and the longest fibril observed was

16 mm. Mostly thick and some thin fibrils are observed (see

Fig. 3, c and d). The thick fibrils consist of shorter rodlike

subunits, as shown in detail in Fig. 4, a and b. Fig. 4, a and b,
are identical tapping mode AFM height images of HEWL

fibrils, as Fig. 4 a shows the original image and Fig. 4 b

shows the same image superimposed with marks of the

visible boundaries of the rodlike subunits. In the inset in

Fig. 4 b a blow-up of one of the boundaries between such

subunits (marked by a white arrow) is shown. In Fig. 3, c and
d, one can see examples of bending occurring at boundaries

between different subunits. The subunits themselves remain

straight. With increasing initial protein concentration the

number of fibrils observed increases and they tend to form

bundles (Fig. 3 d).
A histogram of the distribution of the fibril thicknesses is

shown in Fig. 5 a. A small population (;10%) of thin fibrils

can be observed in Fig. 5 a with an average thickness of

2.5 6 0.3 nm. Most fibrils are thick and have an average

diameter of 4.0 6 0.7 nm.

In Fig. 5 b, a histogram of the distribution of the fibril

subunit length is plotted. The subunit length shows a bimodal

distribution with average lengths of 124 6 9 nm and 157 6
11 nm, respectively. As both lengths are multiples of;30 nm

and the difference between the peaks is also ;30 nm one

may suspect the presence of a length scale in the fibrils

smaller than the subunit length and equal to ;30 nm.

To validate the latter assumption we carried out a set of

experiments with super sharp tapping mode AFM tips with

FIGURE 3 Tapping mode AFM

height images of fibrils formed from

lysozyme solutions at pH 2.0: (a) 1.0 wt

%, 4 days at 80�C; (b) 1.0 wt %, 6 days

at 60�C; (c) 2.0 wt %, 69 h at 57�C; (d)
3.4 wt %, 69 h at 57�C.
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a curvature at the tip of ;2 nm (Nanosensors, Wetzlar-

Blankenfeld, Germany). The standard tapping mode AFM

tips have a curvature at the tip of ;10 nm, which makes the

observation of lateral details of the order of 20 nm practically

impossible because of the sample-tip convolution effects.

Fig. 6 shows four consecutive tapping mode AFM height

images of a fibril formed upon heating of HEWL, pH 2.0, at

57�C. Indeed one can identify a coiled substructure of the

fibril with a periodicity of ;30 nm (Fig. 6, c and d). The
substructure observed by us in this preliminary experiment

will be studied in more detail in the near future.

HEWL solutions at pH 3.0 and 4.0 do not form fibrillar

aggregates when heated at 80�C within a week. Instead,

spherical aggregates are observed (data not shown). HEWL

does form fibrillar aggregates at pH 3.0 upon heating at

57�C. The first aggregates are observed after 11 days of

heating. No aggregates whatsoever could be detected for

HEWL solutions at pH 4.0 heated at 57�C for as long as 42

days. In Fig. 7 tapping mode AFM height images of samples

taken from 2.0 wt % HEWL solutions heated at 57�C for 13

days at pH 2.0 (Fig. 7 a), 3.0 (Fig. 7 b), and 4.0 (Fig. 7 c) are
shown for comparison. The fibrils formed at pH 3.0 are long

and thin, similar to the ones formed at pH 2.0 but more

flexible. Only lysozyme monomers can be seen for pH 4.0

(Fig. 7 c).

Circular dichroism

The experimental results from light scattering and AFM

indicate a pronounced pH dependence of the aggregation

process, which is most likely related to the dependence of the

protein stability on pH. This issue was investigated using far-

UV circular dichroism. CD experiments were carried out

on samples at pH 2.0, 3.0, and 4.0, and also on samples at

pH 2.0 quenched after different periods of heating ranging

from 24 h to 11 days.

Fig. 8 a shows CD spectra of HEWL at pH 2.0 measured

at temperatures from 25 to 85�C at 5�C intervals. The spectra

from 25�C to 45�C practically coincide with the native one.

A major change in the spectrum occurs between 50�C and

60�C as the ellipticity between 208 and 230 nm increases and

the minimum at 208 nm moves to a lower wavelength with

increasing temperature, as the final value reached at 85�C is

202 nm. Above 60�C all spectra practically coincide. After

FIGURE 4 (a) Tapping mode AFM

height images of fibrils formed from

2.0 wt % lysozyme at pH 2.0, heated for

13 days at 57�C; (b) The same as in

a with marks on the visible subunits

boundaries (white lines). The inset

shows a blow-up of the connection

between two subunits marked by an

arrow.

FIGURE 5 (a) Histogram of the height of HEWL

fibrils formed at pH 2.0, 57�C; (b) Histogram of the

subunit length of HEWL fibrils formed at pH 2.0,

57�C.
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the T ramp the sample was cooled back to 25�C. The

spectrum of that sample did not fully coincide with the initial

spectrum measured at 25�C (data not shown), i.e., the

unfolding transition induced by heating is not fully re-

versible.

In Fig. 8 b, spectra of HEWL at pH 3.0 measured at

temperatures from 25�C to 85�C at 5�C intervals are plotted.

One can see that the spectra resemble the native one from

25�C to 65�C. A change in the spectrum similar to that

observed at pH 2.0 is observed in Fig. 8 b between 65�C and

80�C. The spectra above 80�C practically coincide.

In Fig. 8 c spectra of HEWL at pH 4.0 measured at

temperatures from 25�C to 90�C at 5�C intervals are plotted.

In this case the spectra resemble the native one up to 70�C.
The change in the spectrum occurs between 70�C and 85�C.
Above 85�C the spectra coincide.

For all pH values studied, an isodichroic point is observed

at 204 nm, suggesting that unfolding is a two-state

cooperative process (Fändrich et al., 2003). To determine

midpoint temperatures for the unfolding transition, we use

the ellipticity at 222 nm (Yang et al., 1994; Sasahara et al.,

2000). A plot of the molecular residue ellipticity at 222 nm of

HEWL solutions at pH 2.0, 3.0, and 4.0 as a function of

temperature is given in Fig. 9. The data are fitted by sigmoid

curves. Midpoint temperatures of the transition obtained in

this way are 54.8 6 0.2�C for pH 2.0, 72.7 6 0.7�C for

pH 3.0, and 78.0 6 0.5�C for pH 4.0. Transition tempera-

tures decrease very rapidly at low pH, indicating a much less

stable protein molecule at pH 2.0.

We have also used CD to quantify changes in secondary

structure upon prolonged heating of HEWL at 57�C, pH 2.0.

Fig. 10 a shows molecular residue ellipticities of a continu-

ously heated HEWL sample measured after 5 min, 20 h, 26 h,

44 h, 50 h, and 65 h, respectively. The CD spectrum of the

protein keeps changing with heating time. The ellipticity

between 190 and 240 nm decreases, indicating continuous

structural changes in the protein molecule with heating time.

Generally, the decrease of the ellipticity between 208 and

230 nm corresponds to an increase in the amount of a-helix in
the secondary structure of the protein. Also, a jump in the

ellipticity is observed between 44 and 50 h of heating. This is

shown in Fig. 10 b, where the molecular residue ellipticity at

222 nm during the continuous heating of the HEWL sample is

plotted. From a sigmoid fit of the experimental data we found

that the jump occurred at a heating time of 48 h (see Fig. 10 b).
This time coincides with the lag time after which the aggre-

gation is detected by light scattering. One possible scenario is

a process in which the partly destabilized lysozyme, which is

still not capable of forming fibrils, undergoes a structural

change after which it is susceptible to amyloid aggregation.

Finally, we separated the fibrils from the monomers by

filtration and measured their spectra separately. Fig. 11

shows the molecular residue ellipticities of a sample of

HEWL at pH 2.0 quenched after 11 days of heating at 57�C.
The spectra of the monomers and fibrils from the same

sample are plotted together with the spectrum of the protein

quenched after 24 h of heating at 57�C for the sake of

comparison. The spectrum of the separated monomers (FF,

FIGURE 6 Consecutive tapping mode

AFM height images of a fibril from

solution of 2.0 wt % HEWL at pH 2.0

heated for 13 days at 57�C. The scale of
each individual image is indicated by

a white bar.

FIGURE 7 Tapping mode AFM

height images of 2.0 wt % HEWL

heated for 13 days at 57�C: (a) pH 2.0;

(b) pH 3.0; (c) pH 4.0.
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filtered fraction) is similar to that of the whole sample. Both

spectra show features typical of spectra of largely unfolded

proteins, i.e., almost no characteristic features except the

minima at ;202 nm, which is typical for a random-coil

protein. The spectrum of the fibrils (OLA, only large aggre-

gates) has a similar minimum around 200 nm, but a small

minimum at ;218 nm can be observed that may be due to

the presence of b-sheet.

SDS-PAGE

Prolonged heating at low pH may cause protein hydrolysis

that may or may not influence the course of the aggregation

process. Nonreducing SDS-PAGE was used to determine the

extent of hydrolysis. Fig. 12 shows the results of gel

electrophoresis. Lanes 1–3 correspond to native HEWL at

natural pH, pH 2.0, and pH 3.0, respectively. Lanes 4, 5, 7,

and 8 correspond to HEWL at pH 2.0 quenched after 24 h,

72 h, 168 h, and 11 days of heating at 57�C. Lane 6 corre-

sponds to a polypeptide molecular weight standard. Lane 9

corresponds to HEWL at pH 3.0 quenched after 38 days of

heating. Lanes 10 and 11 correspond to HEWL at pH 2.0,

quenched after 11 days of heating subjected to separation: in

lane 10 is a filtered fraction of HEWL (only monomers), and

in lane 11 only large (fibrillar) aggregates.

No bands corresponding to large protein aggregates were

observed. This implies that fibril formation does not involve

covalent bonds (e.g., disulfide bridges), but only physical

bonds, which are broken down by heating in the presence of

SDS.

Gradual fragmentation is indeed observed, but only at pH

2.0 and for very long times of heating at 57�C (lanes 4, 5, 7,
and 8). The protein that is not heated (lanes 1–3) is intact as
only one bright line can be seen for each of the three samples.

Although the line of the monomeric protein is thick and

bright even for the sample heated for 11 days (lane 8), one
can see one or more lines corresponding to lower-molecular

FIGURE 8 (a) Molecular residue ellipticity of HEWL at pH 2.0 for a range

of temperatures between 25�C and 85�C. (b) Molecular residue ellipticity of

HEWL at pH 3.0 for a range of temperatures between 25�C and 85�C. (c)
Molecular residue ellipticity of HEWL at pH 4.0 for a range of temperatures

between 25�C and 90�C.

FIGURE 9 Molecular residue ellipticities of HEWL at 222 nm for three

different pH values versus temperature: pH 2.0 (circles), pH 3.0 (squares),
and pH 4.0 (triangles). The lines represent the best fit with a sigmoid curve.

The midpoints of the transition between the two states are 54.8 6 0.2�C for

pH 2.0, 72.7 6 0.7�C for pH 3.0, and 78.0 6 0.5�C for pH 4.0.
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weight species appearing below the native one. The process

is slow: for the sample heated for 24 h (lane 4) a line

corresponding to ;10-kDa fragments is barely visible. The

brightness of this line increases with heating time (lanes 5, 7,
and 8). One can also see additional lines for the samples

heated for 7 and 11 days, corresponding to fragments with

molecular weights ,6,500.

Samples heated for 11 days at 57�C, pH 2.0, were again

separated into monomers and fibrils using filtration. Lanes

10 and 11 correspond to low-molecular weight species and

long aggregates, respectively, after being separated from

a sample of HEWL at pH 2.0 heated for 11 days. The lines in

lane 11 practically coincide with the lines in lane 8—an

identical sample not subjected to separation of the low-

molecular weight species and the fibrils. The lines in lane 10

are similar to those in lanes 8 and 11 but less pronounced due

to the smaller amount of protein applied to the gel in that

lane. Clearly the fibrils do not exclusively consist of either

full-length protein or protein fragments.

Finally, for pH 3.0 quenched after 38 days of heating at

57�C (lane 9), no hydrolysis is observed in SDS-PAGE,

which indicates that hydrolysis is not a prerequisite for fibril

formation.

DISCUSSION

It has been shown by a number of authors that lysozymes

form amyloid aggregates under a variety of denaturing con-

ditions (Morozova-Roche et al., 2000; Malisauskas et al.,

2003; Krebs et al., 2000). Obviously the protein molecule

FIGURE 10 (a) Molecular residue ellipticities of continuously heated at

57�C HEWL sample at pH 2.0 measured after, 5 min, 26 h, 44 h, 50 h, and

65 h. (b) Molecular residue ellipticity at 222 nm during the continuous

heating at 57�C of a HEWL sample at pH 2.0.

FIGURE 11 Molecular residue ellipticities of HEWL at pH 2.0, quenched

after being heated at 57�C for 24 h (solid line) and 11 days (long-dashed,

short-dashed, and dot-dashed lines). FF, filtered fraction: a fraction that

contains only monomeric lysozyme; OLA, only large aggregates: a fraction

that contains only fibrils obtained by washing the monomers off.

FIGURE 12 Tris-Tricine SDS-PAGE gel of different samples of HEWL.

(Lanes 1, 2, and 3) Native HEWL at natural pH, pH 2.0, and pH 3.0,

respectively. (Lanes 4, 5, 7, and 8) HEWL at pH 2.0 heated for 24 h, 72 h,

168 h, and 11 days at 57�C. (Lane 9) pH 3.0, heated for 38 days. (Lanes 10
and 11) pH 2.0, heated for 11 days: in lane 10, filtered fraction of HEWL

(only monomers), and in lane 11, only large aggregates. (Lane 6) Poly-

peptide molecular weight marker.
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has to be at least partially destabilized to form fibrils

(Dobson, 2001). Another common observation is that, at the

same time, the protein molecule must be at least partially

structured to form fibrils. In the work of Krebs et al. (2000)

this is achieved by first heating the proteins at 100�C,
freezing them in liquid nitrogen, followed by incubation at

37�C. We observe similar behavior using the much simpler

procedure of incubation at a fixed temperature that was also

used by Morozova-Roche et al. (2000) in their study of fibril

formation of both native and mutated human lysozyme.

At pH 2.0, HEWL forms fibrils after incubation at

temperatures between 57 and 80�C. At 57�C, close to the

midpoint temperature of the unfolding transition, fibrils are

formed after only ;2 days of incubation. At 80�C, we

observe fibrils but also a lot of spherical aggregates. This is

probably due to the fact that at this temperature, the protein

molecule is already almost completely unfolded. Although

the spherical aggregates are not the focus of this study, we

should mention that sometimes proteins that form amyloid

aggregates in vitro also form granular aggregates at specific

conditions. For the case of the SH3 domain from bovine

phosphatidyl-inositol-3#-kinase (PI-SH3) and the N-terminal

domain of the Escherichia coli HypF protein (HypF-N)

Bucciantini et al. (2002) have shown that not only fibrillar

aggregates but also granular aggregates can be cytotoxic.

At pH 3.0 the protein is much more stable, and fibril

formation only occurs after heating at 57�C for 11 days.

Finally, at pH 4.0 we could not observe fibrils even after 42

days of incubation at 57�C because the protein is practically

native at these conditions. Incubation at 80�C, pH 4.0,

produced only small spherical aggregates. Spherical or

granular aggregates are in some cases considered as

precursors or nuclei for a fibril formation as in the case of

amyloid b-protein studied by Lomakin et al. (1997). This is

obviously not the case for HEWL aggregation in the pH

range studied by us. At pH 2.0 we observe spherical ag-

gregates together with fibrils mostly in samples heated at

80�C (Fig. 3 a). In samples heated at 57�C and at pH 2.0 we

rarely observe spherical aggregates. Upon heating of HEWL

solutions at pH 3.0 at 57�C we do not observe any spherical

aggregates. If spherical aggregates were precursors or nuclei

for fibril formation one would expect to observe them before

fibril formation or together with the fibrils. As one can see

in Fig. 3, a–d, the spherical aggregates observed by us are

larger in diameter than the fibrils so they cannot be a

precursor to the fibril formation.

Unfolding properties of the more unstable lysozyme at

pH 2.0 seem to be unique in promoting the fibrillar aggrega-

tion of HEWL: simply heating to a temperature close to the

midpoint of the unfolding transition, as we did for pH 4.0, is

not enough. It is not just the distances to the midpoint of the

unfolding transition that determines whether fibrils are

formed or not. Evidently, HEWL unfolding pathways are

different at pH 2.0 and pH 4.0, and fibril formation

sensitively depends on these pathways. Unfolding pathways

will also be different for unfolding induced by other means,

such as by adding denaturants. The mechanism of fibril

formation may therefore also be different for those cases. On

the other hand, since there is such a wide range of solution

conditions that give rise to fibril formation, for such a wide

range of proteins, it is not unreasonable to expect that there

are at least some mechanistic similarities, and that ultimately

studies on model systems such as ours may contribute to

a better understanding of fibril formation, e.g., in mutated

human lysozyme.

In our SLS experiments, we observe that there is always

a very distinct lag time before fibril formation starts. We

have found that even when heating at 80�C, fibrils are

observed by AFM only after 2 days, whereas spherical

aggregates start forming immediately, as detected by light

scattering and confirmed by AFM. If we assume that the lag

time is due to some nucleation event, the concentration

dependence of the lag time should reflect the number of

protein monomers involved in nucleation. Although we are

somewhat hampered by the fact that there is such a large

spread in the lag time for individual samples, the averaged

data suggest that there is in fact no significant dependence of

lag time on concentration. This would imply that the nuclea-

tion event is in fact a monomolecular event, e.g., a slow

transition of individual lysozyme molecules to a partially

folded state that initiates fibril formation.

Since the lysozyme stability plays a crucial role in the

fibril formation, we studied it with respect to temperature at

different pH values, as well as the effect of the heating time

on the protein structure at pH 2.0 and at 57�C. The stability
of HEWL has been extensively studied (Redfield and

Dobson, 1988; Radford et al., 1992; Itzhaki et al., 1994;

Dobson et al., 1994; Yang et al., 1994; Hoshino et al., 1997;

Kamatari et al., 1998; Yonezawa et al., 2002). Most of the

studies, however, are concerned with the effect of alcohols

on the structure and stability of the HEWL molecule, and not

with the effect of temperature on the protein structure in

water solutions. According to Kamatari et al. (1998),

methanol induces an expanded helical conformation in

HEWL. Similar effects were observed by Hoshino et al.

(1997) in trifluoroethanol, where a highly cooperative

transition to an open helical conformation was observed.

Yang et al. (1994) studied a synthetic peptide corresponding

to the antiparallel triple-stranded b-sheet in HEWL by CD

and size-exclusion chromatography. They found that upon

heating the polypeptide at pH 2.0 all the structure was lost at

65�C. The addition of trifluoroethanol, however, led to the

formation of a-helical structure. Judging from CD data,

Yonezawa et al. (2002) argue that the secondary structure of

HEWL depends strongly on the protein concentration and on

the presence of ethanol. For low protein concentration (2 mg/

ml), the structure of HEWL is predominantly helical up

to 80% ethanol, whereas for higher protein concentration

(5 mg/ml), the structure is predominantly b-sheet above 75%
ethanol.
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Our studies of the structure of HEWL as a function of

temperature and pH showed the following. The presence of

single isodichroic points in Fig. 8, a–c, suggests that at all pH
values studied by us the change in the secondary structure of

the molecule, with respect to increasing temperature, is a two-

state cooperative process (Fändrich et al. 2003). Our CD data

also show (see Fig. 10 a) that when the temperature is kept

close to the midpoint of the unfolding transition, after a rapid

initial change, the spectrum keeps changing more slowly,

toward increasing a-helix content, suggesting slow and con-

tinuous changes in the secondary structure of the partially

folded HEWL molecules.

The jump observed in the molecular residue ellipticity at

222 nm (Fig. 10 b) shows that the change in the lysozyme

structure as a function of the heating time occurs simul-

taneously for a large part of the protein molecules. The jump

occurs within the time at which the fibril formation starts (see

Light scattering). Another interpretation could be that the

change in the secondary structure is due not to a slow col-

lective transition of the protein molecules but to a very

slowly increasing number of unfolded molecules due to the

lower probability of the unfolding at a lower temperature.

Though some fibrils may inevitably form in the sample

studied by CD upon prolonged heating, their concentration is

not high enough to significantly influence the CD spectra.

Results obtained from dilute solutions during continuous

heating and results from concentrated solutions quenched

and diluted after prolonged heating may differ, since the

latter contain many more fibrils. That is why we also carried

out experiments with HEWL samples quenched and diluted

after certain heating times. Our results in Fig. 11 show that

after 11 days of heating of HEWL at pH 2.0 at 57�C, the
structure of the free monomers, as well as that of the mono-

mers incorporated in the fibrils, differs a lot from the struc-

ture observed in Fig. 10 a and is predominantly a random

coil. The minimum at 218 nm observed in the spectrum of

the separated fibrils (OLA) could be caused by formation of

intermolecular b-sheets by the protein molecules in the

fibrils.

The kinetic data from the light scattering suggest that the

fibril formation is not a cooperative multimolecular process,

but rather a monomolecular one. The rate of fibril elongation

should hold further mechanistic information. Fitting a kinetic

model to the experimental data could help to resolve the type

of the nucleation event, if present, and the type of the kinetic

reaction (Ferrone, 1999; Hofrichter, 1986). Unfortunately,

the rate of increase of the light scattering intensity (after the

lag time) shows such a large spread that at present we cannot

extract any reliable information on the rate of fibril elong-

ation. Further analysis of the light scattering data is also

complicated because the fibrils are strongly interacting and

start overlapping already when very small amounts of fibrils

have been formed.

The morphology of the fibrils formed from HEWL at

different conditions varies from short and flexible (Goda

et al., 2000) to long and stiff (Krebs et al., 2000; Cao et al.,

2004). Cao et al. (2004) report 2–5 nm thickness and 1- to 2-

mm length. The fibrils observed by Goda et al. (2000) are

much shorter, 100–200 nm, and a bit thicker, ;7 nm. A

thickness of ;7 nm is also reported by Krebs et al. (2000)

with fibrils longer than 1 mm. We studied the morphology of

the fibrils formed upon heating of HEWL water solutions at

pH 2.0 and 3.0 at 57�C in great detail by AFM. For samples

at pH 2.0 heated at 57�C we observe two populations of

fibrils—thin, 2.56 0.3 nm, and thick, 4.06 0.7 nm (see Fig.

3, c and d, and Fig. 5 a). Similar sizes have been observed

by Cao et al. (2004). The experimental data about the fine

structure of the fibrils observed with the help of super-sharp

AFM tips (Fig. 6) allows us to speculate about the origin of

the fibril morphology. The thick fibrils seem to have a coiled

structure with a period of ;30 nm. The two populations of

the rodlike subunit (Fig. 4, a and b, and Fig. 5 b) with lengths
of 124 6 9 nm and 157 6 11 could be due to a tension

developing in the coil resulting in a defect every four or five

turns. The thin fibrils most probably result from a straight

association of protein molecules without any twist because

the rodlike subunit is not observed in that case.

The fibrils obtained upon heating of HEWL at pH 3.0 at

57�C are also very long (of the order of 5 mm), with a similar

thickness to those obtained at pH 2.0. They seem slightly

more flexible and the rodlike unit is not observed.

Although protein hydrolysis does take place at pH 2.0, we

do not think that it is crucial in the aggregation process.

Malisauskas et al. (2003) arrived at a similar conclusion for

the case of equine lysozyme. The arguments are that, first of

all, at pH 3.0 there is no hydrolysis, but judging from light

scattering and AFM experimental data, fibril formation is

observed to be very similar to that at pH 2.0, albeit much

slower, since HEWL is much more stable at pH 3.0. Second,

if fragments play a special role in the aggregation process,

one might expect that they would be preferentially in-

corporated into the fibrils. However, separated fibrils and

(partly hydrolyzed) monomers are nearly identical in SDS-

PAGE, suggesting an even distribution of fragments.

Now we can draw some parallels between fibrils formed

from b-lg and HEWL. In both cases fibrils are formed at low

ionic strength far from the isoelectric point of the protein. On

the other hand the mechanism of fibril formation seems to

depend strongly on the unfolding pathway of the protein at

the particular conditions. In the case of b-lg the aggregation

starts immediately when the heating is started (Arnaudov

et al., 2003). This means that the structure of the b-lg
molecule at 80�C, pH 2.0, is appropriate for fibril formation.

Whether that is due to the large b-sheet content in the

secondary structure of b-lg is a matter for further study. In

the case of HEWL, simply increasing the temperature above

the melting transition of the protein is not sufficient for fi-

bril formation. The difference in the behavior of HEWL at

pH 2.0, 3.0, and 4.0 can hardly be due to electrostatics be-

cause at all these pH values the protein molecule is strongly
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charged (between 11 and 17 positive charges for the pH

range between 4.0 and 2.0, respectively; Kuehner et al.,

1999). The difference must be sought in the different un-

folding pathways at different conditions. Even at pH 2.0, 2

days are needed for the HEWL molecules to adopt a config-

uration suitable for forming fibrils. Therefore, despite the

similarities between the fibrillar structures formed from dif-

ferent proteins and the similarities between the conditions at

which they form, a detailed approach is needed to establish

the mechanism of fibril formation for every individual

protein.

CONCLUSIONS

The stability of HEWL toward heat treatment is greatly

influenced by the pH. The lower the pH, the lower the stability

of the protein. The conditions at pH 2.0 are unique in

promoting the fibrillar aggregation of HEWL since heating of

solutions at pH 3.0 and 4.0 to temperatures just above the

midpoint of the unfolding transition of the molecule does not

lead to the appearance of fibrillar aggregates.

HEWL fibrils are formed after a lag time that is practically

concentration-independent. This means that the governing

process for the fibril formation is the change in the structure of

single protein molecules caused by a prolonged exposure to a

temperature close to the midpoint of the unfolding transition.

The fibril morphology is complex. The fibrils formed at pH

2.0 are long and straight with a length of the order of 5mmand

predominant thickness of ;4 nm and consist of stiff rodlike

subunits with length either 124 or 157 nm. On a smaller scale

the fibrils consist of a coiled structure with a period of;30 nm

that gives the appearance of the rodlike subunits probably

because of defects occurring every four or five turns.

The fibrils consist mostly of full-length HEWL, although,

some fragments due to hydrolysis at pH 2.0 and 57�C are

probably incorporated into the fibrils. At any rate the hydro-

lysis of the protein is not the cause of the aggregation since at

pH 3.0 no hydrolysis is detected but fibrils do form.
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