Eur Biophys J (2003) 32: 710-723
DOI 10.1007/500249-003-0336-5

ARTICLE

K. Gast - A. J. Modler - H. Damaschun - R. Krober
G. Lutsch - D. Zirwer - R. Golbik - G. Damaschun

Effect of environmental conditions on aggregation

and fibril formation of barstar

Received: 4 October 2002/ Accepted: 18 June 2003 / Published online: 26 July 2003

© EBSA 2003

Abstract The dependence on environmental conditions
of the assembly of barstar into amyloid fibrils was
investigated starting from the nonnative, partially folded
state at low pH (A-state). The kinetics of this process
was monitored by CD spectroscopy and static and
dynamic light scattering. The morphology of the fibrils
was visualized by electron microscopy, while the exis-
tence of the typical cross-f structure substantiated by
solution X-ray scattering. At room temperature, barstar
in the A-state is unable to form amyloid fibrils, instead
amorphous aggregation is observed at high ionic
strength. Further destabilization of the structure is
required to transform the polypeptide chain into an
ensemble of conformations capable of forming amyloid
fibrils. At moderate ionic strength (75 mM NaCl), the
onset and the rate of fibril formation can be sensitively
tuned by increasing the temperature. Two types of fibrils
can be detected differing in their morphology, length
distribution and characteristic far UV CD spectrum.
The formation of the different types depends on the
particular environmental conditions. The sequence of
conversion: A-state — fibril type I — fibril type II
appears to be irreversible. The transition into fibrils is
most effective when the protein chain fulfills particular
requirements concerning secondary structure, structural
flexibility and tendency to cluster.
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Introduction

Barstar is a protein, the folding mechanisms of which
have been analyzed in great detail (Fersht 1998; Nolting
1999). In this work we report on misfolding of barstar.
Amyloid fibrils and possibly prefibrillar oligomers play a
crucial role in the development of diseases called amy-
loidoses (Rochet and Lansbury 2000; Pepys 2001)
including Alzheimer’s disease, Parkinson’s disease and
Prion diseases. Furthermore, there is growing evidence
that many proteins of rather different amino acid com-
position, which are not related to any of these diseases,
are able to form amyloid-like fibrils under special envi-
ronmental conditions, for example the SH3 domain of
phosphatidylinositol 3’-kinase (Guijarro et al. 1998),
acylphosphatase (Chiti et al. 1999), phosphoglycerate
kinase (PGK) from yeast (Damaschun et al. 1999, 2000)
and apomyoglobin (Findrich et al. 2001). Interestingly,
even such sequences, which are not expected to be amy-
loidogenic according to their native structures, exhibit
amyloid formation under specific conditions (Fezoui
etal. 2000; Fandrich et al. 2001). Thus, the ability to form
amyloid appears to be a generic property of polypeptide
chains (MacPhee and Dobson 2000). Despite this clear
evidence of fibril formation for an increasing number of
sequences the process itself, particularly the early steps
and the conformations that favor fibril formation, are still
poorly understood in general. The structural properties of
the so-called amyloid precursors favoring amyloid for-
mation were identified on the level of individual amino
acid residues only in the special cases of transthyretin



(Liu et al. 2000) and f,-microglobulin (McParland et al.
2002). It is generally accepted that the starting point is the
transition of the polypeptide chain into a partially folded
intermediate state (Rochet and Lansbury 2000; Khurana
et al. 2001). The characterization of this particular con-
formation and the intermolecular interactions of the
polypeptide chain in this intermediate state are key issues
for understanding amyloid fibril formation. It is still an
open question, whether the amyloidogenic intermediates
are more native-like having properties like a molten
globule (Kuwajima 1989; Ptitsyn 1995), or have a more
expanded conformation comprising several preformed
secondary structural elements. We want to address this
question by studying amyloid formation by barstar.

Barstar is the 89-residue polypeptide inhibitor of the
ribonuclease barnase from Bacillus amyloliquefaciens
(Hartley 1989). The three-dimensional structure of wild-
type barstar was solved by NMR (Lubienski et al. 1994)
and the structure of the C40A/C82A variant in complex
with barnase by X-ray crystallography (Guillet et al. 1993;
Buckle et al. 1994). Barstar is of o/ structure consisting of
three strands of parallel f-sheet and four helices. The
peptide bond to Pro-48 is in the cis conformation in the
native state. Thus, cis/trans peptidyl-prolyl isomerization
influences the folding kinetics. It is an excellent model
protein for studying unfolding and refolding, association
of a protein complex (Schreiber and Fersht 1996; Frisch
et al. 2001) and catalysis of peptidyl-prolyl cis/trans
isomerization (Golbik et al. 1999). Barstar shows the
phenomenon of cold denaturation at easily attainable
temperatures (Agashe and Udgaonkar 1995; Wong et al.
1996; Nolting et al. 1997). Refolding from the cold-
denatured state can be triggered by ultra-fast temperature
jump (T-jump) techniques (Ballew et al. 1996) allowing
studies of the earliest folding events. In combination with
®-value analysis (Fersht 1995), folding of barstar was
resolved at the level of individual amino acids on the
microsecond to second time scale (NOlting et al. 1995;
Nolting 1997). Multiple pathways and multiple interme-
diates were observed both for folding (Shastry and
Udgaonkar 1995) and unfolding (Zaidi et al. 1997).

Atlow pH, barstar undergoes a structural transition to
an alternatively folded, nonnative conformation, the
A-state (Fink et al. 1994). The A-state of barstar resembles
the molten globule possessing the peculiarity of existing
as a soluble oligomer with an apparent molecular mass
of about 150,000 D (Khurana and Udgaonkar 1994;
Khurana et al. 1995; Juneja et al. 2002). For comparison,
the monomer mass of the pseudo wild-type variant C40A/
C82A/P27A (Nolting et al. 1995) used in our studies is
10,252 D. Recent NMR investigations (Juneja et al. 2002)
have identified and characterized flexible regions in the
polypeptide chains forming the molten globule-like
aggregate at low pH. Accordingly, the A-form appears to
be a symmetrical aggregate of 16 monomers with a rigid
core, but with the 20 N-terminal residues of each of the
monomeric subunits in highly dynamic random chain
conformation, which shows transient local ordering of
structure.
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Many proteins form fibrillar structures at low pH and
in several cases small soluble aggregates were identified at
early stages of this process. Accordingly, the multimeric
A-form of barstar could be the starting point for fibrilli-
zation of this protein. Our results demonstrate that the
molten globule-like aggregates of barstar at low pH do not
form fibrillar structures at any ionic strength at room
temperature. In particular, an increase of the NaCl con-
centration in order to diminish repulsive intermolecular
interactions leads to the formation of amorphous, fractal
aggregates. Further destabilization of the structure is
required to transform the polypeptide chain into an
ensemble of conformations capable of forming amyloid
fibrils. Since barstar exhibits a high rate of amyloid for-
mation under appropriate conditions, the onset of fibril
formation could be clearly detected by gradually changing
the environmental conditions, particularly by changing
temperature and ionic strength. The growth process and
the conversion of secondary structure were monitored by
dynamic light scattering (DLS) and circular dichroism
(CD) spectroscopy, respectively. The morphology of the
fibrils at late stages was determined by electron micros-
copy (EM). The existence of cross-f§ structure typical of
amyloid fibrils was substantiated by characteristic peaks
in the solution X-ray scattering (SOXS) curves. Depend-
ing on the environmental conditions, two structural con-
version processes leading to two different types of fibrils
could be observed.

Materials and methods

Materials

The pseudo wild-type of barstar (C40A/C82A/P27A variant) was
expressed and purified as described previously (Golbik et al. 1999).
As a final purification step gelfiltration on Superdex 75 (Amersham
Biosciences AB, Uppsala, Sweden) with 50 mM Tris-HCl buffer, pH
8.0,0.1 M NaCl was performed. The molecular mass was controlled
by electrospray mass spectrometry. Protein concentrations were
determined from absorbance at 280 nm using a molar extinction
coefficient of 22,690 1 mol~'cm™". Different conformational states of
barstar were obtained by dialyzing the protein into the individual
solvents specified in the figure legends. For investigations of the
A-state at different NaCl concentrations, solutions of barstar in
10 mM HCI were mixed with concentrated NaCl solutions con-
taining 10 mM HCL.

Methods

Light scattering measurements

Dynamic and static light scattering were measured simultaneously
with one and the same instrument at a scattering angle of 90°.
The present laboratory-built apparatus, which consisted mainly of
an argon laser Lexel 3500 (Lexel Laser Inc., Fremont, Calif,,
USA) operating at 514.5 nm wavelength and 0.5 W output power,
a thermostat-controlled cell holder and a photon detection sys-
tem, equipped with a high quantum yield avalanche photodiode,
was described in detail in Gast et al. (1997). The solvents and
protein solutions were filtered through 100 nm pore-size Anotop
filters (Whatman, Maidstone UK) directly into small flow-
through cells with pathlength of 0.8 and 1.5 mm (Hellma,
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Miillheim, Germany). Molar masses were calculated from the
relative scattering intensities using toluene as a reference sample.
The homodyne time-autocorrelation functions of the scattered
light intensity g(r) were calculated by a 90-channel multibit
multiple-t correlator. The translational diffusion coefficients D
were obtained from g(r) using either the program CONTIN
(Provencher 1982) or by applying the method of cumulants
(Koppel 1972). The diffusion coefficients were converted into
Stokes radii via the Stokes—Einstein equation Rs=kgT/(671oD),
where kg is Boltzmann’s constant, 7 is the temperature in K, and
1o 1s the solvent viscosity. Solvent viscosities and densities were
measured using an Ubbelohde type viscometer Viscoboy 2 (Lau-
da, Lauda-Konigshofen, Germany) and a digital density meter
DMA 58 (Anton Paar, Graz, Austria), respectively. Refractive
indices of the solvent mixtures were measured with an Abbe type
refractometer.

CD measurements

CD measurements were carried out on a J-720 (JASCO, Japan) CD
spectrometer, which was calibrated with (+ )-camphorsulfonic acid
at 290.5 and 192.5 nm (Johnson 1990). For measurements in the
near UV region, 5- and 10-mm pathlength cells and protein con-
centrations between 0.5 and 1 mg/ml were used. CD measurements
in the far UV region were made with 0.1-mm and 1-mm pathlength
cells and at protein concentrations of about 1 and 0.15 mg/ml,
respectively. Mean residue molar ellipticities [0] were calculated
using the mean residue weight of 113.9. Kinetic CD spectra were
recorded using the interval-scan modus of the JASCO software.
This scheme allows to store a number of succeeding CD spectra
separately. The measuring time for one spectrum can be optimized
by choosing a particular wavelength range, spectral resolution and
integration time. A time resolution of about 30 s could be obtained
with a sufficiently high signal-to-noise ratio in this way. If neces-
sary, an improvement of the quality of the CD spectrum can be
obtained by repeating the kinetic experiment.

In order to get an idea of the changes in secondary structure,
analysis of the CD spectra was carried out using three methods for
secondary structure estimation from CD, SELCON3, CDSSTR
and CONTIN/LL included in the software package CDPro (Sree-
rama and Woody 2000). Several reference protein sets are available
for data evaluation. We have used that containing 48 reference
proteins including also five unfolded proteins throughout. Only for
the analysis of the native state spectrum the reference set containing
43 folded proteins was used for comparison. The results of these
estimations are tabulated in a condensed form. For this purpose,
we have averaged the results of the three methods, reduced the
secondary structural classes to o helix, f strand, turn and unor-
dered, and omitted errors in these estimations in the table. Briefly,
relative errors vary strongly (approximately between +5% and
+50%) depending on the type and on the proportion of a partic-
ular structure.

Solution and small-angle X-ray scattering (SOXS and SAXS)

SOXS and SAXS were measured in the step-scan mode on a
transmission X-ray diffractometer equipped with five-slit apertures
and using CuK, radiation. Details have been described recently
(Damaschun et al. 2000). The scattering curves were measured at
260 points in the interval from smin=0.21 nm™" t0 smax =31 nm™",
where s=(4n/4)sin0. 4 is the wavelength of the X-ray radiation
and 20 is the scattering angle. The scattering curves were mea-
sured in 10 mM HCI and 75 mM NacCl, at room temperature and
at a protein concentration of 21 mg/ml. Prior to the measure-
ment, the sample was incubated for 45 min at 70 °C. Desmearing
of the scattering curves, calculation of the cross-section scattering
curves and calculation of the radius of gyration of the cross-
section were performed by the program SAXS (Damaschun et al.
2000).

Electron microscopy

Before preparation for electron microscopy, barstar solutions were
diluted to a protein concentration of about 30 pg/ml with the
corresponding solvent. Barstar was visualized by negative staining
with 1% uranyl formate using a double-carbon film tech-
nique.Four-hundred mesh copper grids covered with a carbon-
coated triafol microgrid were used as support. Micrographs were
taken with an EMO910 electron microscope (LEO, Oberkochen,
Germany) at 80 kV and a magnification of 63,000.

Results

Structural properties of the A-state
at 20 °C—influence of ionic strength

The A-state of barstar was obtained by dialyzing the
protein from native conditions (50 mM Tris-HCI, pH 8,
100 mM KCl) into 10 mM HCI. The structural changes
were monitored by measuring the CD spectra in the near
and far UV regions and by static (SLS) and dynamic
light scattering (DLS). In order to get an idea of the
degree of unfolding at acid pH, we have also measured
the same conformational parameters for well charac-
terized highly unfolded states, namely the unfolded state
at 6 M urea and the cold-denatured state. Figure la
shows the far UV CD spectra of barstar in the native
and cold-denatured states and in the A-state in both the
absence and presence of salt. The spectrum of cold-
denatured barstar is typical of a polypeptide chain
lacking essentially ordered secondary structure. A
similar spectrum in a somewhat limited spectral range
A >212 nm was obtained in 6 M urea (data not shown).
By contrast, a spectrum with native-like features was
obtained for barstar in 10 mM HCI (A-state) indicating
that an essential amount of secondary structure still
exists under these environmental conditions. Increasing
ionic strength (addition of NaCl in the present case)
favors the formation of secondary structure changing
the spectrum towards the native one. The corresponding
change in secondary structure is complete at NaCl
concentrations above 75 mM (inset Fig. 1a). Despite the
existing secondary structure, the A-state is lacking rigid
side chain packing typical of stable tertiary structure
both in the absence and presence of salt. This is indi-
cated by the strongly diminished near UV CD spectra
which are similar to that in the cold-denatured state
(Fig. 1b). These results are in general agreement with
data previously reported in the literature (Khurana and
Udgaonkar 1994; Noélting et al. 1997).

Molar masses obtained from SLS and Stokes radii
Rg, translational diffusion coefficients D and diffusive
virial coefficients kp obtained from DLS are summa-
rized in Table 1. Barstar (M aicutated = 10,252 g/mol) is
monomeric and compact in the native state at pH 8.
On the transition to the unfolded state in 6 M urea or
to the cold-denatured state, the Stokes radius increases
by 65% or 45%, respectively. While the highly un-
folded protein is monomeric according to the measured
light scattering intensity, the increased Stokes radius in
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Fig. 1 a Far UV and b near UV CD spectra of barstar in different
conformational states: thin line native state at 20 °C in 50 mM Tris-
HCI, pH 8, 0.1 M KClI; dash—dot line cold-denatured state at 1 °C
in 50 mM Tris-HCI, pH 8, 0.1 M KCl, 2.2 M urea; thick line
A-state in 10 mM HCL at 20 °C; dashed line A-state in 10 mM
HCI, 75 mM NaCl at 20 °C; the inset of panel A shows the
dependence on NaCl concentration of the specific ellipticity at
215 nm in the A-state at 20 °C

the A-state is mostly a consequence of oligomerization
as can be seen from the increased molar mass. Except
for the native state, the masses in Table 1 represent
weight average masses (see below). The existence of
oligomers prevents the estimation of the Stokes radius
of individual protein molecules under these conditions.
The average size and the temporal stability of the
molten globule-like oligomer at pH 2 and 20 °C are
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influenced by the ionic strength. In the absence of salt,
the oligomers consist of about five monomers on
average. The size of the oligomers increases with
addition of salt (NaCl in the present case) according to
our light scattering data (Table 1). The size increase
levels off above 75 mM NaCl when an average size
corresponding to about 15 monomers is reached. While
the size of the oligomers does not change remarkably
over the period of several days at NaCl concentrations
below 75 mM, a growth process was observed at higher
salt concentrations. This growth process was monitored
by measuring both the apparent average mass by SLS
(Fig. 2) and the apparent average Stokes radius by
DLS at 200 mM NaCl using a sample with 1 mg/ml
protein concentration. Apparent quantities are mea-
sured when extrapolation to zero protein concentration
is not performed. The size distribution calculated by
CONTIN consisted essentially of one relatively narrow
peak. Accordingly, the average radius of this peak and
the average radius obtained from the cumulant analysis
agreed very well. Fitting the relative increase R ,pp/
Rg mon versus M, /Mo, plotted in a logarithmic scale
to a straight line (inset of Fig. 2) is a useful procedure
for determining the dimensionality of the growth pro-
cess. The value of the slope of 0.49 corresponds to a
dimensionality of 2.04, being typical of a growth pro-
cess leading to the formation of amorphous aggregates
as shown by EM (Fig. 7A). The far UV CD spectrum
of the sample was controlled for more than 100 h.
Remarkably it remained unchanged in pattern and
amplitude within the experimental error of about =+
2%.

Temperature-induced structural changes
of the A-form in the absence of salt

The changes in secondary structure on heating barstar in
10 mM HCI from 20 °C up to 80 °C were monitored by
far-UV CD. Instead of a cooperative transition a more
gradual change of the spectrum towards that of a
polypeptide chain with little ordered secondary struc-
ture was observed (Fig. 3a). At temperatures above
40 °C gradual melting of the secondary structure was

Table 1 Stokes radii Rs, translational diffusion coefficients D, diffusive virial coefficients kp, and molar masses M of barstar under the
influence of different environmental conditions. Except for the native state, the values are averages over an ensemble of configurations

Condition Rs (nm) Dx107 (cm?/s) kp (mL/g) Mx1073 (g/mol)
Native conditions,” 20°C 1.72+0.04 12.5+0.3 5+3 9.96+0.45
Unfolded at 6 M urea, 20°C 2.83+0.07 7.57+0.19 50420 n.d.?

Cold denatured at 1°C and 2.2 M urea 2.50+0.06 8.58 +0.21 3+3 n.d.

A-state,” no salt, 20°C 4.96+0.24 4.324+0.21 210450 51+10

A-state, 75 mM NaCl, 20°C 5.88+0.29 3.64+0.18 12+3 150430
Fibrillar state® 34+1 0.63+0.03 55+£8 3,800 + 700

“50 mM Tris-HCI, pH 8, 100 mM KCI (this solvent was also used in the case of the unfolded and cold-denatured states).

210 mM HCI, pH 2.

‘10 mM HCI, pH 2, 75 mM NacCl, 20°C after incubating the sample for 15 min at 70°C.

“Not determined.
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Fig. 3a, b Temperature dependence of the far UV CD spectrum of
barstar in 10 mM HCL (A-state). a In the absence of salt: thin line
20 °C; solid circles 40 °C; open circles 50 °C; solid squares 60 °C;
open squares 70 °C; thick line 80 °C. b In the presence of 75 mM
NaCl immediately after approaching the particular temperatures:
thin line 20 °C; solid circles 40 °C; open circles 50 °C; solid squares
60 °C; open squares 70 °C

accompanied by disaggregation of the oligomers re-
flected by a decrease in light scattering intensity and in
Stokes radius (data not shown). A new steady state in
aggregate size was reached within 20-30 min after a
temperature change. The average mass calculated for the
quite narrow size distribution was comparable with that
of a dimer at 70 °C. The sample was kept at each mea-
suring temperature at least for 1 h and at the highest
temperature for 3 h to detect any slower time-dependent
structural changes. No further changes in secondary
structure and aggregation or disaggregation processes
were observed even at protein concentrations above
1 mg/ml. The heat-induced structural changes were
essentially reversible. The spectrum after cooling down
to 20 °C was in between the spectra at 20 °C and 40 °C
during heating.

Temperature-induced structural changes of the A-form
and amyloid formation in the presence of salt

If not otherwise stated, these experiments were per-
formed in 10 mM HCI and 75 mM NaCl. Under these
conditions, salt-induced changes in secondary structure
of the A-form are completed and aggregation is still
negligible at room temperature. Most of the CD spectra
were recorded in a special kinetic modus (see Materials
and methods), which allowed us to record a sufficiently
large spectral range (192-240 nm in Fig. 3b) in less than
I min. This capability turned out to be very important
for measuring CD spectra at elevated temperatures be-
cause two kinds of temperature-induced spectral chan-
ges were observed. The first one was caused by fast
partial unfolding proceeding within the dead time of the
experiment. The second one was caused by a subsequent
reorganization of the secondary structure, which oc-
curred at higher temperatures within a time range of
minutes. The time evolution of the second process could
be resolved using the kinetic CD approach. The time
constant of the T-jump from 20 °C to each measuring
temperature was about 20 s. Spectra immediately after
T-jumps from 20 °C to the specified temperatures are
shown in Fig. 3b. They are characteristic of the partially
unfolded state of barstar at these temperatures. A
comparison with the corresponding spectra in Fig. 3a
clearly shows the structure stabilizing effect of 75 mM
NaCl. The spectrum at 70 °C in the presence of salt
indicates a considerable amount of secondary structure
even at elevated temperatures (Table 2).

The same spectrum is again shown in Fig. 4a in order
to compare it with the altered, but stable final spectrum
measured 40 min after the T-jump. Such time-dependent
changes of the CD spectrum occurred above 50 °C
indicating the formation of ordered, but misfolded sec-
ondary structure (Table 2) at elevated temperatures. The
absorption of the CD samples did not noticeably change
during this conversion process. Thus, a distortion of the
final CD spectrum due to scattering artefacts can be
ruled out. The temporal changes of the CD signal at
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Table 2 Secondary structure content calculated from far UV CD spectra using the software package CDPro (Sreerama and Woody 2000)

State Condition

Spectrum in Helix (%) f-strand (%) Turn (%) Unordered (%)

Native state 48/43 ref. proteins” 50 mM Tris, pH 8, 0.1 M KCl

A-state 20°C 10 mM HCI, pH 2, 75 mM NaCl
Conversion [

A-state 70°C 10 mM HCI, pH 2, 75 mM NaCl
Fibrils type 1 70°C 10 mM HCI, pH 2, 75 mM NacCl
Fibrils type I 20°C 10 mM HCI, pH 2, 75 mM NacCl
Conversion II

Fibrils type I 70°C 10 mM HCI, pH 2

Intermediate 70°C
Fibrils type II 70°C

10 mM HCI, pH 2
10 mM HCI, pH 2

Fig. 1a 59 6 12 23
Fig. la 47 13 16 24
Figs. 3b/4a 33 18 21 29
Fig. 4A 40 17 19 25
Fig. 5 45 17 17 22
Fig. 8 34 18 20 29
Fig. 8 29 18 20 34
Fig. 8 35 20 19 26

“The analysis for the native state was done using the reference
protein sets including either 43 folded proteins or 43 folded and
five unfolded proteins (the results do not differ after rounding to

215 nm measured at 55 °C, 65 °C and 70 °C are shown
in Fig. 4b. The horizontal bar in Fig. 4b indicates the
CD at 20 °C before heating. Different CD amplitudes
were observed immediately after heating at the various
temperatures caused by different degrees of unfolding.
The time course of the unfolding reaction could not be
resolved by our experimental approach. The time con-
stants of the subsequent changes in the CD signal de-
creased considerably with increasing temperature. We
have characterized the rate of the conversion process in
terms of reciprocal half times ¢, of the total changes.
The rates are shown in an Arrhenius plot in Fig. 4c. An
activation energy of 19.2+2.0 kcal/mol was obtained
from the slope. Nearly identical CD spectra were mea-
sured for samples incubated at temperatures between
55 °C and 70 °C for sufficiently long times.

The CD spectrum measured at 20 °C after heat-in-
duced conversion during the kinetic CD experiment at
70 °C is shown in Fig. 5. Different samples incubated
under identical environmental conditions showed prac-
tically identical CD spectra indicating that a defined
secondary structure was formed in a reproducible
manner during conversion. According to an analysis of
the spectra before and after heat-induced conversion
(Table 2) the major change in secondary structure is an
increase in f§ structure. The reliability of the secondary
structure estimations will be discussed later.

The increase in f structure could be an indication of
the formation of intermolecular f structure such as
cross-f§ structure as found in amyloid fibrils. An
unequivocal decision cannot be made using CD data
alone. However, the formation of cross-f structure is
well reflected by characteristic peaks in solution X-ray
scattering curves. The SOXS curve of barstar incubated
for 45 min at 70 °C (data not shown) revealed a broad
maximum and sharp peaks at scattering vectors
s=6 nm™" and s=13.3 nm™', respectively. According to
the Bragg equation d=_2ns"", the values of s correspond
to distances d=1.05 nm and 0.47 nm, which are char-
acteristics of cross-f structure. The X-ray scattering
curve of barstar was nearly identical to that of phos-

integers). The reference set with 43 folded and five unfolded pro-
teins was used for the other states. Concerning the errors in the
calculated values, see Materials and methods

phoglycerate kinase (PGK) from yeast in the fibrillar
state (Damaschun et al. 2000). This finding and the
observed conversion on the level of secondary structure
pointed to the formation of amyloid fibrils. This was
confirmed by the results of SLS and DLS measurements
and electron microscopy.

The conversion of the small protein aggregates con-
sisting of about 15 monomers into larger structures was
reflected by the time dependence of the relative apparent
Stokes radius, Rg »pp/Rs,mon, after a T-jump from 20 °C to
70 °C. Thisis shown for protein concentrations of 0.9 mg/
ml and 4.3 mg/ml in Fig. 6a. A rough estimate of the half
times of the fast size transition yielded 1.8 £0.2 min and
1.7£0.2 min for ¢=0.9 mg/ml and 4.3 mg/ml, respec-
tively. The conversion process could be stopped at any
time by lowering the temperature below ~50 °C. The
differences in Rg,pp at 0.9 mg/ml and 4.3 mg/ml right
after the first, steep transition (Fig. 6a) are the result of
intermolecular interactions (virial effects). This was
checked by measuring the concentration dependence of
Rg and D after conversion using a sample of high initial
concentration (7 mg/ml), which was incubated for 15 min
at 70 °C. The results of the measurements in terms of the
diffusive virial coefficient kp are given in Table 1. Thus,
both the rate of conversion characterizing the first size
transition and the resulting average size are practically
independent of protein concentration. However, the
protein concentration influences the growth process at
later times. The average size remained constant at con-
centrations below 1 mg/ml. At higher concentrations, a
second concentration-dependent growth process became
evident (see the data for ¢c=4.3 mg/ml in Fig. 6a). The
rate of this process was very low. More information about
the growth characteristics can be obtained from the
dimensionality of the entire size transformation process
by plotting Rs app/Rmon Versus Mypp/Mpmon in a logarith-
mic scale. This has been done for the data obtained at
4.3 mg/ml in Fig. 6b. An abrupt increase in the slope
corresponding to a decrease in dimensionality is con-
nected with the transition from the first (fast) to the second
(very slow) size transition.
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Fig. 4 a CD spectra of barstar ¢=1.08 mg/ml during incubation at
70 °C in 10 mM HCI, 75 mM NaCl. Diamonds amyloidogenic
intermediate state immediately after a T-jump from 20 °C to 70 °C;
thin line after 40 min, when conversion is completed. b Time
dependence of the ellipticities at 215 nm of barstar (¢=1.08 mg/ml,
d=0.102 mm) in 10 mM HCI, 75 mM NaCl after T-jumps from
20 °C to the specified temperatures. Solid circles 55 °C; open
triangles 65 °C; open circles 70 °C. ¢ Arrhenius plot of the
corresponding reciprocal half times measured at 55 °C, 60 °C,
65°C and 70°C. The slope yields an activation energy
EA=19.2+2.0 kcal/mol

Morphology of the fibrils

The initial and final slopes in Fig. 6b yield dimensio-
nalities of 1.58 and 1.13 for the early and late stages of
the structural transition, respectively. A dimensionality
close to one corresponds to a strictly linear growth
process. The somewhat larger observed values hint at the
formation of elongated, but not completely straight
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Fig. 5 Two types of CD spectra of barstar measured at 20 °C after
temperature-induced structural conversion under the following
conditions. Type I: open square ¢=1.01 mg/ml, 55 min at 70 °C in
10 mM HCI, 75 mM NaCl; thick line 1.09 mg/ml, 75 min at 70 °C
in 10 mM HCI, 75 mM NacCl (diluted SOXS sample). Type II: open
circle ¢=1.15 mg/ml, 105 min at 80 °C in 10 mM HCI, 75 mM
NaCl; thin line ¢=0.92 mg/ml, 70 min at 70 °C in 10 mM HCI, no
salt
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Fig. 6 a Time dependence of the relative apparent Stokes radius
Rs app/ Ro of barstar in 10 mM HCI, pH 2, 75 mM NacCl at 70 °C
measured at concentrations of 0.9 mg/ml (open squares) and
4.3 mg/ml (solid circles). The experiment was started immediately
after inserting the sample cell into the cell holder. The sample
approached the specified temperature after about 2 min. b Plot of
the relative apparent Stokes radius vs. relative apparent mass in
logarithmic scale for the data obtained at 4.3 mg/ml



particles. For a closer inspection of their morphology we
have performed EM investigations with diluted samples
previously investigated by CD or DLS. Figure 7b shows
the fibrillar structure of barstar aggregates in 10 mM
HCI, 75 mM NacCl after 1 h of incubation at 70 °C at a
concentration of 0.16 mg/ml. Under these conditions
only the first size transition had occurred (cf. Fig. 6a).
The fibrils show a twisted wormlike structure with a
length of about 40-300 nm and a pitch of about 100 nm.
Their width varies between about 6 nm and 13 nm.
Additional information concerning the thickness of the
fibrils is available from SAXS (Damaschun et al. 2000).
From SAXS (data not shown) a radius of gyration of
cross-section Rc=2.80+0.05 nm was obtained. This is
consistent with either a diameter of 7.93 nm for a cir-
cular cross-section or with main axes ¢=10.0 nm and
b=5.0 nm for an elliptic cross-section. The latter result
is in good agreement with the EM data. These structures
will be termed fibrils of type I.

When concentrated solutions (¢=7 mg/ml) were
incubated for about 3 h at 70 °C the formation of a
second type of fibrillar structure could be observed.

Fig. 7a—d Electron micrographs of negatively stained samples of
barstar after different structural conversions. a Barstar 1.0 mg/ml
stored for about 5 weeks in 10 mM HCI, pH 2, 200 mM NacCl at
room temperature; b barstar 0.16 mg/ml in 10 mM HCIL, pH 2,
75 mM NacCl incubated for about 1 h at 70 °C; ¢ barstar 7 mg/ml
in 10 mM HCI, pH 2, 75 mM NaCl incubated for 3 h at 70 °C; the
inset shows conversion of a fibril from the first to the second type;
d fibrils of the second type obtained by incubating fibrils of the first
type (c=1.03 mg/ml) for about 2 h at 70 °C in 10 mM HCI, pH 2.
Arrows indicate fibrils of the second type. Arrowheads point to
morphological transitions from fibrils of the first type to those of
the second type. All samples were diluted prior to negative staining
(see Materials and methods). Bar=0.1 pm
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Short segments apparently consisting of three individual
strands became visible (arrows and inset in Fig. 7c). This
type of fibril is fully developed under conditions de-
scribed below. It is characterized by a straight ribbon-
like structure with a width of about 16 nm and a length
of several micrometers (Fig. 7d). The fibrils are com-
posed of three protofilaments in parallel arrangement
instead of the twisted arrangement described above for
fibrils of type I. Conversion from type I into type II was
seen occasionally within the same fibril (arrow heads in
Fig. 7c and d).

Stability of type I fibrils and the transition
into fibrils of type 11

We have studied the stability of the fibrils of type I (cf.
Fig. 7b) and the reversibility of the fibrillization process
leading to their formation. Samples incubated at 70 °C
in the presence of 75 mM NaCl exhibited small revers-
ible temperature-dependent changes of the far UV CD
spectrum, but did not show any temporal changes of this
spectrum and of the average Stokes radius after cooling
down to room temperature. Furthermore, no changes of
these features were observed when the ionic strength was
lowered by dialyzing the sample exhaustively
against 10 mM HCI. Thus, the fibrils were stable under
conditions, which do not favor their formation.

A further check of stability was performed by heating
fibrils of type I in the absence of salt. Under this influ-
ence, the oligomers of the A-form had shown the ten-
dency to dissociate. The CD spectrum of fibrils of type I
in the absence of salt (data not shown) exhibited
perceptible, but reversible changes at temperatures
below 60 °C. Unexpectedly, on heating up to 70 °C, an
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irreversible conversion of the CD spectrum was ob-
served. Kinetic CD measurements (Fig. 8) revealed that
this conversion process proceeds via an intermediate,
which is maximally populated about 5 min after a T-
jump from 20 °C to 70 °C. According to the pattern of
the spectrum and secondary structure estimations using
CDPro (Table 2), this state is more unfolded than the
states right after the T-jump and at the end of the con-
version process. Despite characteristic differences in the
CD spectra before and after the second conversion
process, analysis of the CD spectra (Table 2) indicated
only a weak tendency towards formation of ordered
secondary structure, particularly an increase in the per-
centage of f§ strands. The second conversion process was
accompanied by a more than two-fold increase in the
average Stokes (data not shown). The morphology of
the fibrils formed in this way, termed type II fibrils, is
shown in Fig. 7d. Such a fast and complete conversion
was never observed at 70 °C in the presence of 75 mM
NaCl. However, incubation of fibrils of type I at 80 °C
in the presence of 75 mM NaCl initiated a similar fast
transition leading to a CD spectrum indistinguishable
from that after conversion at 70 °C in the absence of
NaCl (Fig. 5). Accordingly the CD spectra are an easily
identifiable signature of the various types of fibrils.

Discussion

The A-state of barstar is not capable
of forming amyloid at room temperature

In the following, we want to discuss the conditions
influencing amyloid formation by barstar. A simple
scheme showing the different structures and the transi-
tions between them observed so far is given in Fig. 9. The
horizontal arrows indicate two special cases, heating in
the absence of salt and increase in the ionic strength at
room temperature, which do not favor fibril formation
because only one of two important preconditions for fibril
formation is fulfilled. According to our CD spectroscopic
investigations, the A-state of barstar at pH 2 and 20 °C
comprises a content of regular secondary structure, which
is almost comparable with that of the native state (Ta-
ble 2), but has no fixed tertiary structure. We have esti-
mated the secondary structure content in different states
from the measured CD spectra using the software pack-
age CDPro (Sreeerama and Woody 2000). The results in
Table 2 are average values of the data obtained from the
individual programs SELCON3, CDSSTR and CON-
TIN/LL included in this package. Use of the reference
protein set containing 43 folded proteins and in addition
five unfolded proteins appeared to be an appropriate
procedure, because most of the spectra measured in this
study are related to partially unfolded states. The results
of secondary structure estimations from CD data must be
considered with caution, particularly the calculated per-
centage of secondary structure classes other than o-helical
structure. This becomes evident when the CD spectrum of
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Fig. 8 Conversion of fibrils type I into fibrils type II at 70 °C,
10 mM HCI and in the absence of salt monitored by far UV CD.
The protein concentration was 0.92 mg/ml. The conversion was
initiated by rapidly changing the temperature from room temper-
ature to 70 °C (dead time about 25 s). Three out of a total of 64
spectra are shown: solid squares immediately after heating;
diamonds 5.8 min after heating (see inset); solid circles 70 min after
heating (last spectrum). The inset shows the temporal changes of
the specific ellipticity at 215 nm taken from the spectra
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Fig. 9 Conversion scheme of barstar at pH 2 and different
environmental conditions. Conversion into fibrils in the presence
of salt ([NaCl]>0) was found at salt concentrations as low as
25 mM. In all cases, the transitions proceeded via intermediate
states. The properties of the identified intermediates /,; and /,, are
described in the text. The transfer of type I fibrils to modified
environmental conditions is indicate by the dotted line

barstar in the native state is analyzed. According to the
NMR structure (Lubienski et al. 1994), barstar contains
51% helical and 21% p structure. While the percentage of
helical structure is in fair agreement with the NMR data,
the amount of f structure is clearly underestimated
(Table 2). This conflict does not result from the use of the
reference set containing unfolded proteins, because an
analysis using only folded proteins yielded the same
results. This raises the question of whether the amount of
p structure is underestimated in the analysis of other
spectra shown in Table 2. Since an adequate error dis-
cussion for all cases in Table 2 is not feasible within the
scope of this paper, errors have not been specified. The
results in Table 2 should rather indicate the tendency of
secondary structural changes upon the transitions
between different states.



Following the nomenclature of Fink et al. (1994),
barstar behaves like a type II protein upon acid dena-
turation. The compactness of individual barstar mole-
cules in the A-state remains unknown because barstar
forms oligomeric aggregates under conditions, where
this partially folded state exists. Concerning the size of
the molten globule-like oligomers, our results are con-
sistent with those previously obtained by sedimentation
velocity measurements (Khurana et al. 1995). Our SLS
and DLS data reveal that the size and overall com-
pactness of these aggregates increase with increasing
ionic strength until a particular aggregate size of about
15 protein molecules is reached at 75 mM NaCl. This
process is accompanied by a small increase in the
amount of regular secondary structure, but rigid side
chain packing is still absent. Further increase in NaCl
concentration has no influence on secondary structure,
initial size, and compactness of the aggregates, but re-
sults in a temporal instability of the aggregate size. The
aggregates grow according to a scaling law R=a-M"%
or M=a""R** (inset of Fig. 2), where a is a constant.
The exponent corresponding to the dimensionality of
2.04 is close to the fractal dimension of 2.1 observed for
reaction-limited cluster aggregation (Schiiler et al. (1999)
and references cited therein). The growth process leads
to amorphous aggregates as shown in Fig. 7a. It is
important to note that in the case of this aggregation
process there is no coupling with changes on the level of
secondary structure. Conversion into amyloid could not
be observed at any ionic strength at room temperature.
Aggregates consisting of more than 100 protein mole-
cules were detected after storing a sample for several
weeks. There is growing evidence that in many cases the
existence of precursor aggregates exceeding a critical size
is necessary for fibril formation (Bitan et al. 2001; Xu
et al. 2001). Because the observed size (M~10%D) is far
beyond such a critical size this condition is fulfilled in the
present case. Thus, we conclude that the chain confor-
mation and the degree of conformational fluctuations of
barstar in the A-state at room temperature are not
favorable to initiate a structural conversion into amyloid
fibrils. These properties are characteristic of a special
case, where fibril formation is not feasible. Further
destabilization of the chain conformation is necessary to
initiate fibril formation.

Temperature-induced amyloid formation—fibrils
of type |

Our results have shown that barstar can exist in several
different conformational states with different degrees of
aggregation under the same environmental conditions at
acid pH depending on the previously applied external
conditions. Therefore, it is necessary to clarify that the
term A-state will be used only for those protein mole-
cules, which have not been converted into amyloid
structure. Barstar in the A-state in 10 mM HCI and in
the absence of salt shows the following features upon
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heating up to 80 °C. The temperature dependence of the
far UV CD spectrum (Fig. 3a) reveals that ordered
secondary structure in the A-state is diminished in a
non-cooperative manner at elevated temperatures.
Concurrently, the ability of the A-state to form small
oligomeric aggregates decreases with increasing tem-
perature. The latter finding is not an obvious result since
hydrophobic interactions increase with increasing tem-
perature. However, the observed disaggregation at
higher temperatures could explain, why fibril formation
is not observed at elevated temperatures in the absence
of salt and preformed fibrillar structures. Under these
conditions, strong repulsive electrostatic forces inhibit
clustering of barstar molecules, which is essential for
obtaining a critical size of aggregates. This is important
to note, since considerable changes in secondary struc-
ture and in aggregate size (length and cross-section of
fibrils) were observed under the same environmental
conditions with pre-incubated samples consisting of fi-
brils of type I, viz., where the protein aggregates exceed
a critical size (see below). Thus, heating barstar in the
A-state in the absence of salt is the second special case
that does not lead to fibril formation: individual protein
molecules are expected to have sufficiently high confor-
mational flexibility, but the conversion process is sup-
pressed, because the ability of the protein molecules to
cluster is too weak.

Both preconditions for fibril formation are fulfilled
when barstar is heated in the presence of salt. Basically,
the addition of salt has two main consequences. First, it
stabilizes the existing secondary structure as can be seen
by comparing the temperature dependence of the far UV
CD spectra in the absence and presence of salt (Fig. 3a,
b). Second, it strongly reduces repulsive intermolecular
interactions. This is reflected by the decrease in the
magnitude of the diffusive virial coefficient kp (Table 1).
Increase in temperature leads to partial unfolding of the
protein, but even at 70 °C a considerable amount of
secondary structure exists.

The corresponding transition leading to fibrillar
structures is shown on the right-hand side of Fig. 9. The
two consecutive arrows indicate the two-step character
of the entire transition consisting of the unfolding
reaction and the subsequent re-organization/aggregation
process. The temperature-induced unfolding reaction
was faster than the dead time of CD detection in
experiments starting from the A-state. Disaggregation of
existing small aggregates (about 15 monomers) was not
detected at this stage. Increase in temperature shifts
the ensemble of partly folded conformations towards
an ensemble of more unfolded conformations. This new
ensemble represents the amyloidogenic species and is
termed /, ;. The conformational properties of barstar in
this state are characterized by the CD spectrum shown in
Fig. 3b and Fig. 4a. The subsequent irreversible con-
version towards a misfolded structure proceeded at
NaCl concentrations as low as 25 mM. However, most
of the experiments were done at 75 mM NaCl because of
the higher conversion rate. At this salt concentration,
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conversion is noticeable above 50 °C and the conversion
rate is strongly dependent on temperature (Fig. 4b, ¢). In
all cases, the conversion was coupled with the fast size
transition (Fig. 6a), which led to the formation of flex-
ible, worm-like fibrils with lengths between about 40 nm
and 300 nm (Fig. 7b), termed fibrils of type I. The half
time of the first size transition was found to be inde-
pendent of protein concentration within the experi-
mental error at least within the investigated
concentration range above 0.2 mg/ml. Accordingly, the
fast size transition and the accompanying secondary
structure conversion process possess an apparent reac-
tion order of one. Since aggregation is involved, which
requires bimolecular reaction steps, the overall process
must be governed by a preceding unimolecular reaction.
This rate-limiting reaction represents an additional
conformational transition of the A-state oligomers,
which is required for their ability to aggregate during
subsequent irreversible bimolecular reaction steps. This
behavior resembles the scenarios devised by Lumry and
Eyring (1954) in their seminal work on irreversible
conformational changes of proteins. Recently (Roberts
2003), these scenarios found a quantitative representa-
tion in mathematical terms including a formal descrip-
tion of the bimolecular reaction steps.

The rate-limiting conformational transition leading to
the misfolded conformation is connected with crossing of
an energy barrier, for which we have calculated an acti-
vation energy E,=19.2+2.0 kcal/mol from the tem-
perature dependence of the conversion rates of the CD
signal (Fig. 4c). We can only speculate about details of
the conversion process. It is noteworthy that the strong
acceleration of the conversion process between 55 °C and
70 °C is connected with only minor secondary structure
changes on average according to the changes of the far
UV CD spectrum (Fig. 3b). We suppose that under the
present solvent conditions and at temperatures above
50 °C the conformational fluctuations reach a critical
state, which enables a sufficiently large ensemble of un-
specifically aggregated protein molecules to undergo a
rather cooperative transition into a critical oligomer with
typical cross-f structure. This transition, which probably
involves a substantial structural reorganization of the
partially folded protein molecules, is characterized by an
activation energy of about 20 kcal/mol. This process
could be similar to some kind of domain swapping,
which is observed during formation of oligomeric protein
structures and was also proposed as a possible mecha-
nism for amyloid formation (Janowski et al. 2001; Liu
et al. 2001). On the other hand, a total reorganization of
the structure of the polypeptide chains must be taken into
consideration. The latter view is supported by recent
studies of the core of f,-microglobulin amyloid fibrils
(Hoshino et al. 2002). The existence or formation of
sufficiently large aggregates prior to this conversion
process is obviously an important requirement during
fibrillogenesis of barstar and also other proteins. This is
supported by the fact that conversion proceeds only in
the presence of salt, where initially formed oligomeric

aggregates do not disaggregate on heating. Unraveling
the full details of this conversion process is a central
problem in studying amyloidosis.

The transitions in far UV CD and in Rg roughly
coincide. At 70 °C, the half times of the initial fast
process are 1 min and 1.7 min for the changes in CD
and Rg, respectively. The high rate of conversion is very
useful in exploring the conditions for the onset of fibril
formation. However, this makes it very difficult to syn-
chronize the CD and light scattering experiments ade-
quately to compare changes in secondary structure and
size in more detail. Up to now, we could not detect other
critical aggregates smaller than the fibrillar structures.
The first size conversion process stops rather abruptly
and the resulting average size appears to be independent
of protein concentration. Therefore, the termination is
probably caused by depletion of the small oligomeric
structures. Accordingly, the conversion process is ki-
netically irreversible. The strong decrease of the growth
rate after the first transition (Fig. 6A), which shows that
further length growth by end-to-end association is not
efficient. While the size distribution was stable at low
protein concentrations, a slow further increase in size
could be detected above 1 mg/ml. This growth process is
obviously coupled with a rarely occurring second tran-
sition of the internal structure of the fibrillar aggregates
(see below). The fibrillar structures are characterized by
a typical far UV CD spectrum. This was confirmed by
comparing the CD spectra of individual samples of
different protein concentrations incubated at 70 °C in
the presence of 75 mM NaCl (Fig. 5).

The short fibrils of type I formed at elevated tem-
peratures are stable at room temperature and against
lowering the ionic strength. Dialysis against 10 mM HCI
did not change the average size and the far UV CD
spectrum. This clearly demonstrates the thermodynamic
irreversibility of the conversion process under the tested
external conditions. Nevertheless, the far UV CD spec-
trum exhibited perceptible, but reversible changes be-
tween 20 °C and 60 °C. This means that the structure of
the fibrils of the first type is not rigid and is possibly
susceptible to further temperature-induced structural
transitions. This becomes indeed evident when the tem-
perature is raised above 65 °C in the absence of salt.

Influence of environmental conditions
on the type of fibril formation

Besides the fast conversion of barstar into short fibrils of
type I at 70 °C and in the presence of 75 mM NaCl, a
second structural conversion process was observed under
particular conditions. The existence of the short fibrils
was a requirement for all subsequent structural conver-
sion processes under all conditions tested so far. Further
structural conversion leading to much longer fibrils as
shown in Fig. 7d could be observed under the following
conditions: as a second slow process at 70 °C, 75 mM
NaCl and high protein concentrations; as a second



process at 80 °C and 75 mM NaCl; during incubation of
short fibrils of the first type at 70 °C in the absence of
salt. The first condition is very unfavorable because of
the low conversion rate and the rare appearance of the
new type of fibrils. Thus, it is not shown in the general
scheme (Fig. 9). The latter condition yielded the highest
rate of conversion and was used to study this process in
more detail. The fibrils formed during the second con-
version are not only much longer, but have a different
cross-section and morphology. Three individual proto-
filaments in parallel arrangement are clearly visible.
According to light scattering and EM, these fibrils are
formed without desintegration of the fibrils of type I.
The inset of Fig. 7c shows that individual short fibrils
are able to convert into the second type of fibrils. It is
likely that three protofilaments already exist within the
initial fibril, but the strands are strongly intertwined and
can therefore not be visualized by EM.

Fibrils of different morphology depending on solu-
tion conditions have been reported also by other authors
(Kad et al. 2001; Zurdo et al. 2001). An important
property of type II fibrils is the much stronger ability for
end-to-end association leading to the formation of very
long fibrils (Fig. 7d). Information concerning the ener-
getic barrier between fibrils of the first and the second
type has not been obtained so far. Kinetic CD mea-
surements (Fig. 8) revealed that the entire structural
transition is again a two-stage process and proceeds via
an intermediate [, , with considerably less regular sec-
ondary structure compared to the initial and final states
(Table 2). This means that a remarkable reorganization
of the fibrils at the level of secondary structure is nec-
essary to attain the second fibril type. The processes of
partial unfolding and subsequent refolding into an al-
tered misfolded structure proceeded with half times of
about 1.5 min and 25 min, respectively. Obviously, these
conformational transitions are coupled with partial
untangling and reassembling of filaments of fibrils. This
could explain why unfolding of secondary structure
within fibrils of type I is considerably slower than
unfolding starting from the A-state, where this step is
fully buried within the dead time of the experiment. The
fibrils of the second type are at least as stable as those of
the first type. The reverse transition from fibrils of the
second type to fibrils of the first type could not be ob-
served. Both fibrillar structures correspond to discrete
supramolecular states, which are characterized by a
typical morphology and by a typical secondary structure
according to the characteristic patterns of the CD
spectra. This is demonstrated for fibrils of type II in
Fig. 5 by the identical CD spectra of samples incubated
either at 70 °C and in the absence of salt or at 80 °C in
the presence of 75 mM NacCl.

The fibrils of type I observed in this study are very
similar to protofibrillar structures observed during am-
yloidogenesis of many proteins. The fibrils of type II
resemble more mature fibrils—however, they are lacking
the high stiffness characteristic of this type of fibrils.
According to discussions in the literature, it is not clear
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what types of protein aggregates are indeed the toxic
species in conformational diseases. In addition to ma-
ture fibrils, protofibrillar or other prefibrillar structures
are discussed as possible causes of some neurodegener-
ative diseases (Conway et al. 2000; Haass and Steiner
2001). For example, it has been shown that early stages
of Alzheimer’s disease are caused by small oligomers of
the Ap(1-42) peptide (Selkoe 2002). Thus, in addition to
mature fibrils also other misfolded and aggregated
structures and the mechanisms leading to their forma-
tion have to be studied in more detail.

Conclusions

We have shown that barstar can be converted into
misfolded, fibrillar structure at low pH and elevated
temperatures. The oligomeric molten-globule state itself
is not capable of forming amyloid. The amyloidogenic
species is rather a substantially destabilized, aggregation
competent conformation that can be obtained by heat-
ing barstar in the presence of salt. The onset and the
speed of fibrillogenesis of barstar can be sensitively and
easily tuned by varying ionic strength and temperature.
Accordingly, barstar is a useful model polypeptide to
study the complicated interplay between specific inter-
molecular interactions and specific conformational
states of the individual polypeptide chains, which
essentially determines the transition of proteins into
fibrillar structures. The results have underlined the
important relation between structural polymorphism
and environmental conditions.

While barstar undergoes a transition into fibrillar
structure only under the relatively extreme conditions of
low pH and elevated temperature, other proteins,
particularly those involved in amyloidoses are prone to
form fibrils under more physiological conditions. Inter-
estingly, many disease-related sequences, e.g., the
Ap(1-42) peptide and o-synuclein, have an essentially
unfolded conformation under physiological conditions.
This is in accordance with our result on barstar that a
more unfolded conformation than that of the molten
globule-like A-state is essential for the ability to form
fibrils.
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