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ABSTRACT: Conformational changes associated with the assembly of recombinant [,-microglobulin in
vitro under acidic conditions were investigated using infrared spectroscopy and static and dynamic light
scattering. In parallel, the morphology of the different aggregated species obtained under defined conditions
was characterized by electron microscopy. The initial salt-induced aggregate form of 3,-microglobulin,
composed of small oligomers (dimers to tetramers), revealed the presence of -strands organized in an
intramolecular-like fashion. Further particle growth was accompanied by the formation of intermolecular
p-sheet structure and led to short curved forms. An increase in temperature by only 25 °C was able to
disaggregate these assemblies, followed by the formation of longer filamentous structures. In contrast, a
rise in temperature up to 100 °C was associated with a reorganization of the short curved forms at the
level of secondary structure and the state of assembly, leading to a species with a characteristic infrared
spectrum different from those of all the other aggregates observed before, suggesting a unique overall
structure. The infrared spectral features of this species were nearly identical to those of ,-microglobulin
assemblies formed at low ionic strength with agitation, indicating the presence of fibrils, which was
confirmed by electron microscopy. The observed spectroscopic changes suggest that the heat-triggered
conversion of the short curved assemblies into fibrils involves a reorganization of the -strands from an
antiparallel arrangement to a parallel arrangement, with the latter being characteristic of amyloid fibrils
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of f,-microglobulin.

Ba2-Microglobulin (8,m)' is a 99-residue protein that
represents the noncovalently bound nonpolymorphic light
chain of major histocompatibility complex class I molecules
(I). Native fm exhibits a seven-stranded S-sandwich
structure organized into two 3-sheets connected by a single
disulfide bond linking Cys25 and Cys80 (2). Som is also the
major component of the amyloid deposits that are found in
the musculoskeletal system in patients suffering from
dialysis-related amyloidosis (3—5). Although one of the most
extensively studied amyloidogenic proteins, the mechanisms
by which soluble f,m is converted into S,m amyloid fibrils
in vivo are still largely unknown. In vitro, f;m has been
shown to be stably folded at physiological pH and intran-
sigent to assembly into amyloid fibrils, and it is assumed
that partial unfolding of the native protein is required for
fibrillation to be initiated. Several groups have studied the
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formation of fibrils at neutral pH by incubation of the full-
length protein in the presence of copper ions (6, 7), by
truncation of six amino acids from the N-terminus (8), by
addition of organic solvents (9) or sodium dodecyl sulfate
(10), by ultrasonication (11), by addition of preformed ,m
seeds (/2), or in the presence of collagen (/3). Amyloid-
like fibrillar structures of wild-type 3,m can form more easily
and with high yield under acidic conditions, when the protein
is initially partially or fully unfolded, both by extension of
ex vivo material (14, 15) or in a self-nucleated manner (16, 17).

Depending on the growth conditions used, fibrillar struc-
tures of different morphologies are formed. For example,
straight needle-like amyloid fibrils can be formed in vitro
by the seed-dependent extension reaction at pH 2.5, in which
seeded fibrils are added to monomeric f,m (/4). With
agitation, long straight fibrils of similar shape can form
spontaneously with a lag phase at pH 2.5 and low ionic
strength also in the absence of seeds (/7, 18). Incubation of
Bom at pH ~3.6 at high ionic strength results in the formation
only of short curved worm-like structures that are trapped
as end products of an assembly (19, 20). Without agitation,
B>m seems not to be fibrillogenic around pH 2.5 at low ionic
strength (27) but can form elongated beaded structures, often
referred to as protofibrils, in this pH range at ionic strengths
of 0.2—0.4 M (16, 19-22). These salt-induced protofibrils
can be converted by drastic heat treatment into mature fibrils,
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as observed in a recent study (23). Although the amyloid
fibrils formed under acidic conditions are not stable at
physiological pH (22, 24), and their relevance in vivo is
consequently unclear, these conditions are ideal for an
analysis of the process of f,m assembly under different
kinetic regimes.

Here we describe a series of experiments using infrared
(IR) spectroscopy and static (SLS) as well as dynamic light
scattering (DLS) to directly correlate changes in secondary
structure with variations in the state of association during
the early stages of assembly of S,m. Specifically, filamentous
species formed after adding sodium chloride to the acid-
unfolded state of 5,m are described, and their presence and
kinetics of assembly are validated directly using the com-
bined IR and SLS/DLS approach. Moreover, we studied the
impact of moderate and extended heat treatment on the salt-
induced assemblies of ,m.

MATERIALS AND METHODS

Protein Expression and Purification. [/,m was overex-
pressed in Escherichia coli as inclusion bodies and purified
to homogeneity as described previously (25). An N-terminal
initiating Met residue (Met0) was incorporated into 95% of
Bom prepared by this method. The purified protein was
extensively dialyzed against water and lyophilized. For the
experiments at physiological pH, the lyophilized protein was
dissolved in D,O buffer (50 mM sodium cacodylate, pH 7.5).
For the measurements at low pH, the samples were first
dissolved in 10 mM deuterium chloride (DCI) and lyophilized
again. Prior to the experiments, the samples were then
dissolved in 2 mM DCI, yielding a sample pH of ~2.4
(electrode readings are uncorrected for deuterium isotope
effects). The concentration of the protein samples was
determined spectrophotometrically at 280 nm (A'*™q, =
16.17) (23).

Laser Light Scattering. SLS and DLS data were measured
simultaneously with one and the same instrument at a
scattering angle of 90°. A laboratory-built apparatus, equipped
with a diode-pumped, continuous wave laser Millenia IIs
(Spectra Physics) and a high quantum yield avalanche
photodiode, was employed. Details of the detection and data
processing procedures, which were specifically developed
for kinetic experiments, have been described elsewhere (26).
Apparent molecular masses were estimated from the relative
scattering intensities using toluene as a reference sample and
applying a refractive index increment (dn/dc) = 0.19 mL/g.
The translational diffusion coefficients D were obtained from
the measured autocorrelation functions using either the
program CONTIN (27) or applying the method of cumulants
(28). The diffusion coefficients were converted into Stokes
radii via the Stokes—FEinstein equation Rs = kgT/(671170D),
where kg is Boltzmann’s constant, 7 is the temperature in
kelvin, and 7, is the solvent viscosity. In order to remove
dust and other large particles, the samples were centrifuged
for 1 h at 75000g and transferred into precleaned 3 mm x
3 mm fluorescence cells (Hellma, Miillheim, Germany). For
measurements of salt-induced changes, appropriate amounts
of prefiltered stock solutions were mixed with salt-free
protein within the scattering cells. Temperature jumps were
achieved by inserting the scattering cells into the preheated
sample holder.

Fabian et al.

Infrared Spectroscopy. The protein solutions were placed
into demountable CaF, IR cells (29) with an optical path
length of 50 um. Infrared spectra were recorded with Bruker
IFS-28B and Bruker IFS-66 Fourier transform infrared
(FTIR) spectrometers that were continuously purged with
dry air and equipped with deuterated triglycine sulfate
(DTGS) detectors. For each sample, either 32 (at the
beginning of the kinetic experiments) or 128 interferograms
(at later time points) were coadded and Fourier transformed
with a zero filling factor of 4 to yield spectra with a nominal
resolution of 4 cm™! (~1 data point per 1 cm™"). The sample
temperature was controlled by means of a thermostated cell
jacket (29). In order to minimize problems due to baseline
drifts of the spectrometer or variations of the dry atmosphere
in the spectrometer, the sample in the cell jacket was mounted
in a motor-driven sample shuttle, which allowed recording
of the background immediately before recording of the
sample spectrum without opening the sample chamber of
the spectrometer. Solvent spectra were recorded under
identical conditions and subtracted from the spectra of the
proteins in the relevant D,O solvent and at the relevant
temperature. Spectral contributions from residual water
vapor, if present, were eliminated using a set of water vapor
spectra. The final unsmoothed protein spectra were used for
further analysis. Band positions and band intensities were
determined by standard modules of the Bruker OPUS
software, which were implemented into home-built macros
for data analysis. Second derivatives were obtained using
the Savitzky—Golay algorithm with 13-point smoothing.
Intensity/temperature plots of the IR data were created using
the ORIGIN software.

Negative Staining Electron Microscopy. Sample suspen-
sions were used at a concentration of about 0.1 mg/mL by
dropping 10 uL. of each suspension onto the plastic film
(carbon-coated Formvar) of a sample support (copper grid,
3.05 mm in diameter, 400 mesh). The plastic film surface
had been treated with 0.25% aqueous Bacitracin (10 min,
room temperature) for a better adsorption of the particles.
After 10 min of incubation, the plastic film surfaces were
briefly washed on four succeeding droplets (30 L each) of
bidistilled water and contrasted by attaching the films briefly
to a drop of 1% uranyl acetate. Finally, plastic films were
blotted dry with a filter paper and inspected with a transmis-
sion electron microscope operated at 120 kV (Tecnai Spirit,
FEI Co.). Images were recorded with a CCD camera
(Megaview III; Olympus Soft Imaging Solutions) at a
resolution of 1376 x 1032 pixels. The length of the
assemblies was measured using a semiautomatic procedure
and the ImageJ program (30). The assemblies were first
labeled in black with a marker tool of a defined size before
the gray-level image was converted into a binary image (i.e.,
black and white) using the threshold function for a segmen-
tation of the labeled particles. The image was then analyzed
automatically by the “Analyze particles” routine of the
program, resulting in number and circumference of the
segmented particles. Finally, the length of individual particles
was calculated with the spreadsheet program MS Excel, and
the distribution of all measurements was plotted as a
histogram using the ORIGIN software.

Light Scattering Controls of Aggregation. Light scattering
was also monitored with a Varian Cary Eclipse spectrofluo-
rometer using a quartz cell with a light path of 3 mm. For
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FIGURE 1: Concentration dependence of the relative molecular

masses of (a) acid-unfolded f,m in 2 mM DCI, pH 2.4, and (b) 2

min after addition of NaCl to acid-unfolded f,m (final solvent

conditions 0.2 M NaCl, pH 2.1). The open symbols in (b) represent

the compactness of the salt-induced initial states of f,m, given by
the ratio R exp/Rs calc-

light scattering, the wavelengths for excitation and emission
were both set at 500 nm. The temperature of the sample
solutions was kept at the corresponding temperatures by a
Peltier-controlled cell holder, equipped with a magnetic
stirrer.

RESULTS

Characterization of the Initial Oligomerization State of
B2m. The molecular mass of S,m at 25 °C in 2 mM DCL
(pH ~2.4) was estimated in order to check whether the
protein is a monomer under this condition. The true molec-
ular mass could be obtained from integrated light scattering
data by extrapolating the reciprocal values of the apparent
mass, M,p,, measured at a series of concentrations to zero
concentration. However, the corresponding plot was highly
nonlinear, preventing any proper extrapolation. The positive
slope was indicative of strong repulsive intermolecular
interactions in the absence of salt. Thus, it is more instructive
to show the ratio M, = M,,/M., in dependence of protein
concentration (Figure 1a), where M,, is the molecular mass
calculated from the amino acid composition (11.86 kDa).
M, was close to 1 at low concentration, indicating a
monomeric acid-denatured state of S,m (note: My < 1 is
observed at finite concentrations since M,,, decreases with
increasing concentration due to strong repulsive intermo-
lecular interactions). M, will be used throughout this study
as a measure of the state of aggregation of the protein. The
analysis of the DLS data revealed also a nonlinear increase
of the measured diffusion coefficient with increasing ,m
concentration (data not shown). Extrapolation to zero protein
concentration suggested a diffusion coefficient of 9 x 1077
cm?/s, which corresponds to a Stokes radius of 2.3 nm. A
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translational diffusion coefficient D = 12.4 x 1077 cm?/s
and a Stokes radius Ry = 1.73 nm were obtained for natively
folded fom at neutral pH (M,,, = 11294 g/mol, protein
concentration 1.31 mg/mL).

The association of the f,m molecules was induced by
adding a stock solution of 1 M NaCl in 10 mM DCI to the
acid-denatured samples. The final concentration of NaCl was
0.2 M (pH ~2.1). An increase in light scattering intensity
was observed immediately after adding salt at all three S,m
concentrations. The absence of any lag phase indicated that
nucleation seems not to be involved in the aggregation
process under these experimental conditions. The first
apparent molecular masses could be measured ~2 min after
initiation of the aggregation process. The concentration
dependence of the relative mass obtained 2 min after addition
of NaCl (Figure 1b, solid symbols) was quite different from
that of the salt-free monomer (Figure la), which reflects
differences in the actual state of aggregation. In the case of
the lowest concentration (0.3 mg/mL), the relative mass was
still between those of monomer and dimer, while it was close
to that of a tetramer at the higher protein concentrations.

Moreover, we compared the compactness of the initial
structures of the 5,m molecules formed after addition of salt
with those of the native protein molecule. This was achieved
according to an established relation, the scaling law Rs =
aMP between Stokes radius (in nm) and apparent molecular
mass (in Da), with @ = 0.0557 and b = 0.369 suggested by
Uversky (31). A ratio Rs exp/Rs calc between 1.33 and 1.36 was
found for the salt-induced initial state (Figure 1b, open
symbols), clearly different from the corresponding value of
Bom at neutral pH (Rs exp/Rs caic = 0.99; data not shown). This
indicated that the initial state of ,m aggregation at pH 2.1
was considerably less compact than those of natively folded
pm. The data for the latter were in excellent agreement with
the scaling law obtained for a number of other proteins (37).

IR spectroscopy, known to be a sensitive method to
indicate the presence of and to monitor changes in 3-sheet
structures, was then employed to characterize secondary
structural features of om and to probe the kinetics of its
assembly. To better visualize weak bands, the second
derivatives of the IR spectra were calculated, which give a
negative peak for every band or shoulder in the spectrum.
The IR spectrum of native 8,m in D,O buffer at pH 7.5 after
complete H/D exchange (Figure 2a) exhibited a major amide
I band component at 1633 cm™! and a weaker band
component at 1682 cm™!, both together indicating the
presence of intramolecular antiparallel 5-sheet structures (15).
A weak feature at 1670 cm™! could be assigned to turn-like
structures, while the IR bands between 1480 and 1600 cm™!
in fully H/D exchanged proteins are due to amino acid side
chain absorptions (32). On the other hand, the well-separated
tyrosine band at ~1515 cm™' is a useful internal standard to
normalize the IR spectra of a protein measured under
different conditions since intensity changes of this band are
minimal (33).

The IR spectrum of the acid-denatured protein in 2 mM
DCI1 (Figure 2b, solid line) exhibited only a broad, nearly
featureless amide I band contour centered at ~1639 cm™,
typical of a fully or predominantly unordered protein
structure. The addition of NaCl to the acid-unfolded protein
induced the formation of secondary structure, as indicated
by the weak features at 1632 and 1683 cm™! in the spectrum



6898  Biochemistry, Vol. 47, No. 26, 2008

©
—
©
—

1750 1700 1650 1600 1550 1500
Wavenumber (cm™')

FIGURE 2: Infrared spectra (second derivatives) of different forms
of fm. (a) Native protein in D,O buffer (pH 7.5) after complete
H/D exchange. Exchange of all amide protons with deuterons was
achieved by keeping the protein solutions overnight at 37 °C and
was verified by absence of the amide A band (N—H stretching
vibration of the peptide groups) at ~3300 cm™~!. (b) Acid-unfolded
pom in 2 mM DCI, pH 2.4 (solid line), and ,m in 1 mM DCI, pH
3.4 (dashed line). (c) fom 3 min after addition of NaCl (solid line)
and after 1 h (dashed line) (final protein concentration 1.2 mg/mL,
solvent conditions 0.2 M NaCl, pH 2.1). (d) fom in the presence
of 0.2 M NaCl after 40 h (dotted line) and 70 h (solid line). All
spectra are drawn to the same scale based on the intensity of the
tyrosine band at 1515 cm™! as internal standard.

(Figure 2c, solid line), but the positions of these two weak
features were very similar to those of the strong amide I
band components in the spectrum of the native protein
(Figure 2a). Moreover, the frequencies and intensities of these
[-sheet bands practically coincided with those observed at
pH 3.4 in the absence of NaCl (Figure 2b, dashed line),
conditions under which f,m is known be to be partially
denatured (/6). Altogether, the IR data indicated the presence
of f-strands organized in an intramolecular-like fashion in
the initial salt-induced state of S,m, which later disappeared
as a function of time.

Subsequent Structural Changes during Aggregation of
B2m. One hour after initiation of the association process, a
new band component at ~1618 cm™' could be clearly
observed (Figure 2c, dashed line), whose intensity increased
over time. The strong low-frequency band component at
~1618 cm™! and a weaker band component at ~1684 ¢cm™!
indicated the presence of antiparallel intermolecular 3-sheet
structure in the aggregates. Almost identical IR spectra were
obtained at 40 or 70 h after initiation of the event (compare
the solid and dotted lines in Figure 2d), suggesting that under
the experimental conditions employed, the formation of
intermolecular j-sheet structure was practically completed
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FIGURE 3: Association-induced structural changes of S,m (1.2 mg/
mL) in the presence of 0.2 M NaCl at 25 °C, pH 2.1. Formation of
“A-type” assemblies. (a) Long-time kinetics probed by comparison
of the changes in intensity of the IR band at 1616 cm™! (circles),
which directly monitors the formation of intermolecular S-sheet
structure, with the changes in the relative mass of the aggregates
(squares) as determined from the DLS data. (b) Temporal changes
of the IR band at 1616 cm™! (/1416) versus changes of the relative
molecular mass (M), observed over a time period of 40 h.

after ~2 days. The broad feature centered at ~1642 cm™!
was consistent with the presence of residual disordered
structures.

DLS and IR experiments carried out over 2 days under
the same conditions (1.2 mg/mL, 0.2 M NaCl, pH 2.1, in
DCI) revealed that the kinetics of intermolecular S-sheet
formation for ym is complex and differed notably from the
kinetics of aggregation of the protein after ~2 h (compare
the circles and squares in Figure 3a). In order to relate the
conversion in secondary structure to the state of oligomer-
ization, it is useful to plot the temporal changes of the
intensity of the IR band at 1616 cm™! versus the changes of
the relative apparent mass (Figure 3b). This plot clearly
revealed two different phases of synchronous processes of
structure conversion and association. A change in these
processes was observed at the approximate stage of octamers.
Since association is involved, the kinetic rate constants are
expected to depend on protein concentration. Indeed, light
scattering measurements at protein concentrations between
0.3 and 6.7 mg/mL revealed a significant concentration
dependence of the initial rates of mass increase. These were
plotted against the relative protein concentration in a double
logarithmic scale, and a linear fit of the data yielded a slope
of m = 0.96 (Figure S1 in the Supporting Information). This,
in turn, pointed to a reaction order of 1.96, which is consistent
with a second-order process.

To examine the morphology of the [(,m associates in
samples kept for several days at room temperature, negative
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FIGURE 4: Electron micrographs of om assemblies formed at pH 2.1 in the presence of 0.2 M NaCl. (a) After several days at ambient
temperature (“A-type”). (b) After incubation for 20 h at 50 °C (“B-type”). The histograms in (c) and (d) show the respective filament length
distribution of the “A-type” and “B-type” assemblies (approximately 500 samples each).

staining electron microscopy was performed. A typical image
is shown in Figure 4a, indicating the presence of thin (~6
nm in width) and curved assemblies with an average length
of ~40 nm (Figure 4c) (here termed “A-type” structures),
in agreement with the results obtained previously by other
groups under similar experimental conditions (16, 17, 22).
No significant changes in morphology were observed even
after months (data not shown), indicating that the observed
structures, also called protofibrils (22), are stable structures
under these conditions. Further experiments, however,
revealed that moderate changes in the environmental condi-
tions (e.g., an increase in temperature) may modify the
features of these particular filamentous structures.

Heat-Triggered Disaggregation of the “A-Type” Particles
of am and Reassociation into a Different Species. Heat
treatment of protein assemblies is known to trigger confor-
mational alterations (23). In particular, a fast increase in
temperature is effective in converting protofibrils of some
proteins into amyloid fibrils (34). Therefore, we studied the
impact of mild heat treatment on the salt-induced “A-type”
assemblies of S,m. For this purpose, the temperature of the
corresponding fom samples in the IR or DLS cells was
increased from 25 to 50 °C within 2—3 min, and confor-
mational changes of the samples were monitored by the IR/
SLS/DLS approach. The time course of the IR spectra of
the S,m sample exhibited initially a loss of band intensity at
1616 cm ™!, followed by a pronounced increase in intensity
of this band as a function of incubation time at 50 °C. These
characteristic spectral changes could best be resolved at lower
protein concentrations, e.g., at 0.5 mg/mL, the lowest

concentration feasible for collection of IR spectra (Figure
5a). The time course of the intensity of the IR “marker” band
at 1616 cm™! (Figure 6) indicated a loss of intermolecular
[-sheet structure within the first 10—15 min, followed by a
strong increase, which was not yet completed when the
experiment was terminated after 18 h at 50 °C. This high
amount of intermolecular 3-sheet structure remained present
also after cooling the sample to 25 °C and was much higher
than that before the T-jump (compare the solid and dashed
lines in Figure 5b).

SLS/DLS studies revealed corresponding characteristic
changes in the relative molecular mass and Stokes radius as
a function of incubation time at 50 °C (Figure 7a). There
was a decrease in molecular mass observed within the first
5—10 min after the T-jump (Figure 7b), which indicated a
disaggregation of the salt-induced “A-type” particles, fol-
lowed by a reassembly into much larger structures. The
degree of the disaggregation was remarkably dependent on
protein concentration. This was mostly due to a concentra-
tion-independent rate of disaggregation and a strongly
concentration-dependent rate of reassociation, which became
evident by treating the data in the following manner: the
time course of the changes in M, (Figure 7b) could be fitted
by a phenomenological expression of the form

M, rel — M,

rel,min

+ M p exp(—kpt) + 8; 50! (D)

Here, M;¢ min 1S the minimum of the relative mass that is
approached during disassembly/reassembly, M p is the
fraction of the relative mass by which M, is diminished
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FIGURE 5: Characterization of the temperature-jump induced changes
in secondary structure of the salt-induced “A-type” 8,m associates
formed 1 day after addition of salt. Formation of “B-type”
assemblies. (a) IR spectra (second derivatives) of S,m (0.5 mg/
mL, 0.2 M NaCl, pH 2.1) obtained at selected times after a T-jump
from 25 to 50 °C: (solid line) after 2 min, (dashed line) after 15
min, (dotted line) after 18 h at 50 °C. (b) Comparison of the IR
spectra obtained at 25 °C (solid line) before and (dashed line) after
the T-jump.
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FIGURE 6: Partial unfolding of the “A-type” particles and subsequent
re-formation of the intermolecular -sheet structure of m (0.5
mg/mL) in the presence of 0.2 M NaCl, pH 2.1, as depicted from
absorbance changes of the IR band at 1616 cm™! as a function of
incubation time at 50 °C. The open circle (inset) shows the IR
intensity at 1616 cm™! at 25 °C before the T-jump.

during the exponential decrease with a rate constant kp, and
siso is the initial growth rate at 50 °C.

Practically identical disaggregation rates kp of about 0.5
min~! were obtained at the three different protein concentra-
tions (Table 1). This verified the assumption of an expo-
nential decay, as could be expected for a first-order process.
By contrast, the initial growth rate at 50 °C revealed a
pronounced and complicated dependence on protein con-
centration (Table 1). An interesting finding was that the
minima of the average relative mass depended on protein
concentration. This could not be explained solely by the
relation between the decay rate kp and the initial growth rate
sis0. Since there was no indication of a faster initial growth
rate, reassociation had to start at different oligomeric states.
Only in the case of the lowest protein concentration studied
in this work, the originally formed oligomers disassembled
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FIGURE 7: Concentration dependence of temperature-jump induced
disaggregation of the “A-type” particles of S,m in the presence of
0.2 M NaCl, pH 2.1, followed by reassembly to a new species (“B-
type” particles), as depicted from the changes of the relative
molecular masses as a function of incubation time at 50 °C (a)
over 20 h. (b) Illustration of the initial temperature-induced
disaggregation of the ,m associates, which is almost complete at
a protein concentration of 0.3 mg/mL. The solid lines represent
the fits to the experimental data. The weak tendency of the f5om
molecules for reassociation permitted us to fit the data over 750
min in the case of the lowest protein concentration of 0.3 mg/mL.

almost completely to monomers (Miejmin ~1.6). Despite this
strong dissociation and the weak reassociation rate at 0.3
mg/mL, an increase in relative molecular mass of up to 40
was observed after 3 days at 50 °C (Figure 7a). The larger
values of M, min Obtained at the higher concentrations (Table
1) suggested that not monomers but oligomers still present
after minutes at 50 °C were the initial structures of the
growing protofibrillar assemblies. These differences in the
initial growth conditions may also have been the reason for
the complicated concentration dependence, which could not
be described throughout by a particular reaction order.
The combined IR and SLS/DLS studies on 5,m samples
at a protein concentration of 1.2 mg/mL revealed practically
identical kinetics for unfolding/re-formation of f-sheet
structure on one side and disaggregation/reassociation of 5,m
molecules on the other side (compare the open and solid
circles in Figure 8a). In this case, a linear correlation between

Table 1: Kinetic Parameters of Disaggregation and Reassociation of
Bom after a T-Jump from 25 to 50 °C

concn (mg/mL)

0.3 1.2 6.7
M min 1.59 5.65 17.3
Mrap 9.81 20.2 13.7
kp (min~!) 0.50 0.443 0.660
si50 (min~!) 0.0052 0.533 1.05
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FIGURE 8: Comparison of structural changes accompanying the heat-
induced disaggregation/reassociation of S,m in the presence of 0.2
M NaCl, pH 2.1, at a protein concentration of 1.2 mg/mL. (a)
Comparison of the changes in intensity of the IR band at 1616
cm™! (filled circles) with the changes in aggregate size (open
circles). (b) Temporal changes of the IR band at 1616 cm™! versus
changes of the relative molecular mass, observed over a time period
of 4 h.

the change in IR signal and the mass increase over the entire
time range of reassociation was observed (Figure 8b). Thus,
the observed temperature-induced behavior of the two
structural probes was clearly different from that of the salt-
induced changes described before (see Figure 3b). Altogether,
the observed heat-induced structural changes suggested a
conversion of the salt-induced om “A-type” particles into
a different species (here termed “B-type” structures). To
evaluate changes in tertiary structure, we have also measured
near-UV CD spectra of different conformational states of
pom (Figure S2 of the Supporting Information). These spectra
indicated that subtle changes in the tertiary structure take
place during formation of the “A-type” particles. More drastic
spectral changes were observed during mild heat treatment
of the “A-type” assemblies. A lack of signal in the near-UV
range was observed within 10—15 min after the T-jump to
50 °C, similar to the spectrum of acid-unfolded m and
suggesting that the tertiary structure of the “A-type” particles
could easily disaggregated. Later reassembly into much larger
structures was associated with major changes in the near-
UV CD spectra. The spectrum obtained after 20 h at 50 °C
exhibited a strong negative ellipticity at 280 nm, quite
different from spectra of the salt-induced “A-type” as-
semblies, demonstrating that the tertiary structures of the “A-
type” and “B-type” species must be different. The EM
micrographs of the heat-treated assemblies revealed the
dominance of thin filaments (~6 nm in width) with an
average length of ~80 nm (Figure 4b,d). Keeping the
samples containing the filaments for up to 11 months at room
temperature led to a further increase of the average length
of the filaments, also called protofibrils by others (27).
However, amyloid-like structures characterized by inter-
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twined filaments were not observed in any of the EM
micrographs of the corresponding samples (Figure S3 of the
Supporting Information).

Heat-Triggered Conversion of the “A-Type” Particles into
Amyloid Fibrils. During our search for conditions which
could promote the formation of fibrils, we explored the effect
of extended heat treatment on the salt-induced assemblies
of f,m using infrared spectroscopy. The spectra of the “A-
type” particles obtained at discrete temperatures by heating
the samples from 20 to 100 °C in steps of 5 °C revealed
clear-cut spectral changes, and the spectrum of the sample
after cooling from 100 to 25 °C was quite different from
the one obtained before heating (compare the dashed and
solid traces in Figure 9a,b). Its major amide I band
component appeared around 1618 cm™! compared to 1615
cm™! in the initial state. Most strikingly, however, the high-
frequency 3-sheet component at 1685 cm™! was not evident
from the spectrum after heat treatment, indicating that the
intermolecular 3-sheet structure of the new state was different
from that of the “A-type” structure. This suggested a parallel
organization of the strands in the new aggregation state of
fB>m, because the high-frequency -component arises specif-
ically from an antiparallel [-sheet structure (35, 36).
Moreover, the heat-triggered conversion of the S,m structure
was also associated with changes in the microenvironment
of the tyrosine side chains, indicated by the different peak
positions of the tyrosine band for the two states (Figure 9b,c).
Since the shape of the corresponding tyrosine bands was not
affected, the 1.0 cm™' difference in frequency at 25 °C
(1515.3 cm™! in the “A-type” vs 1516.3 cm™! in the fibrils)
most likely reflected differences in the microenvironment of
all tyrosine residues of f,m. The intensity/temperature
(Figure 9c, triangles) and frequency/temperature (Figure 9c,
circles) profiles for the IR band at 1685 cm™! and the tyrosine
band, respectively, indicated sigmoidal spectral changes
between 55 and 85 °C, with midpoint transition temperatures
of ~66 °C.

The spectra of the “B-type” particles revealed only minor
changes between 20 and 90 °C, and the spectrum obtained
after cooling from 90 to 25 °C was almost identical to that
obtained at 25 °C before heating (Figure S4 of the Supporting
Information). This proved that the structure of the “B-type”
species obtained after mild heat treatment of the “A-type”
form was much more stable than that of the initial short
assemblies and not amenable to further structural changes.

Amyloid Fibrils Formed at Low pH by Agitation. Finally,
we also obtained IR spectra of fibrils of S,m formed at low
ionic strength by agitating the protein solution. For technical
reasons, this was not feasible directly in the IR cell. As an
alternative, the acid-unfolded ,m molecules in 0.05 M NaCl
(pH 2.1) were agitated by the magnetic stirrer in a fluores-
cence cell of the spectrofluorometer for 24 h at 37 °C. The
agitation resulted in association of the molecules, which was
monitored by light scattering measurements at 500 nm (data
not shown), and at certain times after initiation of the reaction
aliquots of 15 uL. were taken for analysis by IR spectroscopy.
The spectrum of an aliquot taken after 70 min was character-
ized by a nearly featureless amide I band contour centered
at 1639 cm™! (Figure 9d, dotted trace), practically identical
to the spectrum of S,m in 2 mM DCI (Figure 2b), suggesting
that no secondary structure was formed within the first hour.
Conspicuous spectral features, however, were observed after
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FIGURE 9: IR spectroscopy data of different forms of S,m aggregates. (a) IR absorbance spectra of salt-induced “A-type” structures (after
2 days at 37 °C, protein concentration 3.2 mg/mL, 0.2 M NaCl, pH 2.1) at 25 °C before heating (dashed line) and after cooling from 100
to 25 °C (solid line). The upper trace shows the corresponding IR difference spectrum (after heating minus before heating). (b) Stacked
representation of the second derivatives of the IR spectra of salt-induced “A-type” structures at the indicated temperatures upon heating and
after cooling from 100 to 25 °C (25R). (¢) Temperature dependence of the position of the tyrosine band (filled circles) and the intensity of
the amide I band at 1685 cm™! (filled triangles), respectively, of the “A-type” sample between 20 and 100 °C. The dashed lines represent
fits to estimate the corresponding midpoint transition temperatures. The single open circle indicates the position of the tyrosine band after
heating to 100 °C and cooling to 25 °C. (d) Second derivatives of the IR spectra agitation-treated ,m in the presence of 0.05 M NaCl
(protein concentration 3.2 mg/mL, pH 2.1, 37 °C) at 70 min (dotted line) and 1 day (dashed line) after initiation of the process in the
fluorescence cell. The solid line corresponds to a 3 day sample after heating to 95 °C and cooling to 25 °C in the infrared cell.

1 day, since the spectrum was now dominated by a major
amide I band component centered at 1620 cm™! (Figure 9d,
dashed trace). The shape of the spectral feature around 1620
cm™! suggested that it was not a single component, but rather
a sum of similar spectral components. Altogether, these
spectral changes indicated an agitation-induced formation of
intermolecular [-sheet structure in the sample after a
pronounced lag phase, suggesting a nucleation-induced
association mechanism of the $,m molecules.

Only minor spectral changes were observed after further
heating of the sample in the IR cell to 95 °C and cooling to
25 °C. A sharper major infrared band at 1620 cm™' was
notable (compare the dashed and solid traces in Figure 9d),
suggesting a more uniform intermolecular 3-sheet structure
after heating. The major infrared spectral features of the latter
sample were almost identical to those of “A-type” fom
species formed after heat treatment to 100 °C (compare
dashed trace in Figure 9b and solid trace in Figure 9d),
indicating a very similar type of intermolecular [-sheet
structure in the two samples. The EM images of these
assemblies revealed the presence of long intertwined fibrillar
structures (Figure 10a,b) that are characteristic for fm

amyloid fibrils. The weak feature at 1634 cm™! in the spectra
of the two f,m fibrils (Figure 9b,d), whose position coincided
with the dominant band observed for S,m in the native fold
(Figure 2a), could indicate backbone C=O groups involved
in some intramolecular (-sheet structure in the amyloid
samples. However, the assignment of this band, which did
not change after the agitation-induced fibrils were heated to
95 °C and then cooled to 25 °C, remains uncertain. This
was also true for the weak feature at 1650 cm™! in the
spectrum of the fibrils (Figure 9d), since it was unlikely that
it could have arisen from a-helices or loops, such as typically
observed in the IR spectra of globular proteins (36). Possibly,
the band components at 1634 and 1650 cm™! reflect a
characteristic arrangement of 3-strands in the fibrils, which
cannotbe specified based on currently known structure—spectrum
correlations.

DISCUSSION

The conversion of individual S,m molecules into large
assemblies involves changes in structure as well as in the
association state. To monitor these changes, we conducted
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FIGURE 10: Electron micrographs of S,m amyloid fibrils. (a) Fibrils obtained after heating of the “A-type” assemblies in the presence of 0.2
M NaCl at pH 2.1 to 100 °C. (b) Agitation-induced fibrils of S,m obtained at 37 °C in the presence of 0.05 M NaCl at pH 2.1. The insets
in (a) and (b) show enlarged views of single fibrils (scale bars, 100 nm).

a series of experiments to identify and characterize products
emerging during assembly. Changes in the oligomeric state
of f,m were probed by light scattering techniques (SLS and
DLS), while changes of its secondary structure were assessed
directly by IR spectroscopy. Light scattering experiments can
be performed at the same experimental conditions (medium
to high protein concentrations, D,O as solvent) as applied
for IR studies. Therefore, we combined both experimental
approaches (37-39) in order to correlate changes in second-
ary and tertiary structure of S,m with its state of oligomerization.
Consistent with previous reports (40), acid-unfolded S,m
at pH 2.4 was found to be monomeric with an increased
Stokes radius, when compared to natively folded Som. The
addition of sodium chloride led to association of the
molecules and to the generation of short curved structures,
here termed “A-type” particles, that have also been observed
by other authors (/6, 17, 22). Changes in integrated light
scattering intensity were observed immediately after addition
of salt, suggesting that the aggregation process was not
dominated by a nucleation barrier, while SLS/DLS data
indicated that dimeric to tetrameric species were formed
within the first 2 min upon initiation of association. Parallel
IR experiments indicated the presence of 3-strands organized
in an antiparallel intramolecular-like fashion shortly after
addition of NaCl to the acid-denatured ,m solution. NMR
data had shown that fym at pH 3.4—3.6 is a partially
unfolded molecule (16, 41), which retains a stable structure
in five of the seven f-strands that comprise the native state.
Moreover, it has been suggested that the >m conformation
formed at pH 3.6 represents an amyloid precursor conforma-
tion (47). The similarity of the IR spectra of the initial salt-
induced state of ,m obtained at pH 2.1 to those measured
at pH 3.4 suggests that native-like structural elements must
be present in the former state. In addition, the IR data
demonstrate that the initial intramolecular-like structure
disappears over time, a process which is accompanied by
the formation of intermolecular S-sheet structure.
However, the kinetics of this intermolecular S-sheet
formation differs from that of S,m association, revealing two
phases (Figure 3b). A linear relation between the formation
of fB-aggregates and particle growth can only be observed
until octamers to decamers are formed, while the formation
of larger particles (20-mers) involves only minor changes
in secondary structure (Figure 3a). As the secondary struc-

ture, the size, and the morphology of these oligomers were
stable for months at room temperature, one could consider
these “A-type” structures as dead-end products separated
from the pathway leading to mature fibrils, in agreement with
a previous report (20). Limited proteolysis of short curved
assemblies of Bm formed at pH 2.5 had already revealed
that these are not tightly organized, with only ~30 residues
of the central region of the polypeptide chain being protected
from proteolysis (42). We could show here that these “A-
type” particles can reassemble into much larger particles with
an average length of ~80 nm (here termed “B-type”
structures) upon mild heat treatment, a process which is
accompanied by disruption of the initial intermolecular
[B-sheet structure and the re-formation of a new one.
Moreover, a linear correlation between increasing intermo-
lecular f3-sheet structure and mass increase was noticed over
the entire time range of observation (Figure 8b), in contrast
to the salt-induced changes discussed before (Figure 3b). This
indicates different mechanisms for the assembly of the “A-
type” and “B-type” filaments. In the former case, small
oligomers seem to play a key role during the formation of
the short curved particles, since the formation of intermo-
lecular 3-sheet structure almost comes to an end at this stage.
Such small oligomeric structures, termed critical oligomers,
were also observed during misfolding of other proteins, such
as the Syrian hamster prion protein (38) or yeast phospho-
glycerate kinase (39). The organization of the polypeptide
chain during assembly of the longer “B-type” particles
differed considerably from that of the initial salt-induced
structures and led to an intermolecular f-sheet structure,
which was not amenable to structural changes by thermal
heating.

Finally, we were able to convert the “A-type” particles of
fB>m into amyloid fibrils by extended heat treatment. Interest-
ingly, among other spectral changes associated with this
conversion process, we observed the disappearance of the
band at 1684 cm™! and an upshift of the main amide T peak
by three wavenumbers from 1615 to 1618 cm™! (Figure 9b).
We suggest that the polypeptide conformation must have
been rearranged significantly during this conversion event,
resulting in long and straight fibrils. Independent support for
a significant structural rearrangement comes from the spectral
changes of the absorption band of the tyrosine side chain at
~1516 cm™!, which is a sensitive local monitor of protein
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conformation (33, 43, 44). There are six tyrosine residues
in fom, of which five residues form a cluster, while one
residue is located far apart from this cluster in the natively
folded state. The heat-induced shift of the peak position of
the tyrosine band by one wavenumber, but without modifying
its shape (Figure 9c), indicates that most likely all of the
tyrosine residues experience changes in their microenviron-
ment as a consequence of fibril formation. This conversion
process could be quite significant and may involve the
conversion of S-sheet structures from an antiparallel to a
parallel architecture of the intermolecular peptide chains. We
take the absence of the spectral component at ~1684 cm™!
in the IR spectra of the fibrils (see dashed trace in Figure 9b
and solid trace in Figure 9d) as a strong support of this view,
as this spectral feature is essentially absent in the spectra of
mature fibrils of S,m prepared by seed-dependent polymer-
ization at pH 2.5 (15), and in the IR spectra of mature fibrils
of other proteins, such as insulin (45), the SH3 domain (46, 47),
lysozyme (48), or peptide models (49). At the same time,
these reports have shown that the high-frequency component
at~1684 cm™!is well expressed by amorphous aggregates (45, 46)
or curved worm-like filaments (49).

Theoretical calculations have suggested that it is possible
to distinguish antiparallel [-sheet structures from their
parallel counterparts by IR spectroscopy, since the latter lack
the high-frequency component (35). Moreover, the strong
low-frequency amide I band component of an antiparallel
[-sheet is expected to absorb at slightly lower frequency
when compared to that of a parallel 5-sheet. These theoretical
suggestions are supported by experimental studies on model
peptides (50, 51). The different assemblies of S,m produced
here reveal just these spectral features, i.e., a major band
component at ~1616 cm™! and a weaker band component
at ~1684 cm™! for the short curved structures, but only a
strong low-frequency band component at ~1618/20 cm™!
for the long and straight fibrils (Figure 9b,d), suggesting a
parallel organization of the strands in the fibrils of f,m in
the latter case, which is in agreement with IR studies of
mature fibrils of S,m prepared by seed-dependent polymer-
ization at pH 2.5 (15).

A strong band component at ~1624 cm™!, but no
spectral feature around 1684 cm™!, was also observed in
the IR spectra of fibrils of the so-called K3 fragment
(Ser20—Lys41) of fom (52). The conformation of K3
fibrils was found to consist of a 3-strand—loop—/3-strand
with each K3 molecule stacked in a parallel and staggered
manner, based on solid-state NMR data (53). Altogether,
these largely empirical correlations strongly support the
assumption that the S-sheet structures in fB.m fibrils
obtained here at acidic pH consist largely of parallel
[-strands. However, since variations in hydrogen-bonding
strength as well as differences in transition dipole coupling
in distinct B-strands can influence the positions of the
characteristic f-sheet bands, the specific geometry of
[-strands in the fibrils could perturb the frequencies in a
manner distinguishable from those in native [(-sheet
structures. Theoretical studies have indicated that the
number of strands in a 3-sheet and local conformational
disorder impact on the spectral features in the amide I
region (54-56). Apart from remaining uncertainties in
correlating IR spectral features with three-dimensional
structural details, the present work illustrates that the IR
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technique is a very sensitive approach to characterize
different S-structures and to probe conformational changes
within them. Moreover, IR spectroscopy is not vulnerable
to light scattering artifacts, such as CD spectroscopy, and
is, thus, particularly useful in studying aggregation
processes of 5,m that may be important in dialysis-related
amyloidosis.
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SUPPORTING INFORMATION AVAILABLE

A figure showing the initial salt-induced relative mass
increase of S,m at three protein concentrations as monitored
by DLS, a figure comparing near-UV CD spectra of different
conformational states of ,m (native, acid-denatured, salt-
induced “A-type” particles, heat-induced “B-type” struc-
tures), a figure showing an EM micrograph of the “B-type”
particles after 11 months at room temperatures, and a figure
showing temperature-induced changes in the IR spectra of
the “B-type” particles. This material is available free of
charge via the Internet at http://pubs.acs.org.
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