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• Simplified procedure for amyloid fibril
formation of β2-microglobulin at neutral
pH.

• Analyses of conformational conversions
of β2m using IR spectroscopy and EM.

• Early amorphous associates of β2m
posses a native-like secondary structure.

• Profound reorganization of secondary
and tertiary structures to generate the
fibrils.

• Non-native like parallel arrangement of
the β-strands in the amyloid fibrils of
β2m
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β2-microglobulin (β2m) is known to be the major component of fibrillar deposits in the joints of patients suffering
from dialysis-related amyloidosis. We have developed a simplified procedure to convert monomeric recombinant
β2m into amyloid fibrils at physiological pH by a combination of stirring and heating, enabling us to follow confor-
mational changes associated with the assembly by infrared spectroscopy and electron microscopy. Our studies re-
veal that fibrillogenesis begins with the formation of relatively large aggregates, with secondary structure not
significantly altered by the stirring-induced association. In contrast, the conversion of the amorphous aggregates
into amyloidfibrils is associatedwith a profound re-organization at the level of the secondary and tertiary structures,
leading to non-native like parallel arrangements of the β-strands in the fully formed amyloid structure of β2m. This
studyhighlights the power of an approach to investigate the formationofβ2mfibrils by a combination of biophysical
techniques including IR spectroscopy.
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1. Introduction

β2-microglobulin (β2m) is a 99-residue protein that serves as the
non-covalently bound light chain of major histocompatibility complex
class I molecules [1]. Native β2m exhibits a seven-stranded β-
sandwich structure organized into two β-sheets connected by a single
disulfide bond linking Cys25 and Cys80 [2]. β2m is also the major com-
ponent of the amyloid deposits that are found in the musculoskeletal
system in patients suffering from dialysis-related amyloidosis (DRA)
[3,4]. Although one of themost extensively studied amyloidogenic pro-
teins, the mechanisms by which soluble β2m is converted into
β2m-amyloid fibrils in vivo are not well understood [5,6].

In vitro, wild-type β2m does not form amyloid-like structures spon-
taneously at neutral pH [7,8], even at protein concentrations much
higher than those commonly found in dialysis patients. Several factors
implicated in vivo, including the presence of copper ions [9–11], colla-
gen [12], glycosaminoglycans [13,14], lysophosphatic acid [15],
non-esterified fatty acids [16,17] and various other substances [18]
have been shown to promote and/or induce amyloid fibril formation
of β2m in vitro under conditions of physiological pH. Additional factors,
such as sodium dodecyl sulphate [19], ultrasonication [20], or the addi-
tion of preformed seeds of full-length β2m [18,21], have been reported
to be potent factors that increase the propensity of full-length β2m to
assemble into fibrils under in vitro conditions.

Goto and colleagues [22,23] circumvented previously employed
procedures by a two-step combination of agitation and heating to
generate amyloid fibrils of β2m. Although lacking the addition of aux-
iliary substances in comparison to other procedures, this method is
still relatively cumbersome.

In this work, we present a simplified stirring/heating approach in-
volving moderately elevated temperatures to convert monomeric
β2m into amyloid fibrils at neutral pH, and we employ it to correlate
changes in secondary/tertiary structure with variations in the state of
association during different stages of the assembly of β2m using infra-
red (IR) spectroscopy, static (SLS) and dynamic light scattering (DLS),
and electron microscopy (EM). Our studies provide evidence for a
major re-organization during the conversion of β2m from the native
to the fibrillar state.

2. Materials and methods

2.1. Protein expression and purification

β2m was over-expressed in Escherichia coli as inclusion bodies and
purified to homogeneity as described previously [24]. An N-terminal
initiating Met residue (Met0) was incorporated into 95% of β2m pre-
pared by this method. The purified protein was extensively dialyzed
against water and lyophilized. For the experiments, the lyophilized
protein was dissolved in buffer (10 mM sodium cacodylate, pH 7.5)
containing varying concentrations of NaCl. The concentration of the
protein samples was determined spectrophotometrically at 280 nm
(A1 cm

1% = 16.17) [25].

2.2. Infrared spectroscopy

The protein solutions were placed into demountable CaF2 IR-cells
[26]with an optical pathlength of 50 μm formeasurements in D2O buff-
er. Infrared spectra were recorded with Bruker IFS-28B and Bruker
IFS-66 Fourier transform infrared (FTIR) spectrometers equipped with
deuterated triglycine sulphate (DTGS) detectors and continuously
purged with dry air. For each sample, 128 interferograms were
co-added and Fourier-transformed to yield spectra with a nominal res-
olution of 4 cm−1. The sample temperature was controlled bymeans of
a thermostated cell jacket [26]. In order to minimize problems due to
base line 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 the recording of the back-
ground 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 spec-
tra of the proteins in the relevant solvent and at the relevant tempera-
ture. Spectral contributions from residual water vapor, if present,
were eliminated using a set of water vapor spectra. In this way, IR spec-
trawith a very high signal-to noise ratiowere obtained, even at relative-
ly low protein concentrations of only 0.5–1 mg/mL. The final
unsmoothed protein spectra were used for further analysis. Band posi-
tions and band intensities were determined by standard functions of
the Bruker OPUS software, that were implemented into home-built
macros for data analysis. Second derivatives were obtained using the
Savitzky–Golay algorithm with 13-point smoothing. Band-narrowing
by Fourier self-deconvolution was performed under OPUS applying a
Lorentzian line shape function with a bandwidth of 2.6 and a
band-narrowing factor of 2. Intensity and frequency profiles, respec-
tively, of the IR data as a function of temperature and/or timewere cre-
ated using the ORIGIN software from second derivative spectra.
Extracting intensity changes from second derivative spectra has limita-
tions, because sharp bands are enhanced at the expense of broad ones,
thus not preserving the integrated intensities of the bands. However,
as long as the bands of interest are well separated and the band widths
of the corresponding bands change at best onlymarginally and similarly
during the investigation of protein conformational changes, this ap-
proach was found to be applicable for comparative evaluations of tran-
sition profiles [27].

2.3. Laser light scattering

SLS and DLS data were measured simultaneously with one and the
same instrument at a scattering angle of 90° [28]. For measurements
of salt-induced changes, appropriate amounts of pre-filtered stock so-
lutions were mixed with salt-free protein within the quartz cells
(Hellma 105.251-QS), equipped with a magnetic stirrer. The sample
temperature was regulated by a Peltier controller.

2.4. Light scattering and ThT fluorescence measurements

Light scattering was alsomonitored with a Varian Cary Eclipse spec-
trofluorometer using a quartz cell (Hellma 105.251-QS), with a light
path of 3 mm. For light scattering, the wavelengths for excitation and
emissionwere both set at 500 nm. The temperature of the sample solu-
tions was kept at the corresponding temperatures by a Peltier con-
trolled cell holder, equipped with a magnetic stirrer. Thioflavin T
(ThT) fluorescence was monitored with a Fluorolog Horiba Jobin Yvon
spectrofluorometer using a quartz cell with a light path of 5 mm. The
fluorescence was exited at 440 nm and the emission was recorded be-
tween 450 and 600 nm.

2.5. Transmission electron microscopy

Sample preparation and analysis were done as previously described
[29]. Briefly, suspensions were adsorbed at bacitracin-treated surfaces
of standard sample supports (formvar and carbon coated copper grid)
and negatively stained with uranyl acetate. Samples were analyzed by
using a transmission electron microscope at 120 kV (Tecnai Spirit, FEI
Co., USA) that was equipped with a 1 k CCD camera.

3. Results

3.1. Thermal denaturation of β2m at neutral pH probed by IR spectroscopy

In order to analyze the secondary structure and thermal stability
of β2m, we first recorded IR spectra of the protein in D2O buffer at
pH 7.5 at protein concentrations of ~7 mg/mL (Fig. 1A) and ~1 mg/mL
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(Fig. 1B), as well as at ~1 mg/mL in the presence of 1 M NaCl
(Fig. 1C). All studies were carried out with fully hydrogen/deuterium
(H/D)-exchanged samples, assuring that the spectral changes
observed as a function of temperature solely reflect structural
changes due to thermal denaturation of the proteins. Exchange of all
amide protons with deuterons was achieved by keeping the protein
solutions overnight at 37 °C. It was verified by the absence of the
amide A band at ~3300 cm−1 in the protein IR spectra [29]. To better
visualizeweak spectral features, the second derivatives of the IR spectra
were calculated, where the minima correspond to absorption maxima
or shoulders in the measured spectra.

The low-temperature IR spectra of β2m at the three experimental
conditions given in Fig. 1 were indistinguishable, and dominated by a
major amide I band component at 1633 cm−1 and a weaker band com-
ponent at 1682 cm−1, both together indicating the presence of intra-
molecular antiparallel β-sheet structures, in agreement with previous
IR studies [29–31].Weak features at 1670 and 1660 cm−1 in the spectra
of the natively folded protein can be assigned to turn-like structures,
while the IR bands between 1480 and 1600 cm−1 are due to amino
acid side chain absorptions [29,30]. Among the latter, thewell separated
tyrosine band at ~1515 cm−1 is a useful internal standard to normalize
the IR spectra of a protein measured under different conditions [30,32].
The spectra measured between 25 °C and 60 °C were also very similar
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Fig. 1. Analysis of β2m by infrared spectroscopy. IR spectra (second derivatives) of β2m
in deuterated sodium cacodylate buffer (10 mM, pH 7.5) were obtained at protein con-
centrations of (A) ~7 mg/mL, (B) ~1 mg/mL, and (C) ~1 mg/mL in the presence of 1 M
NaCl at the indicated temperatures. The dashed lines correspond to the spectra
obtained after heating the corresponding sample from 25 to 90 °C and then cooling
back to 25 °C.
to each other, indicating only minor changes in secondary structure
over this temperature range.

In contrast, the spectra measured at 60 °C and 70 °C were quite dif-
ferent, demonstrating that major structural changes occurred over this
temperature range. In the 70 °C spectrum of β2m at a protein concen-
tration of ~7 mg/mL (Fig. 1A), the β-sheet band component at
1633 cm−1 was absent, and the spectrum was now dominated by a
major amide I band component at 1619 cm−1 and a weaker band com-
ponent at 1685 cm−1, indicating that at this relatively high protein con-
centration the native intramolecular β-sheet structure of β2m had been
converted into an intermolecular assembly (see also Fig. 2A). The char-
acteristic β-aggregate band at 1619 cm−1 almost disappeared upon
further temperature increase to 90 °C, while the nearly featureless
amide I band contour centered at 1644 cm−1 (Fig. 1A), suggesting a
predominantly unfolded protein structure at 90 °C. However, the
β-aggregate band at 1619 cm−1 was again visible in the spectrum
obtained after cooling the protein sample from 90 °C down to 25 °C
(dashed line in Fig. 1A), indicating that the thermal denaturation of
β2m at a protein concentration of ~7 mg/m was partly irreversible.
EM micrographs of this sample revealed an amorphous morphology
without ordered structures (data not shown).

A decrease in protein concentration to ~1 mg/mL, however, led to
a clear change in the denaturation behavior of β2m (Fig. 1B). No
β-aggregate bands were observed at any temperature between 60
and 90 °C (for brevity, only the spectrum obtained at 70 °C is
shown in Fig. 1B). Furthermore, the spectra obtained at 25 °C before
heating and after cooling from 90 °C down to 25 °C (the solid and
dashed lines, respectively, at 25 °C in Fig. 1B) were similar, suggesting
that no significant irreversible β-aggregation occurred upon thermal
unfolding of β2m at a protein concentration of ~1 mg/mL. At this pro-
tein concentration, the addition of NaCl appeared to stabilize the
structure of β2m, and no indications for aggregation were observed
upon denaturation (Fig. 1C). The transition temperatures calculated
from the intensity/temperature plot of the β-sheet band at
1633 cm−1 revealed an increase from 66 °C to 71 °C upon the addi-
tion of 1 M NaCl (Fig. S1). Such an increase in the melting point of
β2m is in agreement with DSC studies reported recently [25].

3.2. Stirring-induced association ofβ2m at 37 °C and preliminary conversion
tests

We then tried to convert monomeric β2m into amyloid fibrils at
physiological pH by combining stirring and heating, mainly following
the two-step conversion procedure described by Goto and colleagues
[22,23]. Under our experimental conditions, β2m was agitated first at
37 °C for 24 h in the quartz cell of a spectrofluorometer equipped
with a magnetic stirrer. Aliquots were then taken out for subsequent
heating-cooling cycles from 20 to 90 °C in the IR cell without stirring,
and IR spectra at selected time-points were recorded. The experi-
ments were carried out at protein concentrations of 0.5–1 mg/mL,
conditions under which no indications for irreversible aggregation
upon thermal denaturation had been observed before (Fig. 1C). The
IR spectrum of the sample obtained after 24 h of stirring in the quartz
cell (solid line, Fig. 2A) was very similar to the spectrum obtained
without stirring (dashed line, Fig. 2A), indicating a primarily native-
like secondary structure after this treatment. At the same time, EM
micrographs of the sample revealed some stirring-induced associa-
tion of β2m molecules into amorphous aggregates (Fig. 2B).

An aliquot (15 μL) of the aggregated β2m sample formed by mildly
stirring the protein solutions at 37 °C in the presence of 1 M NaCl in
the quartz cell was then taken out for analysis by IR spectroscopy. The
IR spectrum obtained after the first heating-cooling cycle (solid line,
Fig. 2C) was still dominated by the native-like β-sheet structure fea-
tures at 1633 and 1682 cm−1. After several heating-cooling cycles be-
tween 25 °C and 90 °C, a loss of spectral intensity at 1633 cm−1,
accompanied by an intensity increase at 1619 cm−1, was observed
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Fig. 2. Stirring-induced association of β2m in D2O buffer in the presence of 1 M NaCl. (A) IR spectra (second derivatives) of an aliquot before (dashed line) and after 24 h of stirring
(solid line) at 37 °C in the quartz cell. (B) EM micrograph of amorphous aggregates produced by 24 h stirring at 37 °C. (C) IR spectra of an aliquot obtained after 24 h of stirring in
the quartz cell for IR analysis and subsequent first heating in the IR cell (solid line) and after five heating-cooling cycles between 25 and 90 °C in the IR cell (dashed line). (D) EM
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at 37 °C, followed by 2 h at 70 °C). (F) EM micrograph of amyloid fibrils of β2m produced by the two-step stirring procedure in the quartz cell. The black bars in the micrographs
represent 200 nm.
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(dashed line, Fig. 2C), indicating a partial transformation of native-like
secondary structure into intermolecular aggregates. However, EM mi-
crographs of the heat-induced species revealed no evidence for fibril
structures, but only compact associates (Fig. 2D).

In our search for conditions to obtain amyloid fibrils of β2m, we
continued with stirring the protein sample that remained in the
quartz cell, but now at a temperature of 70 °C. This treatment led to
drastic conformational changes of the protein molecules. Their IR
spectrum was dominated by a major amide I band component at
1615 cm−1 and a weaker feature at 1662 cm−1 (Fig. 2E). It was,
thus, clearly different from the spectrum of the native protein
(Fig. 1A) or those of the heat-induced amorphous species (dashed
line in Fig. 1A and Fig. 2C). EM micrographs of the assemblies with
the characteristic IR spectrum shown in Fig. 2E now revealed the
presence of amyloid fibrils (Fig. 2F).

3.3. Systematic conversion experiments of monomeric β2m into amyloid
fibrils

This promising result prompted us to study the impact of different
experimental factors on the fibril formation of β2m at elevated tem-
peratures more systematically and to establish a procedure that
would allow us to analyze the conversion events by our combined
experimental approach. For legibility, an overview of the different ex-
perimental conditions applied in this work to convert β2m molecules
into different forms of associates, together with major results, is given
in Table 1.

The analysis of the diffusion coefficients of the protein by dynamic
light scattering (DLS) revealed no significant concentration depen-
dence at 25 °C (Fig. S2), and the extrapolation to zero protein concen-
tration leads to Stokes radii of 1.94 nm and 2.05 nm in the absence
and presence of 1 M NaCl, respectively, indicating the initial presence
of monomeric β2m under both conditions. Control experiments at
65 °C with β2m solutions (protein concentration 0.7 mg/mL)
containing 1 M NaCl, but in the absence of stirring, showed only a
minor conversion into intermolecular associates, and provided no ev-
idence for fibril formation after 24 h (data not shown). The
stirring-induced association behavior of the protein at neutral pH
and intermediate temperatures of 60–70 °C was complicated by a
strong tendency of the molecules to form occasional large aggregates,
and a notable precipitation of these aggregates in the quartz cell. This
prevented us from performing a detailed analysis of the hydrodynam-
ic parameter changes by DLS, such as described before for the associ-
ation of β2m at acidic conditions [29].

As a consequence, we only analyzed the increase in light scatter-
ing intensity associated with aggregation by agitation at different stir-
ring rates. In order to optimize the conditions for fibril formation at
elevated temperatures and in the presence of 1 M NaCl, stirring
rates of 1000, 700, and 350 rpm, were applied. Stirring experiments
at 65 °C revealed a clear dependence of the aggregation behavior of



Table 1
Conversion of β2m at physiological pH.

Experimental conditions Secondary structure (IR) Association (DLS) EM morphology/ThT binding

25 °C
or
1 M NaCl, 25 °C

Native structure
(see Fig. 1B & C)

Monomer
(see Fig. S2)

n.d./
no binding

90 °C
or
1 M NaCl, 90 °C

Unfolded structure (see Fig. 1B &C) n.d. n.d.

1 M NaCl, 37 °C, 24 h stirring Native-like structure
(see Fig. 2A)

n.d. Compact associates/no binding
(see Fig. 2B)

1 M NaCl, 37 °C, 24 h stirring, followed by 5 heating-cooling
cycles between 25 and 90 °C in the IR cell

Mixture of native-like and antiparallel
intermolecular β-sheet structures (see Fig. 2C)

n.m. Compact associates/binding n.m.
(see Fig. 2D)

1 M NaCl, 65–70 °C, 3.5 h stirring Mixture of native-like and parallel β-sheet
structures

Conglomerates of 20–
50 nm diameter

Primarily amorphous associates,
few fibrils/weak binding

1 M NaCl, 65 °C, 3.5 h
stirring, followed by heating to 90 °C in the IR cell

Parallel β-sheet structure (see Fig. 2E) n.m. Amyloid fibrils/strong-binding
(see Fig. 2F)

a1 M NaCl, 60–70 °C, 24 h stirring Parallel β-sheet structure (see Fig. 4A) n.m. Amyloid fibrils/strong binding
(see Fig. 5)

1 M NaCl, 65 °C, 20 h, no stirring Native-like structure minor tendency for
association

Very weak binding

Protein concentrations: 0.5–1 mg/mL; n.d., not determined; n.m., not measurable.
a Bold script, simplest procedure leading to amyloid fibril formation.
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the protein on the stirring rate (Fig. 3). At 1000 rpm (Fig. 3A), only
loosely packed aggregates were formed over 3.5 h (Fig. 3B), which
could not be converted into fibrillar structures by subsequent heating
of the sample for 2 h at 70 °C without stirring (data not shown). At a
stirring rate of 700 rpm, amorphous aggregates as well as short bun-
dles of fibrils were found after 3.5 h (Fig. 3C). Subsequent heating of
this sample for 2 h at 70 °C clearly leads to further conformational
changes that were associated with ThT-binding (data not shown),
and EM micrographs now dominated by fibrils (Fig. 3D). As the stir-
ring rate was further decreased to 350 rpm, primarily amorphous as-
sociates together with some fibril-like species (Fig. 3E) were also
found after 3.5 h. An aliquot of the β2m sample taken out of the
quartz cell after stirring for 3.5 h at 65 °C could be fully converted
into amyloid fibrils by subsequent heating to 90 °C within the IR
cell (Fig. 3F). Finally, β2m molecules were fully converted into amy-
loid fibrils by continuous stirring with 350 rpm for 18 h at 65 °C, as
demonstrated by a drastic enhancement of the ThT fluorescence fol-
lowing a lag phase of 3–4 h (Fig. 3G) and by an EM micrograph
obtained afterwards (Fig. 3H).

Stirring-induced fibril formation of β2m was found to be also fea-
sible at 60 °C, but the lag phase was increased by 2–3 h when com-
pared with the studies carried out before at higher temperatures
(see, e.g., Fig. 3G). This slow-down of the event provided good condi-
tions to monitor the conversion process by a combined IR/EM ap-
proach. For our purpose, the β2m sample was stirred at 60 °C in the
quartz cell of the spectrofluorometer for 24 h, the event was moni-
tored by increasing light scattering, and aliquots of 50 μL were
taken out of the cell at certain time points for parallel and immediate
(within minutes) characterization by IR spectroscopy (Fig. 4) and
preparation of the samples for EM (Fig. 5).

Although the amplitudes of the observed spectral changeswere only
in themilliabsorbance range (Fig. 4A), the excellent signal-to noise ratio
of our IR spectra permitted us to analyze the conversion ofβ2m from the
native to the fibrillar state based on absorbance and frequency changes
of selected IR marker-bands (Fig. 4B and 4C). Practically no changes in
secondary structure were observed within the first 4 h of stirring at
60 °C (Fig. 4B), although numerous amorphous aggregates in the sam-
ple were already detected at that time by EM (Fig. 5A). Major structural
changes in secondary and tertiary structures occurred between 6 and
8 h, however, as demonstrated by a complete loss of the native-like
β-sheet band component at 1633 cm−1 after 8 h, a concomitant strong
increase of the intermolecular β-sheet amide I band component at
1615 cm−1, and a shift in peak position of the tyrosine band at
~1515 cm−1 (1515.0 cm−1 in the initial state to1516.2 cm−1 after
10 h). The observed shift of the tyrosine side chain band indicates that
most likely all of the six tyrosine residues present in β2m experience
major changes in their respectivemicroenvironment (changes in tertia-
ry structure) between 6 and 10 h. These changes and the formation of
the intermolecular β-sheet structure exhibited almost identical kinetics
(compare the red dots and black stars in Fig. 4B).

Both events came to completion after ~10 h, thus taking 2 h more
than the disruption of the native-like secondary structure of β2m
(blue dots in Fig. 4B). EM micrographs of the assemblies obtained
after 8 h revealed the presence of long and straight amyloid fibrils
(Fig. 5C), and numerous clumps of fibrils were observed after stirring
for up to 24 h (Fig. 5D). Those fibril structures were not amenable to
further heat-induced structural changes, as indicated by identical IR
spectra obtained before and after heating to 90 °C (compare the red
and black traces in Fig. 4D), and only minor spectral differences
upon heating to 90 °C (Fig. 4D, green trace).

These systematic studies, that are summarized in Table 1 illustrate
that stirring of β2m at elevated temperatures between 60 °C and
70 °C and in the presence of 1 M NaCl is an efficient and relatively
simple way to obtain amyloid fibrils of this protein at physiological
pH values (conditions highlighted in bold letters in Table 1). A simi-
larly efficient conversion of β2m into fibrils by stirring at 65 °C was
also achieved at a reduced salt concentration of 0.5 M NaCl (Fig.
S3A). Moreover, the conversion approach described here for the
first time does not seem to be restricted to experiments in sodium
cacodylate buffer, but is also applicable for the more commonly
used phosphate buffer, as shown by a stirring experiment performed
in phosphate buffer at 70 °C and in the presence of 1 M NaCl
(Fig. S3B).

3.4. Comparison of morphological and structural features of amyloid
fibrils of β2m obtained at neutral and acidic pH

Transmission electron micrographs showed the presence of
long straight (LS) fibrils for the assemblies prepared at neutral
pH (β2m-FPhys) (Fig. 6A) as well as for those formed at acidic
pH of 2.1 (β2m-FAcid) (Fig. 6B), although some morphological differ-
ences could be observed. Typical for the β2m-FAcid species was a
pronounced twisted fine structure with relatively regular periodicity
of ~100 nm, in agreement with the results described by other
authors for mature β2m fibrils formed at low pH [33]. In contrast to
that, the β2m-FPhys species appeared thicker and less twisted. More-
over, this species showed a tendency to associate laterally, as observed
for the fibrils of β2m prepared at neutral pH by the two-step conversion
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procedure described by Sasahara et al. [22]. Subtle pH-specific morpho
logical differences, such as presented here for β2m-FPhys and β2m-FAcid,
were also described recently for fibrils of lysozyme formed at pH 7.5
and pH 2.0 [34].

For a comparison of structural features, IR spectra of various forms
of β2m are shown in Fig. 7, all measured as fully deuterated samples.
The IR spectral characteristics of β2m-FPhys turned out to be very sim-
ilar to those of β2m-FAcid which we had described previously [29],
indicating closely related secondary structures of the two species.
Strikingly, both β2m-FPhys (Fig. 7A) and β2m-FAcid (Fig. 7B) exhibited
no IR band component at ~1682 cm−1 in their spectra. In the case of
β2m-FAcid, we previously took the absence of the spectral component
at ~1682 cm−1 as an indication for a parallel arrangement of the
β-strands in this sample [29].

In line with this assumption, no prominent feature attributable to
a high-frequency β-band component was observed in the IR spectra
of natively folded barstar (Fig. S4A). Barstar is a protein composed
of four helices and a three-stranded parallel β-sheet [35]. Likewise,
a well-resolved high frequency band component is absent from the
IR spectrum of triose phosphate isomerase [36], consistent with its
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parallel β-sheet structure. Recently, direct proof for a parallel
in-register arrangement of β-strands in long straight fibrils of β2m
formed under acidic conditions came from magic angle spinning
NMR [37] and electron paramagnetic resonance experiments [38].
The latter report provided also evidence that the WL particles of
β2m do not adopt a parallel arrangement, such as observed for the
LS fibrils. The close relationship of the IR spectroscopic observations
described above for β2m-FAcid and β2m-FPhys suggests that a parallel
organization of β-strands is also characteristic for the fibrils of β2m
prepared at neutral pH in the present work.

In contrast to that, the IR spectrum of worm-like (WL) assemblies
of β2m (Fig. 7C) revealed a well-defined component at 1684 cm−1,
but with an additional strong component at 1616 cm−1, indicating
that the non-native intermolecular structure of the WL species in-
volves an antiparallel arrangement of the β-strands.

Apart from the very similar overall IR spectral features of β2m-FPhys

(Fig. 7A) and β2m-FAcid (Fig. 7B), the respective spectra showed also
some subtle differences, e.g., a 4 cm−1 difference in peak position
(1615 vs 1619 cm−1) of the low-frequency β-sheet band component.
These results point to subtle structural differences between the
β-sheets present in β2m-FAcid and β2m-FPhys, which might arise from
differences in hydrogen-bonding or in the planarity of the β-sheets
[39], as well as distinctions in the number of strands per sheet
[40,41], in the stacking of β-sheets, or in the stack size [42]. Minor
pH-dependent spectral differences were also observed for weaker
features between 1625 and 1640 cm−1 and between 1650 and
1665 cm−1. The attributes around 1630 cm−1 in the spectra of the
β2m fibrils could suggest the presence of some residual native-like
β-sheet structure in the amyloid samples, because their positions coin-
cide with the dominant bands observed for β2m in its native fold
(Fig. 7D). However, we regard this as unlikely, because a corresponding
high-frequency β-sheet component due to a native-like antiparallel
arrangement of the β-strands could not be observed consistently in
all fibril spectra. Although we cannot exclude that the weak features
between 1625 and 1640 cm−1 in the spectra of the β2m amyloid
fibrils point to some heterogeneity of the β-sheet structure(s) in
the amyloid fibrils of β2m, we would like to consider the assignment
of the features between 1625 and 1640 cm−1 in the spectra of the
amyloid fibrils as uncertain at the moment. This is also true for the
assignment of the spectral features at ~1662 cm−1 in the spectra
(Fig. 7A and B). Possibly, the band components between 1625 and
1640 cm−1 and between 1650 and 1665 cm−1 reflect an arrange-
ment of β-strands in the fibrils, which cannot be specified based on
currently known structure–spectrum correlations for natively folded
proteins.

4. Discussion

This study is part of our efforts to explore conformational changes
associated with the assembly of β2m. We had originally probed the
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Fig. 5. Morphological characterization of the stirring-induced conversion of β2m into amyloid fibrils at 60 °C in the presence of 1 M NaCl in the quartz cell. EM micrographs of al-
iquots taken out (A) 2 h, (B) 6 h, (C) 8 h, and (D) 24 h after induction of the event. Two typical micrographs are shown for each time point. The black bars in the micrographs rep-
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formation of amyloid fibrils at low pH, and provided evidence for a
non-native-like secondary structure as characteristic for amyloid fi-
brils of β2m under these conditions [29]. Here we succeed in produc-
ing amyloid fibrils of β2m at physiological pH values via an efficient
and relatively simple one-step procedure, a modification of the
agitation-heating two-step method originally described by Goto and
co-workers [22].

Following the strategy of these workers, we tried to convert amor-
phous aggregates of β2m obtained by stirring for 24 h at 37 °C into am-
yloid fibrils by several heating-cooling cycles between 25 °C and 90 °C.
These experiments were performed in an IR cell, because this approach
would have allowed us directly to monitor changes in secondary and
tertiary structures during the conversion process by analyzing the ac-
companying spectral changes. However, these attempts to convert the
amorphous aggregates of β2m into amyloid fibrils failed (Fig. 2C and
D), for unclear reasons. Itmight be that the specific conditions for amin-
ute protein sample between two CaF2 windows that are separated by
only 50 μmare not comparable to the conditions in the sample chamber
of a DSC instrument as used by Sasahara and co-workers [22].

We did, however, find that the stirring of a β2m solution at temper-
atures around β2m's transition temperature is a reliable procedure to
convert natively folded β2m molecules into amyloid fibrils. Moreover,
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Fig. 6. Comparison of morphological properties of β2m-fibrils. (A) EMmicrograph of fi-
brils prepared at neutral pH in this work (β2m-FPhys). (B) EM micrograph of fibrils
formed at acidic pH (β2m-FAcid) (EM data taken from previous work by our group,
Ref. [29]). The black bars in the micrographs represent 100 nm.
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the experimental conditions applied permit the analysis of β2m conver-
sion from the native to the fibrillar state using a combination of IR spec-
troscopy and EM microscopy, an experimental approach, which had
already successfully been applied by other authorswhen experimental-
ly following the formation of bovine insulin amyloid fibrils [43]. IR spec-
troscopy has the advantage of being invulnerable to artifacts from light
scattering, such as in CD spectroscopy, and is, thus, particularly useful in
studying structural conversions associated with aggregation processes.
In a specially developed apparatus, the joint application of IR and SLS of-
fers the potential for the quasi-simultaneous measurement of changes
in secondary structure (IR) and particle growth (SLS) [44].

Under our experimental conditions, mild agitation of the β2mmole-
cules that aremainly unfolded at the elevated temperature using amag-
netic stirrer turned out to be very effective to convert the protein into
fibrils (Fig. 3). The conversion begins with the formation of relatively
large and less defined aggregates (Fig. 5A), whose secondary structure
is primarily native-like (Fig. 4B). After a lag phase,major changes in sec-
ondary and tertiary structures occur upon the continuation of the pro-
cedure, finally leading to β2m associates with morphology (Fig. 3H,
Fig. 5C and D) and ThT binding features (Fig. 3G), that are characteristic
of mature amyloid fibrils. Interestingly, β2m samples taken out of the
quartz cell some hours after treatment, primarily amorphous associates
together with some fibril-like species (Fig. 3E), could be fully converted
into amyloid fibrils by heating this samplewithin the IR cell afterwards,
but without stirring (Fig. 3F). This indicates that already a relatively
short heat-and-stirring-treatment of the sample can generate amyloid
templates, that are likely to act as seeds for fibril formation of the
so-far native-like β2m molecules upon their thermal unfolding. Such
templates could be potent factors to stimulate β2mmolecules to assem-
ble into fibrils in vivo under destabilizing local conditions.

The IR spectra of all β2m amyloid fibrils obtained in this work
show strong low-frequency β-sheet band components at 1615 cm−1

(Figs. 2E, 4D, 7A) but lack a high-frequency β-band component at
1680–1690 cm−1. We regard this characteristic in the IR spectra of
the LS fibrils as an indicator for a parallel organization of the fibrillar
β-strands. It is notable that a high-frequency β-band component is
also only very weak or even absent in the IR spectra of LS fibrils of
other proteins, such as insulin [43], SH3 domain [45,46], lysozyme
[47], α-synuclein [36], amyloid β-peptides [48,49], or peptide models
[50,51]. Moreover, similar results are obtained upon IR spectroscopy
of natively folded barstar (Fig. S4A) and of triose phosphate isomerase
[36], both proteins known to contain β-sheet structural segments char-
acterized solely by a parallel arrangement of their β-strands. In contrast,
a high-frequency component is prominent in the spectra of other pro-
tein assemblies, such WL particles, oligomers [29,31,45,46,49], and
amorphous associates. These IR data indicate that mature amyloid fi-
brils, on one side, and pre-fibrillar or amorphous species on the other
side, adopt different secondary structures. In the case of β2m, direct
proof for a parallel in-register arrangement of β-strands in its long
straight fibrils formed under acidic conditions comes from magic
angle spinning NMR [37] and electron paramagnetic resonance experi-
ments [38]. In addition, the latter report also demonstrates that theWL
particles of β2m do not adopt a parallel arrangement. Furthermore, a
comparative IR study of the amide I band characteristics by Radford's
group shows that the β-sheet architecture in amyloid fibrils formed in
vitro at low, as well as at neutral pH, from recombinant β2m is indistin-
guishable from their ex vivo counterparts, highlighting a common amy-
loid fold [52].

Beside the major fibril-specific IR spectral features discussed
above, a further spectral attribute (at 1662 cm−1) appears upon fibril
formation at neutral pH (Fig. 4B), is well-defined in the final state of
β2m-FPhys (Fig. 4D), and is also present in the spectrum of β2m-FAcid

(Fig. 7B). A comparable characteristic can also be observed in the
spectra of LS fibrils of the hamster prion protein, but not in the spec-
tra of its curvy S-like fibrils [53,54]. This band component may reflect
a characteristic arrangement of β-stands in LS fibrils of both proteins.
Theoretical calculations indicate that both the number of strands in a
β-sheet and local conformational disorder impact on the spectral fea-
tures in the amide I region [40,41,55–57]. It thus appears possible that
the band component at ~1662 cm−1 observed by us could be an indi-
cator of these structural features. In line with this, the appearance of a
spectral component in the 1660–1670 cm−1 region has been predict-
ed at the high wavenumber side of the dominating low-frequency
β-sheet band upon sheet deformation [41,57]. Despite these consid-
erations, we regard the assignment of this spectral feature presently
as uncertain, as its presence cannot be explained based on established
structure–spectrum correlations for natively folded proteins. Apart
from uncertainties in its assignment, it remains to be seen whether
a pronounced spectral attribute in the 1660–1670 cm−1 region is
highly characteristic for the IR spectra of LS amyloid fibrils in general.

All the structural changes observed by IR spectroscopy provide evi-
dence for a major re-organization on the level of secondary structure
upon conversion from the native to the final fibrillar structure of
β2m. In addition to that, independent support for a significant structural
rearrangement upon the conversion of β2m is provided by the
spectral changes of the absorption band of the tyrosine side chain
at ~1515 cm−1, which is a sensitive local monitor of protein tertiary
structure [30,32]. There are six tyrosine residues in β2m, of which five
form a cluster in the natively folded protein, while one residue is located
apart from this cluster. The shift of the peak position of the tyrosine band
by more than one wavenumber upon transition from the native to the
fibril state (Fig. 4C) is highly significant, demonstrating that all tyrosine
residues experience changes in their microenvironment as a conse-
quence of the conversion process. This band shift provides clear-cut ev-
idence against the existence of a native-like tyrosine cluster in amyloid
fibrils of β2m.

These data are in contrast to a recent solid state NMR study [58],
which suggests that the final β2m fold observed in mature fibrils
appears to be similar to that in the native structure. The reasons for
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the totally different conclusions derived from this report, on one side,
and those obtained by magic angle spinning NMR [37], electron para-
magnetic resonance experiments [38] and our IR spectroscopic study,
on the other side, are not obvious. In contrast to the three latter studies,
Pintacuda and co-workers [58] prepared their fibrils at neutral pH in the
presence of 20% 2,2,2,-trifluoroethanol (TFE). Under these conditions,
fibril formation of β2m proceeds to intermediates(s), which are specific
for moderate concentrations of TFE [59–61], although the morphology
of these fibrils varies only slightly depending on the solvent condi-
tions [59]. Thus, the question remains whether the secondary structure
offibrillarβ2m assemblies formed in the presence of 20% aqueous TFE at
neutral pH is really indistinguishable from those obtained in the ab-
sence of TFE. In this context further previous studies deserve mention,
which have identified and characterized native-like oligomeric species
as intermediate aggregates of β2m [62,63]. A highly non-native like par-
allel arrangements of β-strands in the amyloid fibrils of β2m, that are
present both at acidic and neutral pH conditions (29 and present
work), cast doubts on the suitability of oligomeric motifs of β2m with
a native-like antiparallel β-sheet conformation as an atomic model for
the building blocks of mature fibril form(s) of β2m.
Another observation currently escaping molecular explanation is
the coexistence of amorphous and thin filamentous structures at the
end of the lag phase following the initiation of fibril formation
(Fig. 5B). These filamentous structures could represent intermediates
upon the conversion from the native-like to the non-native like parallel
arrangement of theβ-stands in the amyloid fibrils. Unfortunately, the IR
techniques applied in this work provide only averaged structural
information over all the molecules in the IR beam, which cannot be
extrapolated to individual particles. The use of emerging techniques
that provide structural information on the nanoscale range, such
as tip-enhanced Raman spectroscopy [64,65] or near-field infrared
microscopy [66], could provide novel and deeper insights into early
conformational changes associated with fibril formation of β2m.

In conclusion, we provide a highly efficient procedure for β2m amy-
loid formation in vitro that appears simpler than others described be-
fore. As it involves the application of elevated temperatures and high
ionic strength, it still cannot be considered physiological. However, it
avoids the use of diverse auxiliary substances during fibril formation
as well as the application of strongly acidic conditions [9–21,29,33]
and permits the analysis of β2m conversion from the native to the
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fibrillar state using spectroscopic techniques aswell as electronmicros-
copy. Our procedure should therefore be suitable for further studies of
β2m amyloidogenesis.
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