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Amyloid fibrils are fibrous structures that originate from the self-assembly of polypeptides. Their formation
is linked to debilitating diseases associated with protein misfolding, including Alzheimer’s disease and
type-II diabetes. In recent years, it has been suggested that such protein and polypeptide fibrils might
provide useful novel nanomaterials. Here, we present the results of a study on the high pressure stability
and compressibility of mature amyloid fibrils of insulin by synchrotron X-ray diffraction in a diamond
anvil cell. The diffraction results allow a direct estimation of the elastic modulus and the corresponding
compression of the cross-f structure along the fiber axis. The average hydrogen bond compressibility is
comparable to that in native proteins, suggesting that the fibrils are well-packed.
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1. Introduction

Amyloid fibrils are commonly associated with neurodegenerative diseases, of which Alzheimer’s
and Parkinson’s diseases are the most prominent. In 1999, however, Dobson and co-workers made
a chance observation, which eventually led to the hypothesis that the formation of amyloid fibrils
is inherent to the polypeptide backbone [1]. Ever since, there has been a growing number of
scientists involved in the study of the biophysics of amyloid fibril self-assembly and the possible
use of amyloid fibrils, for instance as scaffolds, in nanotechnology, in addition to the investigation
of the medical aspects of their occurrence [2,3]. Recent analyses of the mechanical properties
of amyloid fibrils from various polypeptides using atomic force microscopy (AFM) revealed
that they possess high strength and stiffness [4,5]. This further emphasizes their potential use in
nanotechnology.

Hydrostatic pressure, which influences hydrogen bonds (HBs) and the hydrophobic effect,
can be used to perturb biological systems to study protein folding, misfolding or denaturation
events [6]. This provides information on the volume changes associated with each process, and
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the compressibility associated with a particular state. The important thermodynamic quantities
can be interpreted in terms of the degree of hydration and presence of cavities, and overall volume
fluctuations, respectively. In the particular case of amyloid fibrils, this yields information about
the non-covalent intermolecular interactions involved in the fibril formation process, as well as
about the packing of the fibrils [7,8]. An important recent finding is that amyloid fibrils undergo
a maturation process, indicative of a certain conformational plasticity of the early fibrils [9]. The
study of the time dependence of fibril stability revealed an optimization of the packing and the
increasingly important role of HBs as self-assembly proceeds.

Here, we present preliminary work on the use of synchrotron X-ray diffraction in a diamond
anvil cell (DAC) to probe the compressibility of amyloid fibrils in aqueous solution, and the
derivation of their mechanical properties from the compression data by the application of equations
of state (EOS). Our approach provides an alternative to AFM studies to derive the mechanical
properties of amyloid fibrils. Insulin fibrils are used as a model system, as these have been shown
to resist pressures up to 1.0 GPa by FTIR spectroscopy [10].

2. Experimental

Insulin amyloid fibrils were prepared as described previously [10]. Briefly, insulin (Sigma,
Bornem, Belgium) was dissolved in water at 20 mg mL~! and the pH was adjusted to ~2 using
diluted HCI. The solution was subsequently left at 70°C for several hours. Under these conditions,
amyloid fibrils grow and further self-assemble into spherulites [11]. The nature of the sample was
verified by optical microscopy (Figure 1) and FTIR spectroscopy (data not shown).

For in situ high-pressure X-ray diffraction measurements, the mature amyloid samples were
loaded into a cylindrical DAC. The sample was contained within a 200 pwm hole drilled in a
Re gasket. Ruby chips were added for pressure determination. X-ray diffraction studies were
performed at the Swiss-Norwegian Beamline (European Synchrotron Radiation Facility). Here,
the wavelength was set to 0.07183 nm. The sample-to-detector distance and the image plate
inclination angles were calibrated using a crystalline LaB¢ standard.

The two-dimensional diffraction images were azimuthally integrated using the Fit2D program
(V12.034) [12], yielding one-dimensional intensity I (s) versus s (s = d ! = 2sinf/A, where 20
is the diffraction angle and A the wavelength). The peak maximum was determined by peak fitting
using PeakFit V. 4 software (Systat Software Inc).

Figure 1. Characterization of insulin spherulites under cross-polarized light. The appearance of the Maltese cross
indicates the radial distribution of the amyloid fibrils.
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3. Results and discussion

Diffraction patterns of aligned amyloid fibrils generally have two main reflections, indicative of
the underlying cross-p structure: a sharp meridional reflection at 4.7 A and a diffuse equatorial
reflection at 8~12 A [13]. These reflections correspond to the strand—strand and inter-sheet dis-
tances, respectively. No alignment procedures were applied in our studies so that the observed
patterns represent an isotropic average of the fibril orientations in their aqueous solution. The
812 A reflection cannot be observed. A recent study of three fragments of the yeast prion Sup35
also found that the 10A reflection is absent in the hydrated state [14]. The 10A reflection was
therefore considered to be an artefact associated with the use of dried fibril samples. The equatorial
reflection has, however, been observed for unaligned fibrils from lysozyme and the transthyretin
peptide 105-115 in concentrated solutions [13]. One possible explanation for this apparent con-
tradiction is that the high dispersion of amyloid fibrils in solution may result in lower order,
broadening the inter-sheet reflection, thereby reducing its average intensity below the noise level
of the pattern [15].

We used the intense meridional reflection at ~4.7 A to probe changes in fibril structure as a
function of pressure in the range 0.0001-10 GPa (Figure 2). Note that liquid water transforms
into ice VI above 1.4 GPa and into ice VII at pressures above 2.1 GPa. The crystallization of
the water results in a drop of the pressure due to the smaller volume of the ice polymorphs.
However, the crystallization has no apparent effect on the amyloid fibrils and did not inter-
fere with our analysis. As pressure is increased, the diffraction peak shifts to smaller distances,
indicating a shortening of the inter-strand distance along the fibril axis (Figure 2). Such a
change also results in a decrease in the HB distance between adjacent g-sheets aligned nor-
mal to the fiber axis. It 1s known that HBs in protein structures can either shorten or lengthen
under compression [16], and both red- and blue-shifts have been observed for characteristic IR
peaks associated with H-bonding in fibril samples [9]. The increased width of the diffraction
peak under compression is indicative of a pressure-induced heterogeneity in the HB distance,
reflecting local differences in compressibility. All changes were found to be reversible upon
decompression.

The pressure-dependence of the normalized inter-strand distance (d /d,,) was analyzed using the
one-dimensional analog of the Murnaghan EOS (Equation (1)) and the Vinet EOS (Equation (2)),
both of which have been used successfully to study the compressional behavior of materials in
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Figure 2. Baseline-corrected X-ray diffraction patterns of insulin amyloid fibrils.
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the low-pressure regime (Figure 3) [17,18]:

d y;\ 17"
o= »
p=3Yo(l —x)x72 - exp B(yg — (1 - x)] . ©)

Here Y, is the elastic modulus and Y/ its pressure derivative; p is the pressure in GPa and
x = (d/d,)'/3. By defining a function H = px?/[3(1 — x)], the Vinet EOS can be linearized
(Equation (3)) [18]:

lnHzlnYo+|:§(Y0'—l)(l—x)j|. (3)

This is shown in Figure 3 (inset), where Y, is given by the slope of the curve and the intercept is
equal to In Y. The linearity of the plot rules out the occurrence of a phase transition in the system.
The results of these fittings are given in Table 1, and indicate that the elastic moduli obtained
by the different EOS are in good agreement. Our Y, values are larger than those deduced from
AFM measurements [4,5]. An important advantage of our methodology compared with the AFM
approach is that we directly probe the compressibility of the cross-f structure along the fibril’s
longitudinal axis, rather than exerting a force perpendicular to the axis with a cantilever [4].
The AFM methodology also involves numerous assumptions that are not evident in biological
materials [19]. Moreover, our method determines the compression independent of the higher
order hierarchy of the assembly, whereas in AFM this will give different results. For instance,
Guo and Akhremitchev [20] determined values ranging from 5 to 50 MPa for the elastic modulus
of insulin fibrils, whereas Smith et al. [4] reported an elastic (Young’s) modulus of 3—6 GPa for
a two-filament fibril. Most likely the interaction between the protofilaments was measured in the
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Figure 3. Pressure-dependence of the inter-strand spacing in insulin amyloid fibrils. The full line is the first-order

Murnaghan EOS fit to the data. The inset shows a linearized representation of the data and the corresponding fit to the
linearized Vinet EOS.

Table 1. Elastic modulus (Y,) and its pressure derivative (¥,) of
mnsulin amyloid fibrils.

Equation of state Y, (GPa) Y,

[

One-dimensional Murnaghan 373+ 1.9 3024+ 1.6
Linearized Vinet 384+ 1.9 329422
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former case. We note that our directly determined elastic moduli are in good agreement with the
predicted values using simplified models for inter-strand H-bonding and repulsive interactions
along the fibril axis [5].

The isothermal linear compressibility S(8 = 1/Y,) is 0.027 GPa~!. The corresponding HB
shortening is —0.078 A/GPa. For comparison, the average HB shortening in a native protein is
—0.1AGPa~!, and —0.09A GPa~! in ice-Ih [16,21,22]. These values indicate that the mature
fibrils must be well-packed with little void space between the B-sheets, similar to native proteins
and molecular crystals. This is corroborated by the fact that the typical cross-p structure spacing
at ~4.8 A is still observed at the highest pressure attained in these studies (10.3 GPa), implying
that the fibrils do not dissociate at these high pressures, since pressure treatment favors those
structures occupying the smallest volume [7,23].

Although the local and long-range forces that maintain the amyloid fibril structure are the
same as those involved in native proteins, the globular forms have relatively low thermodynamic
stability, especially at high pressure [7]. This difference can be traced to the more efficient packing
geometry of the polypeptide subunits that also results in the lowered compressibility of fibrillar
structures. Optimizing the packing geometry will enable further stabilizing interactions such as
HBs or the stacking of aromatic groups to come into play. The need for efficient packing and
optimizing non-covalent interactions has already been shown to steer the early stages of the
amyloid fibril formation process [24].

In summary, we have presented a novel approach that allows a direct estimation of the compres-
sion of the cross-f structure along the fiber axis. In addition, our results emphasize the importance
of packing in addition to the recently highlighted role of HBs [5].
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