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Amyloid fibrils have been associated with human
disease for many decades, but it has also become
apparent that they play a functional, non-disease-
related role in e.g. bacteria and mammals. Moreover,
they have been shown to possess interesting
mechanical properties that can be harnessed for
future man-made applications. Here, the mechanical
behaviour of SSTSAA microcrystals has been
investigated. The SSTSAA peptide organization
in these microcrystals has been related to that in the
corresponding amyloid fibrils. Using high-pressure
X-ray diffraction experiments, the bulk modulus K,
which is the reciprocal of the compressibility β, has
been calculated to be 2.48 GPa. This indicates that
the fibrils are tightly packed, although the packing
of most native globular proteins is even better. It is
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shown that the value of the bulk modulus is mainly determined by the compression along the
c-axis, that relates to the inter-sheet distance in the fibrils. These findings corroborate earlier
data obtained by AFM and molecular dynamics simulations that showed that mechanical
resistance varies according to the direction of the applied strain, which can be related to
packing and hydrogen bond contributions. Pressure experiments provide complementary
information to these techniques and help to acquire a full mechanical characterization of
biomolecular assemblies.

This article is part of the theme issue ‘Exploring the length scales, timescales and chemistry
of challenging materials (Part 2)’.

1. Introduction
Amyloid fibrils have been the focus of intensive investigation over the last few decades. This has
been due to their elusive structure, their association with neurodegenerative and other amyloid-
related diseases and the fact that the ability of their formation seems to represent a basic property
of any polypeptide chain under the right conditions [1]. Although initially these macromolecular
structures were thought to exist only in association with human disease, it has become clear
that similar amyloid-like structures are found in, for instance, bacteria, algae, plants and even
mammals [1–5]. These findings have given further credence to the notion of amyloid fibrils as
a fundamental part of polypeptide chain behaviour. But along came the realization that such
structures should not necessarily be associated with human disease, but rather have emerged
as natural functional macromolecular assemblies. Functional amyloids have been found to be
involved in, for instance, natural adhesives, plant seed maturation, bacterial biofilm formation
and hormone storage [2–5]. Moreover, it is now clear that we can exploit them technologically in
a wide range of applications [6–8]. Not unlike the way collagen-derived polypeptides are used in
bio-engineering to produce aerogels (to serve as haemostatic sponges, for example) or hydrogels
[9,10]. In this context, one particular feature of amyloid fibrils that has come to the fore is their
high mechanical strength [11].

The mechanical behaviour has been widely investigated with a view on potential applications,
but also as a way to gain further insight into the amyloid fibril structure and its formation [12–15].
Atomic force microscopy and molecular dynamics simulations are often the preferred tools to
evaluate the mechanical properties [12,14,16–18]. We have previously studied the mechanical
behaviour of TTR105–115 amyloid fibrils and cellulose using high-pressure X-ray diffraction and
Raman spectroscopy [19,20]. In the case of TTR105–115 fibrils, we were able not only to determine
the bulk modulus of the fibrils but also to demonstrate the anhydrous nature of the inter-sheet
space as was proposed based on peptide microcrystalline models [21,22]. The advantage of the
high-pressure methodology is that it allows us to determine a bulk modulus as the sample is
hydrostatically compressed, in contrast to the unidirectional strain or stretching applied in many
other methods. However, the disadvantage of the TTR105–115 fibrils as a model system was that
we had to make assumptions on their unit cell in order to calculate the bulk modulus. Here, we
apply our approach to study the mechanical behaviour of SSTSAA microcrystals. These serve as
a model for the amyloid fibril structure and their unit cell structure is well defined [21]. SSTSAA
is a hexapeptide derived from ribonuclease (RNAse) and represents the minimum amino acid
sequence of RNAse that can form amyloid fibrils.

2. Material and methods
STTSAA peptide was purchased from Eurogentec (Liège, Belgium). The peptide purity
was assessed by HPLC and mass spectrometry (see the electronic supplementary material).
Microcrystals were prepared using the hanging-drop vapor diffusion method as described
previously [21]. Briefly, a drop was a 1 : 1 mixture of a 30 mg ml−1 aqueous SSTSAA solution and a
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reservoir solution. The latter was composed of 0.1 M Na HEPES, pH 7.5, 10% v/v 2-propanol and
20% w/v polyethylene glycol 4000. Optical observations of the microcrystals were made using
a Leica MZ125 light microscope with an ultra-long working distance lens (20x). Images were
acquired with a digital camera (Fujifilm FinePix F40fd).

In situ high-pressure X-ray diffraction measurements on the microcrystals were performed
using a diamond anvil cell, where the sample was contained within a 200-μm hole drilled in a Re
gasket. The pressure was determined using the ruby fluorescence method. X-ray diffraction data
were collected at the Swiss-Norwegian beamline (λ = 0.70026 Å) at the European Synchrotron
Radiation Facility (Grenoble, France) using a MAR345 image plate detector [23]. The sample-
to-detector distance (300 mm) and the image plate inclination angles were calibrated using a LaB6
standard. All experiments were performed at ambient temperature.

All obtained raw 2D raw data images were transformed to powder diffraction patterns using
the Fit2D program [24] and calibration measurements of a standard sample. This program
was also used to remove diffraction spots from the diamond cell and ruby used for pressure
calibration. The crystal structure of SSTSAA reported in Sawaya et al. [21] was used in Rietveld
refinements with the program Fullprof [25]. Nine parameters were varied: one scale, three cell
and three profile parameters (pseudo-Voigt function), one variable accounting for a preferred
orientation along [010] using March–Dollase model and an overall atomic displacement factor.
The background was defined by a number of fixed points. Diffraction peaks were detectable up
to the highest resolution shell, 1.64 Å. Cell parameters were extracted from data collected up to
1.4 GPa pressure. Beyond this limit, the peaks broadened considerably.

The bulk modulus (K0) and its pressure derivative (K0
′) were calculated using a finite-strain

Birch–Murnaghan equation of state (EOS) expanded to the third order using equation (2.1) [26]:

P(V) = 3K0f (1 + 2f )5/2
(

1 + 3
2

(K′
0 − 4)f

)
. (2.1)

The volume strain f is given by equation (2.2):

f = 1
2

[(
V
V0

)−2/3
− 1

]
. (2.2)

Here V is the unit cell volume at a given pressure and V0 is the volume at ambient pressure.

3. Results and discussion
Figure 1a shows a microscopy image of the SSTSAA microcrystals, analogous to the needle-
like hay stacks observed by Sawaya et al. [21]. The microcrystals were used as such in the
diamond anvil cell using their mother liquid as a pressure-transmitting medium. Because of the
random orientations of the small individual needles, the diffraction pattern (figure 1b) shows
isotropic rings rather than single crystal-like diffraction spots. The microcrystals were gradually
exposed to high hydrostatic pressures up to 12.8 GPa (1 GPa = 10 kbar). Compression beyond
8 GPa leads to the disordering of the crystalline structure but the process is reversible upon
decompression. Here we focus on the pressure effects up to 1.4 GPa as the data in this pressure
range can be well modelled by the Rietveld method. The atomic coordinates were fixed, refining
the profile parameters, the unit cell and the overall atomic displacement factor, along with the
texture (March–Dollas model) along the [010] direction. Figure 2 shows the unit cell at ambient
pressure and at 1.4 GPa. The variation of the unit cell dimensions under compression is shown
in figure 3a. It can be seen that compression is anisotropic, with the long a-axis being the least
compressible and the intermediate length c-axis the most compressible. It is very often the case
that the compressibility is the highest in the direction normal to the molecule layers [27]. This
also corroborates our earlier results on TTR105–115 amyloid fibrils that showed that the inter-sheet
distance, corresponding to the c-axis in the microcrystals, is more compressible than the inter-
strand distance [19]. Nevertheless, the inter-sheet distance does not undergo a major compression,
reflecting the densely packed interface or so-called dry steric zipper between the peptides. The

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

11
 S

ep
te

m
be

r 
20

23
 



4

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A381:20220340

...............................................................

(b)(a)

Figure 1. (a) Microscopy image and (b) diffraction pattern of the SSTSAA microcrystals.
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Figure 2. (a) Rietveld refinement of diffraction pattern of SSTSAA at ambient pressure. (b) Corresponding superposition
of SSTSAA unit cells at 0.0001 GPa (blue) and 1.3 GPa (red), viewed along the c-axis. Here a0 = 41,72 Å, b0 = 4,83 Å and
c0= 12,72 Å. The crosses represent water molecules.

b-axis can be related to the distance between two strands along the apparent fibre axis. Its
compressibility can mainly be ascribed to a shortening of the inter-strand hydrogen bonds, which
is found to be −0.074 Å GPa−1. For comparison, the average hydrogen bond shortening in a native
protein is −0.1 Å GPa−1, and −0.09 Å GPa−1 in ice-Ih and −0.016 Å GPa−1 in a molecular crystal
of pentaerythritol [28–31]. It is, however, noteworthy that these changes in the intermolecular
distances do not necessarily have to be due solely to hydrogen bond shortening. Studies on
molecular organic solids have shown that conformational changes and rotation of the molecules
can also lead to optimized packing within the crystal. Though there is no evidence of such
confirmational change or rotation in this case, at least not in the pressure range up to 1.4 GPa.

The pressure dependence of the relative volume change V/V0 is shown in figure 3b.
Monitoring the unit cell’s volume as a function of pressure allows the determination of the EOS of
the microcrystals. Several EOS models exist [32]. Here we use the Birch–Murnaghan EOS, which
is a modification of the Murnaghan EOS and which assumes a nonlinear variation of the bulk
modulus with pressure. A fit of the EOS to the data provides us with the bulk modulus K and
its pressure derivative. The bulk modulus is one of the four elastic constants, the other being
Young’s modulus, the shear modulus and Poisson’s ratio [32]. The bulk modulus is the reciprocal
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Figure 3. (a) Pressure-dependence of the normalized lattice parameters. (b) Variation of the unit cell volume with pressure.
The data have been fit with equation (2.1) (solid line).

of the isothermal compressibility β and thus provides a view on how the unit cell volume changes
under compression. Note that the unit cell shape should not change, as that would imply a phase
transition. The analysis yields a bulk modulus K of 2.48 ± 0.14 GPa and a pressure-derivative K′
equal to 8.54 ± 0.80 GPa. This value is similar to that reported for TTR105–115 fibrils [19] and is of
the same order as Young’s moduli determined by AFM and computational methods [11,12,15,17].
In fact, if we assume a Poisson’s ratio of 0.3 [18], then we can calculate Young’s modulus of
the SSTSAA crystals to be 3 GPa. A K-value of 2.48 GPa corresponds to a compressibility β

of 0.4 GPa−1. It shows that the microcrystals and by extrapolation the amyloid fibrils are very
well-packed structures with little voids, making them relatively incompressible. Native proteins,
however, often are even less compressible with typical values of β 0.1–0.2 GPa−1 [32]. Although
one should be careful when making comparisons as the structures of globular proteins and those
of amyloid fibrils are so fundamentally different. It is also clear from figure 3a that the value
of the bulk modulus is largely determined by the compression in the direction normal to the
apparent fibre axis in the microcrystals (i.e. the c-axis) (vide supra). This is in agreement with AFM
and molecular dynamics simulations [14]. These have previously revealed that the mechanical
response of amyloid fibrils depends on the direction of the applied strain. Packing is key in most
directions, but along the fibril axis inter-strand hydrogen bonds provide additional resistance to
stretch, as they also do under compression. It is noteworthy to point out that tensile experiments
along the fibril axis tend to focus on the hydrogen bond breaking as a key element of their
mechanical properties. Here the nature of the amino acid side chains, i.e. the amino acid sequence,
is less important than the number and density of the hydrogen bonds [33]. Under compression,
however, hydrogen bonds will in the first instance be strengthened and the packing will be more
important.

4. Conclusion
Hydrostatic compression experiments on biomolecules and their assemblies such as amyloid
fibrils and microcrystals provide unique access to a fundamental mechanical property being the
bulk modulus and thus the compressibility. The extent to which a molecule or an assembly can be
compressed gives insight into their packing. It has previously enabled us to provide experimental
support for the dry steric zipper model in actual amyloid fibrils [19]. This methodology therefore
offers information that complements AFM and molecular dynamics simulations, resulting in a
more complete picture of the mechanical behaviour of amyloid fibrils and model systems such as
the microcrystals. In particular, simulations could provide a unique view on the role of hydration
in the response of amyloid structures to the applied strain. It may also give insight into and
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allow the distinction between different fibril morphologies. Already at the level of the cross-
β structure amyloid fibrils come in many shapes depending on the connectivity between the
β-strands such as stacked or helical [33]. Their pressure response might reveal more about the
underlying structure [33,34]. In this respect, it is worthwhile to note that native proteins such as
GFP, which has a β-barrel structure, and PemA, with its β-helix structure, have been found to
be highly resistant to pressure-induced unfolding [35,36]. Apart from the fact that these proteins
are well packed they also have a high areal hydrogen bond density, something that has been
suggested to be important to achieve a stiff biological structure [33]. Albeit that these proteins
are relatively short along their long axis compared with amyloid fibrils, they may nevertheless
represent useful model systems to explore the mechanics of different morphologies, especially by
simulations.

The values of K and β reported here, suggest that the microcrystals are tightly packed, albeit
not as tightly as native proteins. The mechanical properties under compression are dominated
by the relative compressibility along the c-axis of the unit cell, corresponding to the inter-sheet
distance in amyloid fibrils. SSTSAA has relatively small side chains. It would be interesting to
see what the impact of larger side chains such as in the case of FYLLYY would be. Presumably
here the packing in the dry zipper becomes less optimal and hence one would expect a higher
compressibility. This might be exactly why there are different packing schemes, as shown by
Sawaya et al. [21], or polymorphs of the cross-β structure to avoid a structure that would be
inherently less stable. From a materials point of view, this polymorphism and the associated
different mechanical response may be exploited by selecting a specific morphology depending
on the nature of the application and whether the system is supposed to withstand tensile or
compressive strain.
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