Biophysical Chemistry 253 (2019) 106231

journal homepage: www.elsevier.com/locate/biophyschem

Contents lists available at ScienceDirect

Biophysical Chemistry

BIQPHYSICAL
CHEMISTRY

Amyloid jams: Mechanical and dynamical properties of an amyloid fibrillar

network

Check for
updates

Vincenzo Martorana, Samuele Raccosta, Daniela Giacomazza, Lorena Anna Ditta, Rosina Noto,

Pier Luigi San Biagio, Mauro Manno*

National Research Council of Italy, Institute of Biophysics, via Ugo La Malfa 153, 90146 Palermo, Italy

GRAPHICAL ABSTRACT

relaxation times (s)

scattering vector [um’']

ARTICLE INFO ABSTRACT

Keywords:

Amyloid fibrils

Gels

Insulin

Non-ergodicity

Dynamic light scattering

potentially new material.

Amyloid fibrils have well known pathological implications as well as a clear functional role in different biolo-
gical systems due to their peculiar structural and mechanical properties. We had previously shown the ap-
pearance of elastic properties during the formation of a gel of insulin amyloid fibrils. Here, we study the mor-
phological, rheological and dynamical behaviour of this jammed system. We observe different non-diffusive
relaxation processes over a wide length and time interval, suggesting the formation of an elastic transient
network of fibrils, and evidencing the structural heterogeneity of the gel matrix and the peculiarity of this

1. Introduction

Amyloid fibrils are ordered elongated protein aggregates, exhibiting
a peculiar cross-f3 sheet quaternary structure along the main fiber axis
[1]. Amyloid deposits are associated with protein misfolding diseases,
including several neurodegenerative diseases [2]. In addition to their
clinical relevance, amyloids have a less known important functional
role in different biological environments, where they operate a positive
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physiological activity [3]. Some bacteria, for instance, use extracellular
amyloid matrices to improve surface adhesion and colony proliferation
[4]. In general, functional amyloids have been identified in lower or-
ganisms, such as bacteria, fungi or insects, as well as in mammalian
cells [3]. Indeed, amyloids may be used as important structural com-
ponents, since they have peculiar mechanical and biological properties
[5], such as a high yield-strength and high protease or thermal re-
sistance, that make them resembling the natural silk fibers or other
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synthetic cross-linked materials [6,7]. These properties have stimulated
their exploitation as bio-inspired materials [8], e.g. as conductive na-
nowires [9], fibers able to capture carbon dioxide [10], or amyloid-
graphene nanocomposites [11].

In our previous work, we have shown the appearance of a sig-
nificant elastic network of insulin amyloid fibers, associated to fibril
elongation more than to the formation of large structures and the
eventual amyloid gel [12]. Insulin has long been known to form amy-
loid fibrils under acidic conditions [13], and it has been studied ex-
tensively as a model system for amyloid fibrillation [14-17]. Insulin
aggregation is enriched by a complex hierarchy of different morphol-
ogies, including fibrils, larger bundles and floccules, which may even-
tually assemble to form a gel [15,18,19]. In the present work, we
continue the study of the morphological and mechanical properties of
this insulin amyloid gel, with a focus on the dynamical relaxation
processes of the amyloid network. In order to address this problem, we
exploit the capability of dynamic light scattering techniques at both
small and large angle, opportunely adapted to deal with the intrinsic
non-ergodicity of gel systems.

We observed different non-diffusive relaxation processes spread
over a wide range of time and length scales. While a detailed descrip-
tion of the system dynamics is beyond the scope of this work, we may
argue that the slow dynamical relaxation resembles the behaviour of
elastic networks with transient topological rearrangements [20]. Along
with our rheological and morphological measurements, these dyna-
mical observations strengthen the picture of amyloids as new, strong
and malleable materials, which are capable of sustaining stress, as en-
tangled polymers [21] or natural and synthetic fibers [5], and also of
retaining self-healing adaptive properties, as flexible transient networks
[22].

2. Materials and methods
2.1. Sample preparation

Bovine insulin powder (purchased from SIGMA) was dissolved in
20% w/w acetic acid (reagent grade) and Millipore Super-Q water and
filtered through 0.2 ym GV Millex filters. Insulin concentration was
measured by UV absorption at 276 nm, with an extinction coefficient of
1.0cm?mg~ ! [12]. Insulin solution was incubated at 70 °C for 24 or
48 h either in quartz cells, for scattering measurements, or in glass tubes
for other experiments.

2.2. Optical microscopy

The samples were gently removed from the tube and put on glass
slides. Optical microscopy images were taken by using an inverted
microscope with colour-corrected infinity optical system (MOTIC AE21)
and a 1.3 M pixel digital camera [23].

2.3. Atomic force microscopy

30 pL of the incubated samples were gently removed from the glass
tube, then either directly used or mixed with 270 uL of buffer. The
samples were deposited on a freshly cleaved mica substrate, incubated
at room temperature for 15 min and gently washed with buffer. Atomic
force microscopy images were taken by a JPK Nanowizard 3, operating
in air tapping mode with a rate of 1 Hz (resolution 512 x 512), a set
point fixed at 20 nm (80% of the free amplitude), and using NSC15
MikroMasch cantilevers (resonance frequency 290 kHz, nominal spring
constant 40 N -m™!), equipped with silicon tips with a typical radius of
curvature of 8 nm.

2.4. Rheological measurements

Incubated samples were gently removed from the tube and put on
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the plate of a stress-controlled rheometer with a temperature control
within 0.1 °C (AR1000, TA Instruments UK). Viscoelastic spectra and
shear rate ramps were measured at room temperature with a plate-cone
geometry, by using an acrylic cone and an angle of less than 1° and a 26
um truncation gap (T.A. Instruments). The excess sample was blotted
away by a filter paper, and paraffin oil (GPR grade, BDH, UK) was
layered around exposed sample surfaces. A solvent-trap cover-slip was
also used to prevent evaporation. The viscoelastic spectra were taken
with a low strain of 0.01, in order to limit sample perturbation.

2.5. Small angle dynamic light scattering (S-DLS)

Small angle light scattering (SALS) experiments were performed by
using a home-made light-scattering apparatus [15,23,24] equipped
with a charge-coupled device Pulnix TM765 camera and a He—Ne laser
operating at a wavelength of 632.8 nm. The instrument operates over a
range of scattering angle from 0.1° to 11°, corresponding to scattering
vector magnitudes between 0.02 and 2 um ™. After 48-hour incubation
into quartz cells with an optical path of 2 mm, the measurements were
taken at room temperature for one day. The average scattered intensity
was checked to be stationary for the course of the measurement. The
intensity auto-correlation functions g»(t) were computed by using a
home made software code. The electric field correlation functions gz(t)
were recovered from the single pixel intensity correlation functions,
correcting for the presence of a static stray light contribution. The en-
semble average of the correlation functions, necessary in the case of non
ergodic systems, is allowed by the multi-pixel CCD sensor [25].

2.6. Large angle dynamic light scattering (L-DLS)

Samples were incubated into quartz cells and then placed at room
temperature in a Brookhaven Instrument BI200-SM Goniometer,
equipped with an Argon laser tuned at 514.5nm. The intensity auto-
correlation functions g»(t) were measured at different scattering vectors
by a Brookhaven Instrument BI-9000 correlator.

3. Results and discussion

Insulin fibrillar samples were prepared by incubating highly con-
centrated solutions (0.75 and 2.0 mM), at high temperature (70 °C).
Insulin powder was dissolved in 20% Acetic Acid aqueous solution,
pH 1.9. In such conditions, insulin is known to be monomeric and to
form amyloid fibril upon incubation at high temperature [12,26]. After
one or two days of incubation at 70 °C, insulin samples become highly
viscous due to the formation of large size aggregates. Indeed, insulin
fibrillation initiates by the elongation of single amyloid fibers and then
proceeds by a cascade of different processes, including secondary nu-
cleation, branching and fiber assembly, thus resulting in the formation
of a complex hierarchy of different structures [15,17]. As expected from
previous work [16,18,27], we observed the presence of bundles of
amyloid fibers (Fig. 1a), a network of entangled elongated amyloid fi-
brils (Fig. 1c,d), and single (moderately branched) fibrils (Fig. 1e,f),
with an apparent width of about 25 nm, and a length up to a few mi-
crons. We also detected the sporadic presence of amyloid spherulites
(Fig. 1b), aggregates with a radial orientation of fibrils, which have
been observed in different conditions [17,27].

In a previous work [12], we observed the formation of an elastic
network of insulin fibrils upon heating on the same experimental con-
ditions used in the present work. A significant growth of the elastic
modulus was detected during fiber elongation. Now we investigate the
mechanical properties of the same samples after one or two days of
heating. The macroscopic aspect of these samples is that of a viscous
slurry, or eventually a soft gel. Indeed, the viscoelastic spectra exhibit a
flat frequency dependence of the viscoelastic moduli over more than
two decades (Fig. 2a). The elastic part of the modulus G is significantly
higher than the dissipative one G", thus indicating a clear gel-like
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Fig. 1. Optical microscopy (a,b) and atomic force microscopy (c,d,e,f) images of insulin solutions after 24 h of incubation at 70 °C. Optical microscopy: (a,b) 2 mM;
the horizontal bars are 10 um; atomic force microscopy: (c) 2mM; (d) 2 mM diluted 1:10; (e) 0.75 mM; (f) 0.75 mM diluted 1:10; the horizontal bars are 200 nm;

behaviour [28]. Also, the measurements of dynamic viscosity # at in-
creasing shear rate y, show another characteristics of elastic networks,
that is the shear thinning behaviour (Fig. 2b). The 7 (y) curves can be
represented by the classical empirical Sisko model, using the expression
[29]:

N =Ny +my"! €))

where n = 0.2 is the exponent describing the departure from New-
tonian behaviour (n = 1), and .. is the viscosity at infinite shear rate,
when entangled structures or large clusters are disassembled. At both
concentrations we found the same value 7.. = 4.5-1073Pa - s, slightly
higher then solvent viscosity, as typically observed in other colloidal or
protein aggregate systems [23,30].

The dynamical behaviour of insulin jammed samples was studied on
different spatial and time scales by using both small angle and large
multi-angle dynamic light scattering. Such experiments require a par-
ticular care, since the system under study exhibits a non-ergodic be-
haviour [31], on microscopic and mesoscopic time-scales, from mi-
croseconds to seconds, mirroring the gel-like mechanical and structural
properties of these jammed entangled networks (Figs. 1, 2). This op-
eratively means that the ensemble-averaged values of physical quan-
tities cannot be obtained from ordinary time-averages, and that dif-
ferent volumes of the sample yield different values of the measured
quantities. We detected non-ergodic behaviour in large angle light
scattering experiments by moving vertically the couvette and mea-
suring scattering intensity. The average intensity values were different
at different positions of the cell (data not shown). In such cases, ergo-
dicity may be restored by performing spatial averaging over different
parts of the sample [32]. Such a procedure may be performed e.g. by
automatically moving the sample in large angle light scattering mea-
surements [32,33], while it is automatically achieved in small angle
dynamic light scattering experiments, since for each scattering vector

the intensity is averaged over many pixels of the detecting CCD camera
[15,25].

Small angle dynamic light scattering (S-DLS) experiments were
performed on samples incubated at high temperatures for 2 days. The
intensity auto-correlation function g»(t) was computed by using a home
made software, then the electric field correlation function gg(t) was
obtained by using the procedure described in Cipelletti and Weitz 1999
[25]. Fig. 3 shows the correlation functions gx(t) at different scattering
vectors, corresponding to dynamical relaxations occurring on length-
scales from a few micrometers to tens of micrometers. The correlation
functions exhibit a clear non exponential behaviour and can be fitted by
the expression:

g (1) = co + exp{—(t/7)"} (2)

which contains a constant ¢, and a compressed exponential with ex-
ponent v, in the range 1.7 — 1.9. The characteristic times at different
scattering vectors have an average value of 8 h, and display a slight g-
dependence, definitively related neither to a diffusive relaxation pro-
cess (r ~ q’z) [34]1, nor to the dynamical relaxation of an entangled
polymer network (z ~ q_3 or v~ q_4) [35]. In the inset of Fig. 3, an
inverse q dependence is drawn with the expression: 7, = (Voq) ™!, with
Vo=28-10"um-s" L

Further, large angle dynamic light scattering (L-DLS) experiments
were performed on samples incubated at high temperatures for 2 days.
Fig. 4 shows the normalised intensity auto-correlation functions at
different scattering vectors (as displayed in the legend), which in this
case correspond to the dynamical relaxations occurring on length-scale
of hundreds of nanometers.

At large angles, time-averaging is again not sufficient to restore
ergodicity, and spatial averaging should be performed by moving the
sample or the detector. Alternatively, the intensity auto-correlation
functions g»(t) may be obtained by a “heterodyne” approach [31]. The
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Fig. 2. Rheological characterisation of 2.0 and 0.75 mM insulin samples after 24 h of incubation at 70 °C. (a) Viscoelastic spectra: elastic (G) and dissipative (G")
parts, the dashed lines are the average values over the frequency range; (b) viscosity # vs shear rate y, the dashed lines are the best fit by the Sisko model; the inset
reports the same curves in a log-log plot after subtraction of infinite shear rate viscosity #...

scattered electric field is partitioned into a slow contribution Eg(t),
which does not decay during the time of the measurement, and a fast
fluctuating contribution Ex(t), related to dynamical relaxation within
the gel matrix. The correlation function of the fast field gx(t) is derived
by beating with the slow component and it is related to the intensity
correlation function g»(t), by the relation:

0.6 — 0.7, respectively. The larger characteristic time z; has an average
value of 100 ms and shows no q-dependence. The shorter characteristic
time 7, has an average value of 5ms and shows a poor g-dependence.
Also in this case, the process is clearly neither diffusive, nor related to
polymer network collective relaxation. In the inset of Fig. 4, an inverse
q dependence is drawn with the expression: 7, = (v2q) !, with
v, =8-10"2um-s~ L

t)—1 . . .. . .
& =alg.(OP + [1 — alg:(®) The fast fluctuating fraction xr (xr = ir/[ir + is]) can be determined
&0 -1 €) for each measurement of Fig. 4 by analysing the intensity time series
witha~! = 1 + 2pis/ir, where ir and is are the average intensities of the collected during the experiment. The insets of Fig. 5 report the intensity

fast and slow components respectively, and the optical mixing coeffi-
cient p = a®8~! is the ratio of two factors dependent on the optical
geometry and related to the complex coherent factor [25,36].

The correlation functions clearly reveal different non exponential
relaxations, which can be fitted by using two stretched exponential
functions [37,38]:

g (1) = ao + arexp{~[t/5]1} + qyexp{—[t/5 ]} 4

with the exponents y; and y, included in the range 0.35 — 0.42 and

Is, integrated over an interval 8t < 1s, normalised with respect to the
average value (I5) . The corresponding distribution functions P(Is,)
are reported in Fig. 5. The scattered electric field can be partitioned in a
fast component Er and a slow component Eg, which is static with respect
to the interval 6t = 1s. Since the correlation function are also measured
up to a time delay of a few seconds (Fig. 4), we may consider that the
fast contribution related to I5, matches the fast fluctuating contribution
of the heterodyne correlation functions. By extending a previous theory
[39,40], we had shown that the normalised intensity distribution
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Fig. 3. Small angle dynamic light scattering correlation functions of 2mM in-
sulin gels incubated for 2 days at 70 °C, at different scattering angles as in the
legend. Solid curves are best fit to data. Inset: characteristic times 7, (circles)
obtained from fitting; the dashed line marks the average value, the solid lines
indicates a ¢~ * behaviour.
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Fig. 4. Large angle dynamic light scattering correlation functions of 0.75 mM

insulin gels incubated for 2 days at 70 °C, at different scattering angles as in the

legend. Solid curves are best fit to data. Inset: characteristic times 7; (squares)

and 7, (diamonds) obtained from fitting; the dashed lines mark the average

values, the solid line indicates a q’1 behaviour.

functions can be fitted with the convolution of two terms [19,32,33]: a
Gaussian distribution related to the fast component with average xr and
variance x;2/N, where N is a number reminiscent of the ratio between
the integration interval §t and the coherence time of the field, and an
exponential distribution related to the slow field, with average 1 — ir.
The xr values obtained by the intensity distribution (Fig. 5) match the
values obtained by the parameters a used in the heterodyne computa-
tion of the correlation function (Fig. 5 and Eq. (4)), with the reasonable
assumption p ~ 1.

4. Conclusions

In the present work, we have studied the mechanical, dynamical
and structural properties of a network made of amyloid insulin fibrils,
and exhibiting a gel-like behaviour. In a previous work, we have shown
that a significant elastic shear modulus is produced by the initial for-
mation of elongated aggregates occurring during the “apparent” lag-
phase [12]. Here, we confirm that the formation of large fibrillar ag-
gregates builds an entangled amyloid network and determines a mac-
roscopic or mesoscopic gel-like behaviour (Figs. 1 and 2). By using the
appropriate theoretical and experimental tools developed to deal with
non-ergodic systems [19,25,31-33], the dynamical relaxation modes
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Fig. 5. Intensity distribution functions a 0.75 mM insulin sample after 48 h of
incubation at 70 °C, at different scattering angles: 90° (a), 75° (b), 63° (¢), 45°
(d) and 33° (e). The insets show the corresponding intensity I time series
normalised with the average value (I5.) .

have been monitored by large and small angle dynamic light scattering.
We found the existence of different non-diffusive relaxation processes
on wide range of spatial and time scales (Figs. 3 and 4). The larger
process on the micrometer length scale has characteristic times of the
order of a few hours and a probable g~ ' dependence. This behaviour is
reminiscent of a phonon-assisted relaxation, that is a process exhibiting
a linear dependence of the relaxation rate upon the scattering vector. By
assuming that such a relaxation is due to phonon propagation with a
velocity vo = 8-107° pm -5~ %, one could estimate the resulting elastic
modulus G by the classical expression G = pv,?, where p is the density,
taken as 1 g- cm®. Therefore, one obtains a value of G of the order of a
few pico Pascal, which is far below the values obtained from rheological
experiments. At smaller length scales, we also observe two non-diffu-
sional relaxation processes, with almost no q-dependence.

The origin of this relaxation is not clear. A similar dependence of
characteristic time has been attributed to local shrinking of gel struc-
ture, causing local inhomogenieties [41], or to the influence on bulk
elasticity of loop defects in polymer networks [42]. A flat or quasi-flat
g-dependence of relaxation times has also been observed in PVA and PS
polymers [37,43,44] and, more recently, in DNA nanostars [38,45],
used to mimic low-valence colloids [46]. The proposed explanation
assigns the slow relaxation modes to topological rearrangements in the
network, which determine fluctuations in the local bulk modulus, thus
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allowing concentration fluctuations in absence of mass transport. While
a clear explanation is still missing, in the present work we report these
peculiar relaxation modes, likely related to local network rearrange-
ments, for the case of an amyloid jammed system, that is a transient
network of irreversible amyloid aggregates. We believe these findings
may open new perspectives and stimulate further studies of this
“amyloid jam”, that is a fragile matrix made of strong amyloid units.
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Appendix A. DLS with a slow contribution: ensemble averaging and heterodyne approach

In the classical approach for scattering by non-ergodic samples [31], the scattered electric field E(t) is considered as the sum of a fast contribution
Eg(t), and a slow contribution Eg(t). The scattered intensity I(t) = E(DE"(t) can be written as:

1) = [Br () + EsOI[EF @) + EE (O] + Ip (1)

(A.1)

where we added a term related to the dark current Ip. The intensity correlation G(t) = <I(0)I(t)) can be expressed in terms of the different

components:

G(t) = Gp(t) + Gr(t) + Gs(t) + 2Gps (t) + 2ipis + 2ipip + 2ipig

(A.2)

The quantities used in the latter expression are defined below in Table A.1.

Table A.1

Different radiation components and related quantities. The brackets < >

indicates a time averaging.

“Fast” field Ex(t)
I = EOEF (©)

“Slow” field Es(t)
Is(t) = Es(DEs (O

“Dark” term
In(®)

“Mixed” term Ex(t)Es (t)
Ins(t) = EDEs (1)

i = (EpEp)

‘71:2 = iF_l[ <IF2> - iF2]
Gp(t) = (IHOMR(D)

g0 = iy (Ex(0)Er ()
is = (EsEs")

os® = is [ IS —is’]
Gs(®) = {I(0)Is(0))

Gp(® = {Ip(0)p(1))

ips = <IFS>

a® = (isds) 'L Ips™) — is”]
Grs(t) = (Irs(0)Ips(8))

By taking for each component the properties described below in Table A2, the normalised intensity auto-correlation function g,(f) = i~ 'G(£)

(where i = (I) ) can be written:

& (1) — 1 = Bxigp (1) + Bx§og + 20%pXsg (1) + Xpapd (t)

(A.3)

where xp = ip/i, xs = is/i, Xp = ip/i are the fraction of the fast, slow and dark term, respectively.
This expression can be further simplified if one defines the following quantities (for t = 0):

X= 2
1—xp
t)—1
ho) = & ®)
gz(o)_l
Table A2

Properties of the different radiation components.

(A.4)

(A.5)

Er is a Gaussian complex process:
i ?Gp(D) = 1 + Blgs(0]?
Es has a fixed value:
is™2Gs(t) = 1 + Pog”
Ip is dark noise:
ip"%Gp(t) = 1 + 0p°8(t)
Ep Eg are independent fields:
irs = 0, Grs(8) = aifisgi(t)
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One obtains the following expressions:

h(t) = h(o0) + [1 — h(c0)]f {ags (¢)* + [1 — alg. (1)} (A.6)
_ B — X)’a}

h(oo) = BX? + 222X (1 — X) + B(1 — X)%a? (A7)

1y, m1oX

a B X (A.8)

The latter expressions hold for both the ensemble (e.g. spatial) averaging and the heterodyne approach. In the first case, the slow contribution is
due to a non relaxing field: 65> = 1 and h() = 0. In the hetorodyne approach, the slow contribution is due to a contribution which is static during
the measurement, yet completely uncorrelated: og> = 0 and h(e) = 0. Therefore, the same expression can be used to compute the correlation
function in camera-based small angle dynamic light scattering measurements (gz(t) = g«(t)), with respect to the static stray light [25], and at the
same time to fit the fast field in large angle dynamic light scattering measurements, with respect to a slow non-ergodic contribution [31].
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