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We study the mechanical response of cellulose and B-amyloid microfibrils to three types of
deformation: tensile, indentational, and shear. The cellulose microfibrils correspond to the allomorphs lo
or IB whereas the B-amyloid microfibrils correspond to the polymorphs of either two- or three-fold
symmetry. This response can be characterized by three elastic moduli, namely, Y|, Y1, and S. We use a
structure-based coarse-grained model to analyze the deformations in a unified manner. We find that
each of the moduli is almost the same for the two allomorphs of cellulose but Y, is about 20 times
larger than Yt (140 GPa vs. 7 GPa), indicating the existence of significant anisotropy. For cellulose we
note that the anisotropy results from the involvement of covalent bonds in stretching. For B-amyloid,
the sense of anisotropy is opposite to that of cellulose. In the three-fold symmetry case, Y| is about half
of Y1 (3 vs. 7) whereas for two-fold symmetry the anisotropy is much larger (1.6 vs. 21 GPa). The
S modulus is derived to be 1.2 GPa for three-fold symmetry and one half of it for the other symmetry
and 3.0 GPa for cellulose. The values of the moduli reflect deformations in the hydrogen-bond network.
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|. Introduction

There are many types of biological fibers, such as those made of
proteins or those made of carbohydrates. Examples of protein
fibers are collagen, actin, spider silk, fibrin, microtubules,
elastin, and amyloid systems. Examples of carbohydrate fibers
are cellulose, chitin, dextran, and alginate. All of these fibers
are made of smaller units, fibrils or microfibrils, and they come
with a wide range of elastic properties that relate to their
function. Some fibers, like cellulose, are tough and extend little.
Others, like fibronectin, are endowed with large extensibility.
Fibronectin fibrils can be extended more than 8-fold before they
break." Similar extensibility has been reported for spider silk*?
and fibrin.* The design of novel materials with biological compo-
nents often requires the knowledge of the response to deforma-
tions of various kinds.

The fibers/fibrils are systems that are highly anisotropic and
the elastic properties along the fiber axis are expected to be
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different than along the transverse directions. Experimentally,
there are various ways to assess these properties. One may
determine the tensile Young’s modulus, Y; (the subscript
L stands for longitudinal or axial), by stretching the fibrils.
One may also place the fibril on a support plane and press on it
by a rounded tip toward the plane to determine the transverse
Young’s modulus, Y. This procedure is called nanoindentation
and is typically implemented through atomic force microscopy.
Then there is shear modulus, S, that can be determined by
anchoring one side of the fibril and moving the opposite side,
for instance, through exposure to a fluid flow. One can also
perform a variant of nanoindentation in which the fibril is
suspended on two beams and then indented from a side at a
place between the two beams. The resulting bending modulus,
Yy, depends on both Yy and S.° All of these parameters are
useful for characterization and understanding of the fibrils.
However, quite often, only some of these techniques can actually
be applied to a particular biomolecular system, so the information
about the elastic properties is fragmentary.

It is thus desirable to develop computational methods that
would allow for an estimation of various elastic constants
within one model and provide insights into the deformation
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process. Here, we present a structure-based coarse-grained (CG)
model which yields results which are consistent with disparate
experimental data. Considering CG models seems to be parti-
cularly appropriate in this context because of the large sizes of
the fibrils and because of the molecularly long timescales
involved in the deformation processes. The natural CG degrees
of freedom are associated with the effective particles placed at
the locations of the C4 atoms in many carbohydrates and at the
a-C atoms in proteins. We have developed a structure based CG
model, together with the relevant parameters, for polysaccharide-
protein complexes.® Here, we use it to determine Yy, Yy, and S for
crystalline cellulose microfibrils and for two polymorphic forms of
AP(1-40) amyloid. It should be noted that our CG theory has been
originally developed® for a sugar-protein complex by using the
common methodology. Thus the two different types of fibers
considered here are studied within the same scheme.

Cellulose is one of the most abundant biopolymers on earth
and it may constitute up to 50% of plant cell walls, as measured
under dry conditions. Cellulose microfibrils wrap around plant
cells. They provide resistance to osmotic pressure and generate
turgor that allows plants to grow in an erect manner.”
In crystallographic studies,® the microfibrils correspond to
two possible crystalline allomorphs, denoted as Io° and Ip,"°
the predominance of which depends on the source organism
(in nature, microfibrils can also be amorphous). A microfibril of
cellulose consists of, typically, 36 parallel chains of cellobiose'" as
illustrated in Fig. 1. Each cellobiose unit consists of two p-glucose
molecules (denoted here by p-GLC) which are connected by a
B-1,4-glycosidic covalent bond (C-O-C). The number of repeat
units is between 250 and 7000. Cellulose has attracted scientific
interest not only because of its remarkable mechanical properties,
but also because of its surface chemistry resulting from
hydration.">"? For cellulose I allomorphs, the tensile and shear
deformations are implemented along the c-axis direction,
whereas indentation takes place perpendicular to the 100 plane
for If and 110 plane for Io. The measured typical Yy, for cellulose
If ranges from 133 to 155 GPa,'* Y; from 2 to 25 GPa,"” and
S from 1.8 to 3.8 GPa.'® The theoretical estimate based on density
functional theory (DFT) is 206 GPa for IB."”

AP(1-40) and the closely related AP(1-42) (with an extra
C-terminal ionic bridge) are involved in Alzheimer’s disease.'® >
The chains of these proteins may aggregate in a variety of ways.
Two of them, corresponding to two-fold*' and three-fold'®
symmetry axes, are shown in Fig. 3. It appears that, in vitro,
the two-fold symmetry has lower energy than the three-fold
symmetry. In our calculations, we focus on both polymorphic
forms because they have not been studied theoretically yet
(in the context of deformations) and moreover because the
three-fold system has been found in the brain tissues of
patients with Alzheimer’s disease.'® Moreover, it has been
suggested that the three-fold amyloid is considered as one of
the most neurotoxic forms of low-molecular weight B-amyloid
oligomers. They damage membranes and alter calcium ion
homeostasis.”>*® The propensity to find aggregates in vivo
with a three-fold symmetry could be due to some selection
mechanism in the brain environment or due to an unknown
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Fig.1 Panels (a) and (b) show a view of the 36-chain microfibril of
cellulose If and la in the plane perpendicular to the fibril axis and along
the axis. The crystallographic directions assigned for each side are
displayed. Axes a, b and ¢ define the monoclinic unit cell for If formed
by two chains. The elementary unit cell of la is triclinic and it contains one
chain. The position of the CG beads located at the C4 atoms is represented
by black circles. Typical non-bonded interactions between CG beads are
shown by colored dashed lines.

mechanism of fibril clearance.'®** The structure of the B-amyloid

fibril forms through the self-assembly of peptide chains, either
40* or 42°° amino acid residues in length, within layers which is
followed by stacking of the layers. Amyloid is an example of a fibril
with a very different architecture than cellulose. The juxtaposition
of two kinds of fibrils provides a good test of the proposed CG
theory. We focus on the more abundant and faster aggregating
AB(1-40) instead of AB(1-42) but we expect that the two systems
should be similar mechanically. For f-amyloid, the experimental
values of S and Yy are about 0.3 GPa and 3.3 GPa respectively.>”
They were obtained for AP(1-42) in vitro, but the experimental
conditions did not allow for identification of the type of symmetry.
The experimental samples are expected to be composed of fibrils
of various symmetries and also to contain amorphous aggregates.
The value of Y7, has not been reported.
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Our structure based CG model involving the C4 atoms® is
different from several other CG descriptions proposed for
cellulose. In our CG model, the strength of the bonded and
non-bonded potentials was obtained by matching their respec-
tive energy scales from all-atom simulations. The model by
Srinivas et al.>® was designed to reach long time scales which
are necessary to study the crystalline-amorphous transition but
it was not applied to the determination of the elastic properties
of the fiber. Their model introduces two types of effective
atoms. The crystalline unit cell of cellulose I is monoclinic
and it contains two cellobiose chains, denoted as origin (OR)
and center (CE). In this way, an iterative version of the Boltzmann
method which is applied between CE-CE, OR-OR and CE-OR
all-atom radial distribution (RDF) functions is used to derive
tabulated potentials for the effective non-bonded interactions.
Fan et al.*® designed a model to characterize the local effects of
the axial deformation of longer fibrils (>100 nm) without,
however, determining Y;. Their method uses one CG bead per
p-GLC monomer positioned at the center of mass of the ring.
The non-bonded interactions are mapped to the Morse
potential with the depth set to 5 kcal mol ™', which is repre-
sentative of the moderate O-H- - -O hydrogen bond (HB) energy
strength in solids. By considering the RDF for the rings, they
have associated each RDF peak with one type of HB and by
Boltzmann Inversion of the Gaussian fitting of the widths of the
peaks they derived the effective non-bonded potentials.

Glass et al.*® have proposed a model, known as REACH (for
Realistic Extension Algorithm via Covariance Hessian), that
makes use of the elastic network system in which the contact
interactions are represented by unbreakable harmonic bonds
instead of the Lennard-Jones interactions. The REACH model
makes cellulose to be necessarily much stiffer than in reality
and yields Yy, of 162 GPa and Y of 25 GPa. On the other hand,
an approach based on the MARTINI force field®' (in which
groups of several atoms, including the molecules of water, are
represented by single effective atoms) yields®* ¥y of 10 GPa -
closer to our estimate. For amyloid fibrils, there is a CG approach
which involves the normal-mode analysis of the o-C-atom-based
elastic network model,**** combined with the continuum defor-
mation theory. For AB(1-40), it leads to Y;, of 20 GPa and S of
5.6 GPa.>® However, this approach relies on the arbitrary selection
of normal modes to analyze. As a result, the elastic constants
obtained appear to be way too high. Our model allows for
calculation of all elastic constants in a unified manner and yields
results that are consistent with the experimental data.

In the next section, we describe the systems we study and
outline our methodology for the simulations. We then present
results pertaining to the tensile, shear and indentational defor-
mations for the systems studied.

[l. Methods

A. Determination of the elastic moduli

The unit cell for cellulose Io is triclinic’ and it contains one chain.
For If it is monoclinic'® and contains two chains. The structural
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arrangements corresponding to the If and Io allomorphs are
shown in Fig. 1, where d; indicates the distance to atoms which
are the nearest neighbors to the central atom indicated. Our CG
model for cellulose I allomorphs was tested against all-atom
simulations.?® In particular, the CG model was able to capture
the radial distribution function for these two systems. Then, the
free energy difference, F, — Fg, was found to be about ~1.3 kcal
mol !, agreeing with the expectation that If is more stable than
I0.*”*® One application of our model has been the determination
of the transition pathways between Io and If at room temperature.
The transition takes place through an amorphous phase in which
about 10% of non-bonded contacts are missing compared to
the crystalline phases. For -amyloid, the CG model preserves the
all-atom derived fibril structure within the o-C RMSD (root-mean-
square-deviation) of 3 A.

Fig. 3 shows the schematic setups that are used to induce
tensile, shear and indentational deformations in the biological
fibers. It also shows the indentational direction and its expected
outcome. We induce the deformations in the constant speed
mode. In the tensile case, we attach elastic springs to the ends
of individual chains of initial length L,. On one side, the springs
have the elastic constants of k; (100 kcal mol™* A™") and are
attached to an unmovable support. On the other side, the elastic
constants are k, (0.1 kcal mol™* A™?) and the outer ends of the
springs are moving with a speed of v, The initial length of these
springs is considered to be numerically negligible. As a result of
stretching, the fibril extends to length L and the strain, ¢, is
defined as (L — Ly)/Lo. The stress is determined as the net force
exerted by springs k, divided by the cross-sectional area, A, of the
fibril. Yy is obtained in the regime in which the dependence of F/A
on ¢ is linear. For cellulose Io. and If, the cross section is
hexagonal in shape and A can be determined from the locations
of the C4 atoms on the edges. A hexagon can be considered as the
sum of a number of triangles with corners defined by three nearby
C4 particles. The sides of each triangle are along the 110, 110 and
100 crystallographic directions for I and along 110, 100 and 010
for Io defined in Fig. 1. We project the triangles into the single
plane of the hexagon. The area of each triangle can be estimated

tobe A = /55— B)(s —di)(5 — ) with s = LA T &

d, and b are distances defined in Fig. 1. In the case of amyloid
fibrils, the cross-sectional area depends on the symmetry. For the
three-fold symmetry, we calculate the triangular area defined by
the locations of the o-C atoms on the first residues in each peptide
chain denoted as 1, 1’ and 1” (see Fig. 2(a)). For the two-fold
symmetry, we calculate the rectangular area defined by amino
acid residues 14 and 14’ (see Fig. 2(b)). Each elementary area was
monitored during the simulation.

The shear deformation is also implemented at a constant
speed. In this case, we attach an elastic spring to each effective
atom on the top (k,) and the bottom (k) planes. The top layer
atoms are made to move along the fiber and the bottom ones
are anchored. If the top plane moves by X, then the shear-strain
is defined as ¢ = X/y (see Fig. 3). The shear-stress is determined
by the total force acting on the top plane divided by the area of
the plane. The top plane is rectangular in shape, so its area is

.Here d;,
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Fig. 2 Top panels show similar projections as in Fig. 1, but for AB(1-40)-amyloid with three-fold symmetry. The bottom panels are for B-amyloid with
two-fold symmetry. The position of the a-C atoms for one peptide chain is represented by circles colored according to the type of the secondary
structure. Panel (a) shows the first and last residues in a peptide. They are denoted by 1, 1’ and 1” and 40, 40’ and 40" and indicated by arrows. Panel (b)
shows the same for two-fold symmetry. Typical non-bonded interactions between CG beads are shown by colored dashed lines.

equal to the product of the length of the fibril and its width. For
the three-fold symmetric amyloid, the width is given by the
distance between o-C atoms denoted as 1’ and 1” in Fig. 2(a)
and the anchored bottom part of the fibril consists of a line of
o-C atoms denoted as 1. For the case of the two-fold symmetry,
the shear plane is defined by amino acids in the range of residues
14-20 and the same set are anchored in the other chain.

In the case of nanoindentation one considers a rigid object
with the radius of curvature R;,q4 that is approaching the fibril
from the side with a speed of v;,q. When the forward tip of the
object travels inside the fibril a distance of & away from the
undeformed situation, then the force of reaction exerted by
the fibril is F and the object ceases to touch the deformed fibril
at the distance of a. away from the vertical central axis.

28198 | Phys. Chem. Chem. Phys., 2017, 19, 28195-28206

The relationship between F and % is given by

»4Ring' 2 Y1

F=n 30— (1)

where v denotes the Poisson ratio of the microfibril. It is
defined as the ratio of the transverse contraction strain to the
axial strain in the direction of the stretching deformation.
We have computed this coefficient (Fig. S1 in ESIf) from our
simulation obtaining 0.33 for cellulose allomorphs and 0.40 for
both of the amyloid polymorphs. Our estimate for cellulose
agrees with the experimental value in the literature.*® For
amyloids the value has not been reported. The relationship
follows from the Hertz theory*® of mechanical interactions
between two spheres as extended by Yoffe.*! It is assumed that
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Fig. 3 Schematic representation of the three types of deformations considered and the characteristic parameters used in this paper. Panels (a) and (b)
correspond to the tensile and shear, and indentational deformations respectively. Panel (c) shows the indentational direction for the AB(1-40) system.
Panel (d) shows the typical shape of the experimental indentational curve: a linear response to deformation is followed by a non-linear, or plastic,
deformation. The values of the elastic moduli are estimated in the linear regime for the process. The transition from the linear to non-linear regime

corresponds to point A.

the initially flat microfibril corresponds to a sphere with an
infinite radius of curvature and that the indenter is incompres-
sible (infinite Young’s modulus). Thus plotting F vs. h** allows
one to deduce Yy from the linear part of the plot.

In real experiments, the indenter has a finite stiffness and
the resulting compliance has to be subtracted from the full
indentation depth.*>** In simulations, we can eliminate the
compliance of the indenter by making it sufficiently stiff.
It should be noted that a reversal in the direction of motion
of the indenter (known as unloading) may introduce an effec-
tive irreversibility which shows as a hysteresis. This happens if
one enters the nonlinear part of the plot and is due to the
longer timescale of the fibril recovery compared to the motion
of the indenter, which, in turn, is due to heat dissipation. This
point is discussed, for instance, in the context of modelling of
nanoindentation of virus capsids.***’

B. The structure-based CG model

The CG model employed here uses the positions of atoms in a
well-relaxed atomistic structure and then it sets the bonded and
non-bonded interactions between the effective atoms repre-
senting the structural units. This approach would also be valid
for systems with mutations that may alter the HB network and
lead to structural rearrangements. In this case, the mutated
(average) structure has to be first derived, for instance, through

This journal is © the Owner Societies 2017

all-atom simulations. Our CG model for allomorphs of cellulose®*®
is based on representing p-GLC monomers by beads located at the
C4 atoms (Fig. S2 in ESIT). For amyloid, it is based on representing
amino acids by beads located at the o-C atoms. In both cases, the
potential energy is given by

y <G _ ZKr(l‘—V0)2+ ZK9(0—00)2+ Z Ky(dp—gy)’

bonds angles dihedrals
CON 12 6 NO-CON 12
gji o Teut
S [(2) (@) ]S ()"
i< i i i<j v

2

The first three terms on the right hand side of eqn (2) corres-
pond to the harmonic pseudo-bond, bond angle and dihedral
potentials. Table 1 shows the values of elastic constants, K;, Ky
and K, for each of the systems studied here as derived in ref. 6
and 36 through all-atom simulations. The values for r,, 0, and
¢, correspond to the equilibrium distance between two, three
and four beads respectively. They are listed in Table 1. In the
case of amyloid, we first determine an effective native confor-
mation (NC) through all-atom simulations as described later,
and the angles and distances correspond to the derived struc-
ture. Notice that the harmonic description of the covalent
bonds between the consecutive effective C4 atoms precludes

Phys. Chem. Chem. Phys., 2017, 19, 28195-28206 | 28199
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Table 1 top table shows bonded parameters used to perform our CG simulation of the native cellulose | allomorphs and the AB(1-40) microfibrils. The
equilibrium values of bending (0p) and dihedral (¢o) angles for AB(1-40) are taken from the native conformation (NC) and used in egn (2) to define the
potential energy. The bottom table shows non-bonded potential parameters for three systems. The unit of ¢ is given in kcal mol™ . The subscript d; for
the cellulose parameters corresponds to the four nearest neighbors depicted in Fig. 1(a)

k. [keal mol ™ A7 ro [A] ko [keal mol™" rad 2] 0o [°] k, [keal mol ™" rad 2] ¢o [°]
Cellulose I 51.6 £ 7.5 5.27 160.1 £ 42.6 169 2.1£0.3 183.6
Cellulose Io 51.7 +7.1 5.28 182.0 £ 46.0 170 2.1 +£0.2 181.0
AB(1-40) 100.0 £ 11.0 3.80 45.0 £ 11.1 NC 5.0 £ 2.2 NC
&q, 04, [A] &a, 0aq, [;“] a, 0d, [A] &a, 0d, [A] € o [;\]
Cellulose Iff 2.3 5.60 2.3 5.60 3.0 7.10 7.4 7.43 —
Cellulose Io 1.9 5.70 1.9 5.70 2.5 6.90 7.3 7.50 —
AB(1-40) — — — — 1.5 NC

their rupture. Thus the simulations cannot lead to the stress-
strain relationship illustrated in Fig. 3. Instead, in the non-
linear regime, the stress must grow indefinitely whereas breakage
of the bonds would lead to leveling off followed by fragmentation.

The fourth term on the right-hand side of eqn (2) takes into
account the non-bonded contact interactions, as described
by the Lennard-Jones potentials. For cellulose, the contact
interactions correspond to four different distances d,, d,, ds,
and d, between the C4 atoms (see Fig. 1). These interactions are
due to the HBs between specific atoms (like O and C) which are
in distances shorter than those between the C4 atoms. The
corresponding values of the depth, ¢;, of the potential well and
the length parameters o are listed in Table 1. For AB(1-40), we
take ¢; to be uniform and equal to ¢, also listed in the table.
This approach has been shown to work well when comparing
the theoretical results on protein stretching to the experimental
data’®™*® and on nanoindentation of virus capsids.**** The
value of 1.5 kcal mol™" for ¢ is close to the one obtained by
comparison to stretching. In all systems, the strength, ¢, of the
repulsive term is set as equal to &.

For proteins, the presence of a native contact is determined
by the overlap criterion.*®*® This criterion works as follows:
each heavy atom is assigned a van der Waals radius as deter-
mined in ref. 50. A sphere with the radius enlarged by 1.24 is
built around the atom. If two amino acids have heavy atoms
with overlapping spheres then the contact is declared to exist.
These contacts can be due to HBs, hydrophobicity and ionic
bridges. Only contacts with |{ —j| > 4 are included in the contact
map. The parameters ¢; are given by ry'o/zl/ °, where ry is the
distance between two o-C atoms that form the native contact. The
last term in eqn (2) describes repulsion in non-native contacts.
In the protein case, we take 7., = 4 A, and in the case of cellulose,
Tewt = 5 A. For proteins, we also include one more term: the local
backbone stiffness. We take it as described by the bond-angle and
dihedral potentials that favor the native geometry.*®

The CG simulations were carried out with an implicit solvent
at 300 K which corresponds to kg7 = 0.59 kcal mol " (kg is the
Boltzmann constant, T the temperature). The Langevin velocity-
dependent (over) damping and random forces were used to
represent effects due to the solvent, including thermostating.
The characteristic time scale, 7, in the problem is of order 1 ns.
In our model, this time-scale corresponds to the diffusional
time to move by 5 A a CG bead (e.g. a-C atom). A similar time
scale for an o-C protein model, © ~ 3 ns, was derived by
Veitshans et al.>" It was also obtained through consideration
of stretching of a protein by a fluid flow at the same Peclet
number as in experiments.>” The equations of motion for the
beads are solved by a fifth order predictor-corrector method.
The integration step is 7/200. The systems were studied typically
for a duration of 1000t after equilibrating them for 100z.
To capture characteristic thermal fluctuations for each system,
our results were averaged over 50 trajectories. The forces are
monitored at time intervals of 7. We have considered averaging
the forces over an interval of 10z. This was sufficient to capture the
characteristic information for stress-strain and F-h** curves.

It should be noted that the uniform-¢ model used here has
been selected out of 62 models studied in ref. 47, including
those with specificity. When compared to the experimental data
on protein stretching, it was matching or outperforming
descriptions based on non-uniform values of ¢. The sequence
specificity is contained in the native structure that is used to
construct the contact map which is the most important feature
of the model.

In nanoindentation studies, the microfibril or the amyloid
fibril, of length listed in Table 2, is placed above a repulsive
plate and the deformation is induced towards the plate. The
interaction with a flat plate is described by a repulsive
potential®® that scales as z, '°, where z, is the distance between
the plate and the CG bead. The dynamical role of the indenter
is described by a sphere that generates a purely repulsive

Table 2 List of geometric parameters of the fibril structures used in our studies of the deformations

Cellulose If Cellulose I AP three-fold AP two-fold
Initial length, L, [nm] 39.10 £ 0.12 39.24 £ 0.23 42.21 £ 0.34 41.10 £ 0.33
Cross-sectional area, A [nm®] 10.02 £+ 0.14 10.30 £+ 0.20 21.11 + 0.33 16.02 £ 0.41
Shear plane area, A [nm?] 56.03 £ 0.22 52.10 £ 0.30 170.20 &= 0.41 160.01 &+ 0.11
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. oo\ 12 .
potential: Ving = 4eqp {(—0) } for 7 < Ring and with 6o = Rina/2Y°.
r

Ring defines the curvature of the indenter. The value of &, has to
be sufficiently large so that the effects of the compliance of the
indenter are negligible. We find that this happens for &g, larger
than 10 keal mol ™. In practice, we run the simulations with Eip =
20 keal mol ™ *. Most of the indentations were implemented at a
speed of Vinq = 0.005 A/t(~0.5 x 107> m s~ ). This value was
found to be sufficiently slow to generate results that are close to
the experimental nanoindentation profiles obtained for cellulose
I>*7° at a speed of ~0.8 x 107> m s~ . It is also five orders of
magnitude slower than the corresponding all-atom simulations.®”

C. The structural relaxation through all-atom simulations

The molecular dynamics (MD) simulations were conducted
with version 2.9 of the NAMD package.’® The cellulose®® and
B-amyloid®® fibrils were parametrized using the CHARMM
all-atom force field. A solvation box with TIP3P water molecules®
was used to allow for structural relaxation of the initial structures.
The number of water molecules was 120000 and 165000 for
cellulose and B-amyloid with three-fold symmetry. The crystalline
initial states of cellulose were prepared by using the cellulose-
builder toolkit.®* The cellulose fibrils were made of 40 cellobiose
units with each extending for 1.04 nm along the c-axis.

The amyloid with three-fold symmetry was neutralized by
675 sodium counterions in the solvation box. We assemble the
three-fold system fibril of length 35 nm by starting from a nine-
peptide and three-layer structure with the PDB code 2M4]J"® (see
Fig. 2). The other amyloid fibril with two-fold symmetry and
a length of 40 nm has been constructed from a 12-peptide and
six-layer structure with the PDB code 2LMO.** After equili-
bration and relaxation, the three-fold amyloid fibril acquires
a length of about 42 nm. The three-fold system was replicated
25 times along the fibril axis using the CreateFibril 2.5 toolkit,**
whereas the two-fold symmetry case was replicated 12 times.

T T T
— 20 [B
ﬁ? 4010 7
O o
é 200
. Y;=135.4 GPa

__0.08[ 40 ' ' AB' (two-fold)
[+
a < 20
©..5i03 S L
<
= . . . Y1 =1.6 GPa
_008f of T T T AR (threelfold)
Q(S < 20
)
= 0.04
5

0.00 , Y1=3.1GPa

0.005 0.01 0.015 0.02
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Afterwords, all-atom simulation of the whole system was per-
formed to minimize the energy and to obtain a conformation
in the solution. This process was carried out for both cellulose
allomorphs and the amyloid with three-fold symmetry. The
two-fold symmetry case was studied without the need of an
exhaustive all-atom relaxation. As we discuss later, our CG
methodology was found to be not very sensitive to the initial
structure (i.e. solvated or in vacuum conditions) when deter-
mining the elastic moduli. The simulation box reached the
following dimensions: Ly = 13.2 nm, L, = 12.7 nm and L, =
39 nm (z is the direction along the axis of the fibril) for the
amyloid (three-fold) fibril and L, = 6.0 nm, L, = 6.2 nm and L, =
46 nm for cellulose allomorphs. Periodic boundary conditions
were used. Numerical integration of Newton’s equations of
motion involved a time step of 1 fs and the atomic coordinates
were saved every 1 ps for analysis. The system equilibration was
carried out in the following way: the first 1000 steps of energy
minimization were followed by a short 0.5 ns run in the NPT
ensemble to achieve a pressure of 1 bar. The production runs
were carried out in the NVT ensemble for 40 ns at T = 300 K.
The temperature was controlled by the standard Langevin
algorithm and the pressure by the Langevin piston pressure
control algorithm.®® The structure obtained at the end of these
simulations was used as an input for deformation studies.

I1l. Results and discussion
A. Tensile deformation

The stress-strain curves for the four systems studied are shown
in Fig. 4. The result for cellulose Io is similar to that for If
(Fig. S3 in ESIY). The initial lengths and cross-sectional areas, 4,
are determined based on the equilibrated structures. They are
summarized in Table 2. The insets in the left-hand panels of
Fig. 4 show A as a function of strain. The deviations are seen to
be small compared to the mean, especially in the amyloid

3.0
> d,d,—
2 B coca ol
o 2.0 3
=
g
i 1.0
= AB (two-fold) {ntercham—
2 intersheet—
S o4
g
15}
-
63

08 . .
b AR (three-fold) interchain—
g intersheet—
=S 04
g
e
i

0.0

4.0 6.0 8.0 10.0 12.(

d[A]

Fig. 4 Tensile deformation at different pulling speeds. The left panels show stress—strain curves of cellulose I and B-amyloids with two-fold and three-
fold symmetry. The square and circle data points correspond to vy of 0.005 and 0.0005 A/z. The error bars are the same as the symbol size and they are
based on 50 independent simulations for each structure. The insets show the corresponding cross-sectional areas in nm? for the slowest pulling speed.
The right panel shows distributions of HB lengths for ¢ = O (solid lines) and for a finite ¢ corresponding to the end of the linear regime (dashed lines): for
cellulose allomorphs this ¢ is equal to 0.02, whereas for AB(1-40) it is 0.013. The types of HB contacts are denoted as in Fig. 1 and 3.
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cases, so the stress can be calculated using the initial value of A.
The values of Y; obtained for vy, = 0.005 A/t are listed in
Table 3. For cellulose, they are seen not to depend on the type of
the allomorph, and are essentially the same for v,y = 0.05 A/z.
They are also comparable to the values obtained experimentally
and through all-atom simulations.'* It should be noted how-
ever that the experimental value of Y;, for Iu is visibly smaller
than for If. The differences may have to do with the actual
degree of crystallinity of the sample. In our studies, the
deformation is implemented precisely along the c-axis for
cellulose and the main fibril axis for B-amyloid. However, the
experimental determination of Y; involves microscopic thin
strips of compressed cellulose so that an accurate alignment
along the c-axis is difficult to obtain. The dependence on vy is
much stronger for AB(1-40) amyloid. For v,y = 0.05 A/t we
report a Yy, of 13.0 GPa and 7.20 GPa for three-fold and two-fold
symmetries respectively. We have found that, on lowering vpuy,
the stress-strain curve saturates at 0.005 A/r and for 0.0005 A/t
we get essentially the same results: Yy, of 3.1 GPa and 1.6 GPa
for three-fold and two-fold symmetries respectively. All-atom
simulations for AB(1-40) (at constant force) result in Yy, in the
range 2.3-12.4 GPa®® and those for the related elastic network
of human islet amyloid polypeptides (hIAPP) —13 GPa.®” The
precise symmetry of the fibril is important for the mechanical
properties. The all-atom simulation study®® was done for the
two-fold symmetry in vitro model and it has shown a large

Table 3 The elastic moduli for cellulose | allomorphs and the AB(1-40)
amyloid as obtained by experimental and theoretical methods. The listed
CG results are obtained in this paper. The all-atom results for cellulose |
allomorphs are cited after ref. 14 and 57 and after ref. 66 for B-amyloid.
The tensile modulus computed via DFT calculations along the c-lattice is
cited after ref. 17. All-atom tensile deformation was implemented by
changing the c-lattice length parameter and then minimizing the energy.
The experimental entries are taken from ref. 68 and 56 respectively. The
nanoindentation velocities of cellulose If via all-atom, CG and experiment
are 50 m s, 0.5 x 107° m st and 0.8 x 107> m s~ respectively. The
structural symmetry of B-amyloid (if specified in the literature) is given next
to calculated elastic modulus. Experimental nanoindentation and shear
data corresponding to AB(1-42) are taken from ref. 27

Cellulose I Cellulose I AB(1-40) (symmetry)

Y, (GPa)

All-atom** 150 152 —

All-atom®” 139.5 — —

All-atom®® — — (2.3-12.4) (two-fold)

DFT 206 — —

Experiment (133-155) 114 —

CG 135.4 138.3 3.1 (three-fold)
1.6 (two-fold)

S (GPa)

All-atom'® 1.6 — —

Experiment (1.8-3.8) — 0.3 (not known)

CG 3.2 3.1 1.2 (three-fold)
0.6 (two-fold)

Yr (GPa)

All-atom®” 5.1 — —

Experiment (2-25) — 3.3 (not known)

CG 7.2 7.1 7.0 (three-fold)

21.3 (two-fold)
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variation of Y; compared to our CG study of the two-fold
symmetry model. Such variability in the Y; value can be
explained in terms of the large forces applied to initiate the
deformation process in the all-atom simulations, which results
in a strong response of the system. Our result for the three-fold-
symmetry system shows that it can withstand larger stresses
than the two-fold symmetry one. Experimentally, the two-fold
system is thermodynamically more stable in terms of the size of
aggregates than the three-fold symmetry system.>* This result
may imply that a two-fold symmetry is more relevant in the
progression of Alzheimer’s disease.

The right panels in Fig. 4 show the distributions of the
lengths, d, in the contacts as determined first in the starting
state (the solid lines) and then at the point of the largest strain
considered (the dashed lines) at v, = 0.005 A/z. One would
expect elongation of the distances on stretching. For cellulose,
this is indeed observed for the C4-C4 direction along which the
interactions are mainly covalent. Fig. 6 shows a substantial
shift to larger values for the C4-C4 bond distribution. However,
the intersheet HB contacts d; and d, (see Fig. 1) get compressed
and there is very little change in d;. We determine the distribu-
tions of d; and d, and observe that they are spread due to
thermal fluctuations. Regardless of the type of the symmetry for
AB(1-40) amyloid, the intersheet contacts get stretched but the
interchain contacts within each sheet get compressed. In order
to quantify these effects, we adopt a criterion that an at
least 25% change in the contact length, relative to its native
value, counts either as an extension or a compression. By this
criterion, we find that for the three-fold symmetry case, about
2% of the interchain contacts are compressed and 1% of the
intersheet contacts are stretched. For two-fold symmetry, about
the same number for interchain contacts and only 0.5% of
intersheet contacts are similarly affected.

B. Shear deformation

Our results for all the systems are shown in Fig. 5. The result for
cellulose Ia is similar to that for If (Fig. S4 in ESIt). The shear
deformation for cellulose I allomorphs and B-amyloid takes
place along the same directions as in the tensile deformation.
The initial values of the top-plane areas are listed in Table 2.
The insets in the left panels of Fig. 5 demonstrate that A does
not change when the strain is increasing. The values of S
obtained for v, = 0.005 Az are listed in Table 3. They do
not depend on the type of the cellulose allomorph and are in
agreement with the experimental results’® and all-atom
simulations.'® S for AB(1-40) is 2.7 times smaller than for
cellulose allomorphs. No experimental data on S for AB(1-40)
has been reported, but it is close to 1.4 GPa measured for
microtubules® which are assemblies of proteins known as
a- and B-tubulins.

The right-hand panels in Fig. 5 show the distributions of the
characteristic distances. The intersheet HB contacts d, and d,
in cellulose (see Fig. 1) get compressed while there is essentially
no change in d; and no change in the lengths of the covalent
bonds C4-C4. For both symmetries of BA(1-40) considered
here, the intersheet HB contacts get slightly stretched but the
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Fig. 5 Shear deformation at a pulling speed of 0.005 A/z. The left panels show stress—strain curves of cellulose IB and B-amyloids with two-fold and
three-fold symmetry. The error bars are the same as the symbol size and they are based on 50 independent simulations for each structure. The inset
shows the corresponding cross-sectional area in nm?2. The right panels show the distributions of the HB lengths for ¢ = O (solid lines) and for a finite ¢
corresponding to the end of the linear regime (dashed lines): for cellulose allomorphs this ¢ is equal to 0.15, whereas for AB(1-40) with two-fold

symmetry it is 0.04 and 0.075 for the three-fold case. The types of HB contacts are denoted as in Fig. 1 and 3.

distances in the interchain contacts within each sheet are not
affected.

C. Nanoindentation

Motivated by the experimental procedures® used for cellulose,
we consider the tip with R;,q of 100 A and expect F to be between
10 and 30 nN when % is about 10 A. This is indeed observed for Etip
of 10 and 20 kcal mol™! but not for 1 kcal mol™*. For the
indentational calculations we consider the latter value for é;p,.
We take v of 0.005 A/t to match the tensile situation. Fig. 6
shows our results for both allomorphs of cellulose. The initial plot
of Fvs. h*? is indeed linear which allows us to determine Y.

h3/2 [ AS/Z]

We find that the values of Y for Io and If are nearly the same
(7.1 and 7.2 GPa respectively). The REACH-based approach®
yields 25 GPa for Yr. In this case, the covalent couplings influence
Yronly in a minor way and yet they are effectively overemphasized
in REACH by relying on the elastic network approach and hence
the factor of 4 larger value of Yr. Still, the CG and REACH models
yield elastic moduli which are strongly anisotropic. We observe
that the intersheet HB contacts of types d; and d, get compressed
on indentation while those of the type d; are affected little (Fig. S5
in ESIt). This is because the d; and d, contacts tend to align
parallel to the indentation direction. No deformation is observed
for covalent C4-C4 bonds as they align perpendicular to the
direction of indentation.
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Fig. 6 The left panel shows the F-h*?2 curve for cellulose | allomorphs at vi,q = 0.005 A/t and Ring = 100 A. The error bars are the same as the symbol
size and they are based on 50 independent simulations for each structure. The corresponding Y1 is shown next to the linear fit (black solid line). The right
panel shows the distribution of lengths of HB contact involved during the process for h*? = 0 (solid line) and h*? = 10 (dashed line). The types of HB
contacts are denoted as in Fig. 1 and 3.
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Fig. 7 Same plots as in Fig. 6, but for B-amyloid with indenter radius (Ring = 100 A). The open square symbols correspond to the structure derived from
the PDB files without any equilibration in water. The filled symbols correspond to the relaxed structure. The distributions are calculated for h = 0
(solid line) and for h = 28 (three-fold symmetry) and h = 11 (two-fold symmetry) (dashed line).

Fig. 7 shows our nanoindentation results for both sym-
metries in AB(1-40). We consider two indenter radii: 50 A and
100 A. The results depend on R;,q4 rather weakly and the initial
slopes of the plot of F against #* are only about 2 GPa smaller
than for cellulose. However, the extension of the linear regime
based on indentation depth (%) is at least 7 times larger when
compared with three-fold symmetry and only 3 times larger for
the other symmetry. We also observe that the interchain contacts
become shorter while the intersheet contacts get longer.

A summary of our CG results is presented in Table 3. For
cellulose If, we find that Y is 7.2 GPa whereas Yy is 135.4 GPa,
i.e. about 20 times larger - both results are consistent with
the experimental results®>®® (see also ref. 69 and 70). The S
modulus for cellulose allomorphs is calculated to be 3.2 GPa
whereas experimental results on S fall in the range of 1.8-3.8 GPa,
depending on the source of cellulose.'® Interestingly, the values of
Y, and Y are larger than Y; of 1.2 GPa reported for spider silk,”"”>
still larger than of order of 0.1 GPa for microtubules,> and much
larger than up to 0.015 GPa reported for fibrin.* The large value of
Yy, in cellulose correlates well with the fact that cellulose is the
most recalcitrant carbohydrate polymer to catalytic degradation
compared to other plant cell wall polysaccharides.”>”* For
APB(1-40), we find Y;, to vary between 1.6 and 3.1 GPa and Yy
between 7.0 and 21.3 GPa according to the type of amyloid
symmetry. The anisotropy between the longitudinal and trans-
verse directions is significantly reduced compared to the cellulosic
case and, more interestingly, its sense is reversed. The experi-
mental value of Y for the related AB(1-42) is 3.3 GPa®” which
differs from our value by a factor of 2 but not by an order of
magnitude. Our values correspond to a highly ordered amyloid
system, whereas in experiment it is difficult to achieve such well
defined conditions. The existence of amorphous aggregates/fibrils
across the sample may in fact decrease the real value of Yr.
Moreover, the experimental value of Y; appears to be unavailable.
Adamcik et al.”® find that Yy for many amyloid fibrils (assembled
from a-synuclein, heptapeptides, insulin, B-lactoglobulin, tau
protein, lysozyme, ovalbumin, and bovine serum albuminum)

28204 | Phys. Chem. Chem. Phys., 2017, 19, 28195-28206

all fall in the range of 2-4 GPa (see also ref. 76 and 77).
The same observation applies to collagen.”® The theoretical
prediction of S is 1.2 GPa and it is four times larger than the
experimentally obtained value for the insulin amyloid fibril”®
and about the same as for microtubules.” The data can be
explained in terms of the deformation of HBs between the
B-sheets. Notice that Y for cellulose If is comparable to that of
the amyloids but Yy, is much larger. This is because stretching
in cellulose must affect covalent bonds'”**”® but in the amyloids,
only the HB contacts.

AP(1-40) is found to be much more isotropic elastically than
the cellulose microfibrils since Yy, and Y differ by a factor of 0.5
instead of 20. The cellulose microfibrils studied here are softer
along the transverse direction compared to the longitudinal
direction because tensile deformation involves covalent bonds.
The opposite is seen for AB(1-40). In this case, all deformations
affect primarily the network of the hydrogen bonds.

IV. Conclusions

We have considered the tensile, shear, and indentational
deformations in crystalline cellulose I allomorphs and two
polymorphs of the AB(1-40) system within one structure-based
CG model. The resulting elastic moduli are found to be consistent
with the experimental data and all-atom simulations whenever
they are available. The nanomechanical characterization of the
four systems based on the elastic anisotropy shows that Y;, > Yr
for cellulose allomorphs and for the amyloid systems this inequality
is inverted and the result is independent of the axial symmetry
considered. The larger anisotropy for crystalline cellulose is asso-
ciated with stretching of covalent bonds, while in the amyloids,
stretching mainly involves hydrogen bonds.

The fibril axis in cellulose is along the covalently connected
chains but this is not so in the fibrils made of amyloids. The
tensile and indentational deformations are defined with
respect to the fibril axis and hence larger anisotropy in cellulose
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and smaller anisotropy in B-amyloids. The differences in the
degree of anisotropy are enhanced by the features of the HBs as
characterized by the depths of the corresponding potential
wells. In cellulose, the values of ¢ vary between 1.9 and
7.4 keal mol ™. The largest values are in the d, direction - between
two chains belonging to one plane. In B-amyloid, ¢ is smaller,
1.5 kcal mol™, and (approximately) the same in all directions.
This is because the protein structure is much less regular than
cellulose and directional features are smeared out by the presence
of 20 types of amino acids. The anisotropy between the long-
itudinal and transverse directions in the -amyloid fibers results
from the fact that the interchain hydrogen bonds get compressed
during nanoindentation in a more pronounced way than during
stretching, as illustrated in Fig. 4 and 7.

Our CG model can be used to study the structural transitions
between the cellulose allomorphs, in a way that is similar to the
one based on the Martini CG force field for cellulose as
developed by Lopez et al.** However, our method is computa-
tionally more efficient since it employs an implicit solvent. Our
model would be convenient to use in studies of the behavior at
various temperatures at which cellulose starts to “melt” or at
which the B-amyloid fibril gets disordered. The elastic moduli
are expected to become reduced on increasing the temperature.
It would be interesting to determine the functional form of this
reduction. The parameters of the CG models are determined at
room temperature but they can be used at other temperatures
as an approximation.

Another area of interest would be to study the elastic proper-
ties of the amorphous cellulose. As a first step in this direction,
we have considered a model in which 10% of the hydrogen
bonds in the crystalline Ip are removed in places that miss the
bonds in the transition state between Io. and IP.*® In this
approach, we avoid the kinetic effects of the crystallization in
the amorphous state that take place on the time scale of
nanoindentation. As expected, the bond removal makes the
system softer. The interesting result is that Y becomes 5.1 GPa
(Fig. S6 in ESIt) which is only about 70% of the crystalline
value, indicating that the softening is not a linear function of
the fraction of the bonds removed.
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