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Nanomechanics and intermolecular forces of amyloid
revealed by four-dimensional electron microscopy
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The amyloid state of polypeptides is a stable, highly organized
structural form consisting of laterally associated g-sheet protofila-
ments that may be adopted as an alternative to the functional,
native state. Identifying the balance of forces stabilizing amyloid is
fundamental to understanding the wide accessibility of this state
to peptides and proteins with unrelated primary sequences, vari-
ous chain lengths, and widely differing native structures. Here, we
use four-dimensional electron microscopy to demonstrate that the
forces acting to stabilize amyloid at the atomic level are highly
anisotropic, that an optimized interbackbone hydrogen-bonding
network within p-sheets confers 20 times more rigidity on the
structure than sequence-specific sidechain interactions between
sheets, and that electrostatic attraction of protofilaments is only
slightly stronger than these weak amphiphilic interactions. The
potential biological relevance of the deposition of such a highly
anisotropic biomaterial in vivo is discussed.

nanomechanics | proteins | structural dynamics | 4D electron diffraction

he intricate interplay of intermolecular forces stabilizing

amyloid at the atomic level has yet to be fully elucidated (1).
Amyloid fibrils are narrow (70-200 A), elongated (1-3 pm)
twisted (pitch ~ 1,000 + 500 A) aggregates containing a univer-
sal “cross-p” core structure (2) composed of arrays of f-sheets
running parallel to the long axis of the fibrils (3). Their hierar-
chical structure is stabilized by three main protein—protein in-
terfaces: (i) stacking of hydrogen-bonded B-strands within a
single p-sheet (intrasheet), (ii) cross-p-sheet packing into a mul-
tisheet protofilament (intersheet), and (iii) lateral association of
protofilaments (interprotofilament) (4). Each of these packing
interfaces gives rise to characteristic diffraction pattern reflec-
tions corresponding to the intrasheet (4.8 A), intersheet (8-12 A,
depending on sidechain volume), and interprotofilament (de-
termined by chain length) spacings (5).

By applying a laser-induced, temperature (T-) jump to amy-
loid, we can infinitesimally expand the material, thereby probing
the intermolecular forces acting across each of the packing
interfaces (6). Static, global heating, particularly of amyloid-like
microcrystals (7), disrupts molecular structure, precluding such
delicate perturbations. To capture the rapid expansion and re-
covery of an amyloid specimen, a precisely timed, pulsed (probe)
electron beam, following the laser (pump) pulse, is used to
generate a series of time-resolved diffraction patterns. By accu-
rately measuring the movement (Ax) of the reflection (initially
occurring at an equilibrium separation, x.) upon initiation of
the ultrafast temperature jump, we determine the relative ex-
pansion, or strain, € = Ax/x,. Atomistic simulations predict that
the stretching elasticity of amyloid is linear for strains up to only
€~0.1%, i.e., 107 (8). The exquisite sensitivity and high spatio-
temporal resolution of four-dimensional (4D) electron microscopy
(9, 10) enables us to measure such minute deformations and di-
rectly probe, at the atomic level, the stiffness of the intermolecular
forces stabilizing amyloid.

Results and Discussion

Intrasheet. Previously, we have shown that 4D electron diffrac-
tion of a network of amyloid fibrils can yield information on the
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atomic expansion dynamics of the fibrils’ constituent f-sheets
(6). Here, we report our investigation of the picometer-scale
stretching of the intrasheet interface as a function of amino acid
sequence with a view to better understanding, at the atomic level,
the contribution of interbackbone hydrogen bonding and side-
chain interactions to its rigidity.

To reach our objective, we investigated the atomic expansion
dynamics of fibril networks (Fig. 14, Left) formed by five dif-
ferent peptides and proteins with diverse native structures, var-
ious chain lengths, and disparate amino acid sequences: insulin
(11), peptide fragment 105-115 of transthyretin, TTR(105-115)
(4), residues 1-40 of amyloid B-peptide, Ap(1-40) (12), residues
1-42 of amyloid B-peptide, AB(1-42) (13), and lysozyme (14).
Under identical experimental conditions, electron diffraction
experiments were performed on each of the fibril networks and
the relative expansion of the fibrils, as indicated by the change in
radius of the x, = 4.8 A fiber diffraction ring (Fig. 14, Middle and
Right) upon excitation by the pump pulse (fluence ~4 mJ/cm?),
allowed us to determine the stiffness of the intermolecular forces
holding the intrasheet interface together.

As in our previous study (6), we bind a small amyloidophilic
dye molecule, Congo red, to the outer surface of the fibrils to
efficiently transfer energy to the peptide or protein molecules,
although it is important to note that the dye does not perturb the
cross-p structure because it is bound to the outer surface of the
fibrils (15). The dye used to transfer energy to the fibrils is
common to all so that a valid comparison of dynamics can be
made between the five datasets.

We initiate a slight expansion of the constituent p-sheets by
inducing a small temperature jump, AT, in the fibrils (ranglng
from 4.0 to 6.1 K, Fig. Sl) using a pump fluence ~4 mJ/ecm?, and
capture the increase in f-strand separation by dlffractmg the
fibrils using a timed probe electron pulse with delay times
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ranging from —100 to 500 ns in 50-ns increments. With all of the
fibril networks, the expansion is rapid (Fig. S2). We note that the
rise of the expansion is within the T-jump resolution. This rise
simply reflects the time for heat transfer from the dye to the
protein and it is typically on a subnanosecond timescale (16).
Here, it is of no relevance.

The relative expansion, ¢, of the insulin, TTR(105-115), Ap(1-42),
AP(1-40), and lysozyme fibrils is 3.9 +0.4 x 107, 3.8 +0.5 x 107,
42+0.6 x10™,3.6+0.4 x 107, and 3.2+ 0.6 x 10~ respectively

(Fig. 24). Because we have determined the T-jump for each system
by monitoring the temporal change of the diffraction intensity
(81 Methods), we can calculate the individual thermal expansion
coefficients, a, for each of the fibril networks (Fig. 2B) and find
that they are approx1mately constant, spanning a small range of
0.6-0.9 x 10~ K",

Intermolecular bond stiffness, k, is directly related to the
thermal expansion coefficient, a, via the empirical “Barker’s
rule” (17), Y =15/a* =kx, /A, where Y is Young’s modulus and
A is the cross-sectional area through which the bond acts. The
interstrand bonding within the fibrils’ constituent p-sheets,
Kinrasheers €an be coarse-grained as a simple network of springs
acting in parallel to stabilize the intrasheet interface (Fig. 2B,
Inset). We use this Gaussian network model (GNM) (18) approach
to decompose the various contributions to the bonding using

kintrasheet = kH -bond + kvdW + khydrophobic
154 1 1 1 [1]
w2, a2, a
e H-bond vdW ‘hydrophobic

where the subscripts “H-bond,” “vdW,” and “hydrophobic” de-
note hydrogen bonding, van der Waals packing interactions, and
hydrophobic attraction, respectively.

By using values from the literature, we plot the positions of
ag-pona (19), avaw (20), and Qhydrophobic (21) (Fig. 2B), so that
a comparison with the experimental data may be made. By Eq. 1,
we predlct an 1ntrasheet thermal expansion coefficient, agnyr, of
1.2x10™* K1, However, we have previously found that partial
dehydration of amyloid fibrils in the vacuum of the microscope
decreases thermal expansion by ~35% owing to a slight stiff-
ening of the hydrogen-bonding network (6). Taking this mto
account, the solvation-corrected agyy is reduced to 0.8 x 1074 K7,
in excellent agreement with our experimental values, 0.8 +0.1 x
107 K™

We now use Eq. 1 to determine Young’s modulus and the
intrasheet force constant, k;susneer. The fibril networks have
Young’s moduli, Y, ranging from 1.7 to 3.7 GPa, in good
agreement with previous studies (18, 22). Note, however, that
here we are measuring the stiffness of an amyloid fibril network,
not just a single fibril. This is an important distinction because
fibril thickness varies throughout the network, due to poly-
morphism (4, 23), and may affect material properties (24). Eq. 1
gives k=(154/x.)(1/a*), where A= (3.5 Ax10 A) originates
from an interresidue spacing of 3.5 A and an intersheet spacing
of 10 A, resulting in an intrasheet bonding stiffness, Kipasheer, OF
2.0 + 0.5 N/m.

It is clear from the experimental results that o, Y, and Kiupasheer
are approximately constant and display only a weak dependence
on amino acid sequence, or chain length, n,, (Fig. 2). This sug-
gests that the exceptional rigidity of the intrasheet interface is
defined largely by sequence-independent, intermolecular hy-
drogen bonding with sidechain-sidechain interactions (van der
Waals, hydrophobic) playing only a minor role in stabilizing the
fibrils’ constituent p-sheets (25, 18). Indeed, the intrasheet
bonding stiffness, Kipasneer =2.0£0.5 N/m, is identical to the
bond stiffness of other cooperatively hydrogen-bonded materials
(kt1-pona =2 — 3 N/m), such as ice (26, 27). It is important to note
that although the intrasheet bond stiffness, Kipasieer, in mature
fibrils arises mainly from generic interbackbone hydrogen bonding,
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Fig. 1. Images, selected area diffraction patterns, and simulated diffraction
patterns of (A) a network of amyloid fibrils, (B) an ensemble of amyloid-like
microcrystals, and (C) a single microcrystal taken using our 4D electron mi-
croscope. Protein density is shown in white on (A and B) lacey carbon sub-
strate and (C) holey silicon nitride substrate, respectively. (A) Image and
diffraction patterns of a network of amyloid fibrils. Note the strong 4.8-A
reflection—a hallmark of amyloid structure corresponding to the interstrand
separation within B-sheets. (B) Image and diffraction patterns of an en-
semble of amyloid-like microcrystals. The 4.8-A (1 1 0) Bragg peaks give rise
to the most intense Debye-Scherrer ring. Other reflections can be used to
gain a more complete picture of lattice dynamics. (C) Image and diffraction
patterns of a single amyloid microcrystal. Note the intense, paired (1 1 0) and
(1710) spots at 4.8 A, and the (0 0 4) and (0 0 4) spots at 5.4 A. The scale bar in
the real-space images corresponds to a distance of 1 um and in the diffrac-
tion images it is equal to 1 nm™".

the relative propensity to form such filamentous aggregates will
vary with sequence (28).

Intersheet. Electron diffraction patterns of fibril networks (Fig.
14, Middle and Right) do not reveal either the “sidechain”
spacing of 8-12 A in the intersheet direction, or the inter-
protofilament spacing along the peptide chain length. To de-
termine the magnitude of the forces stabilizing these crucial
packing interfaces, we performed 4D electron diffraction on
(i) an ensemble of photoresponsive amyloid-dye cocrystals and
then (i) on a single, submicrometer crystal.

The 3D amyloid microcrystals have a cross-p structure (Fig.
3B) with ~10% orange-G dye molecules bound to the outer
surface of the paired f-sheets (7). Each orange-G molecule acts
as an absorbing center to efficiently transfer energy to the pep-
tide molecules (29), although it is important to note that the dye
does not perturb the structure of the cross-p motif (Figs. 3B and
4B). When these crystals are randomly oriented (Fig. 1B, Left),
Debye-Scherrer rings are formed (Fig. 1B, Middle and Right). It
is the relative change in radius of these reflections upon excita-
tion by the T-jump that allows us to resolve structural dynamics
of the peptide molecules within the 3D amyloid microcrystals
(Fig. 34).

We collected a series of diffraction frames (Fig. 1B, Middle)
from an ensemble of crystals on lacey carbon grids (Fig. 1B, Left),
using delay times ranging from —100 to 400 ns in 50-ns increments

PNAS | March 17,2015 | vol. 112 | no. 11 | 3381

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1502214112/-/DCSupplemental/pnas.201502214SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1502214112/-/DCSupplemental/pnas.201502214SI.pdf?targetid=nameddest=STXT

A Intra-sheet

50 T T T T - -

° °

\ TTR(105-115) S ry
o 40 ® ]
o
A B y o o
o AB(1-40) + .
= 306 ]
S ° o |
2 oAB(1-42) o P I e
[ 'Y [
=3 20— T o i v J
by 'y
g Insulin .o >
s 105 ]
o

Lysozymee e S >
09 ° ° o ]
® o e
-100 -100 0 100 200 300 400 500

delay time (ns)

B 10°y— ‘
=3

o

g -1

c . g:
2 10% l T g
E o
=

3 | g_
s =
5 e F10 @
@ v Hydrophobic &
& 10 ° 4 —— e Van der Waals ‘)\_
8 / | —— Hydrogen bond Py
3 e N GNM 4
© > e Solvation-corrected 3
£ ONM 100 =
% Kipira.snee Strong, generic Covalent

£ 10°4

v u u u )
10 100
Number of amino acids per chain, n,,

Fig. 2. Atomic expansion dynamics of amyloid fibrils as a function of amino
acid sequence and chain length. (A) Plots of the relative expansion of the
amyloid fibrils formed by five peptides and proteins as a function of time
(curves have been shifted for clarity). Upon initiation of the T-jump, there is
a rapid (Fig. S2) expansion of between 3.2-4.2 x 107 by all of the amyloid
fibril networks, irrespective of sequence or chain length, n,,. (B) By de-
termining the T-jump for each of the fibril networks (Fig. S1), the thermal
expansion coefficients, a, can be plotted, along with experimental error
bars. This physical quantity is inversely proportional to the square of the
bond stiffness, k (right axis), and a simple GNM, together with values of «
from the literature (19-21), can be used to explain the experimental results
(see main text). A schematic of the fibril's constituent p-sheets is shown
(Inset) with individual p-strands, connected by interbackbone hydrogen
bonds (black dashed lines), shown as cyan ribbons. The representative
B-sheet image was created using Protein Data Bank (PDB) ID code 2M5N.

(Fig. 34) and a pump fluence ~ 6 mJ/cm?. The greater number of
reflections visible in the Debye-Scherrer pattern (Fig. 1B, Middle
and Right, and Fig. S3), compared with the fibril diffraction
pattern (Fig. 14, Middle and Right), allows us to obtain a fuller
picture of the structural dynamics. We can measure not only
T-jump expansion in the backbone-backbone, intrasheet di-
rection but also in the sidechain—sidechain, intersheet direction
in an approach identical to that recently used to explore the
atomic expansion dynamics of anisotropic multiwalled carbon
nangtubes (30). In addition to the (1 1 0) intrasheet reflection at
4.8 A, we resolve the (8 0 2) reflection at 5.2 A and the (10 0 2)/
(8 0 3) reflection at 4.4 A (Fig. S3), both of which are in the
intersheet direction. Interestingly, upon initiation of the laser-
induced T-jump (~ 8 K), the movement of the intersheet (8 0 2)
and (10 0 2)/(8 0 3) reflections is rapid (< 50 ns) and over 4 times
larger than that of the intrasheet (1 1 0) reflection. For the same

3382 | www.pnas.org/cgi/doi/10.1073/pnas.1502214112

set of diffraction patterns, a relative expansion of 9.2 + 0.8 x 10~
is detected along the [1 1 0] direction (Fig. 34, Bottom), whereas
along the intersheet [8 0 2] and [10 0 2]/[8 0 3] directions the
relative expansions are 46 + 11x10™* and 43 + 12x 1074,
spectively (Fig. 34, Bottom).

The [1 1 0] lattice vector is not entirely parallel to the intra-
sheet direction [0 1 0], and neither are [8 0 2] and [10 0 2]/[8 0 3]
parallel to the intersheet direction [1 0 0]. We therefore calculate
the component of the displacement vector acting along each of
these directions by multiplying by the cosine of the angle be-
tween the lattice vectors for this monoclinic unit cell, e.g., the
angle between [1 1 0] and [0 1 0] is 5.15° Thus, we obtain a
relative expansion along the [0 1 0] d1rect10n of 9.2 + 0.8x 1074,
and relative expansions of 40.6 + 9.7x10™* or 39.4 + 11x10~*
along the [1 0 0] direction depending on whether we consider the
[8 0 0] or [10 0 0] component, respectively. On average, the ratio of
the strains acting along the [1 0 0] and [0 1 0] directions is 4.3 + 0.8.

The anisotropy of intermolecular forces stabilizing the amyloid
cross-p structure is now apparent (Fig. 3B). Invoking the equi-
partition theorem and assuming that the elastic potential energy
introduced to the crystal lattice by the laser, U, is distributed in
all directions equally, the laser-induced strain in the intrasheet
direction [0 1 0], €npasheer> 15 OVer 4 times less than that in the
intersheet direction [1 0 O] E€intersheet-

Given that U = (1/2)Ye€?, we can therefore write

2 _ 2
Yintrasheetfmtmshget = Yintersheet€ntersheet » [2]

where Yiasheer a0d Yinsersneer are Young’s moduli in the intra-
sheet and intersheet directions, respectively. Then, the ratio
Yintrasheet:Yintersheer 1S €qual to 18.8 + 7.3, meaning that the rigidity
in the backbone-backbone, intrasheet direction is, on average,
almost 20 times greater than that in the sidechain-sidechain,
intersheet direction.

Previously, we determined Young’s modulus of these amyloid
microcrystals to be 1.2 GPa (29). This corresponds approximately
to Young’s modulus along the long axis of the crystal needle,
}]intmsheeb Given that },intersheet is ~5% of the value of )Iintmsheet:
Yintersheet =0.06 GPa. This significantly lower modulus suggests
much weaker intermolecular forces acting between paired p-sheets
than within individual p-sheets. Interestingly, referring to Fig. 2B,
using Barker’s rule and the experimentally determined value of
Opydrophobic = 3.8 X 107 K (21), we calculate Young’s modulus
for materials stabilized by amphiphilic intermolecular interactions,
Yydrophovic, to be 0.1 GPa. This agrees very well with the value of
Yinersheet, indicating that the intersheet interface is mediated by
interactions between hydrophobic and hydrophilic sidechains. This
is confirmed when we use a coarse-grained model for the stiffness
of the sheet-sheet interface (18), Yiuersheer = Kintersheet/H, Where
Kinersheer 18 the intersheet bond stiffness and £ is an intersheet
spacing of 10.4 A, to calculate kinersheer = 0.07 N/m. The spring
constant kpygropnonic has an expected range of between 0.04 and 0.1
N/m, varying from hydrophilic to hydrophobic (8, 31, 32). Not
surprisingly, given that the sequence of the amyloid-crystal-
forming peptide (VQIVYK) is only weakly hydrophobic (average
sequence hydrophobicity, +0.24), our measured Kiyersheer = 0.07
N/m falls at the midpoint of these values.

Interprotofilament. Finally, we investigated the nature of the
bonding stabilizing the laterally associated protofilaments (Fig.
4B, Left). The interprotofilament interface can be probed by
examining movements of the (0 0 /) reflections, but these are the
weakest reflections and not visible in the Debye—Scherrer dif-
fraction pattern (Fig. 1B, Middle and Right). Therefore, we ex-
amined the diffraction from a single amyloid microcrystal on
holey silicon nitride substrate (Fig. 1C, Left) so that individual
Bragg reflections could be resolved. The specimen was tilted with
respect to the (probe) electron beam so that the crystal could be
viewed down the [1 1 0] zone axis, making the (0 0/) and (1 1 0)
spots clearly visible in the diffraction pattern (Fig. 1C, Middle

Fitzpatrick et al.
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of amyloid-like microcrystals measured using 4D
electron microscopy. (A) Plots of the relative ex-
pansion of the amyloid-like microcrystals as a func-
tion of time. (B) Schematics of the expansion of the
amyloid microcrystals’ paired f-sheet structure. In-
dividual p-strands, connected by interbackbone hy-
drogen bonds (black dashed lines), are shown as
cyan ribbons. The interstrand separation is 4.8 A,
whereas the intersheet separation is 10.4 A. The
ensemble of 3D microcrystals displays an expansion
of the p-sheets (along the [1 1 0] direction) of 9.2 +
0.8x 107* (red arrow), whereas the dynamics along
the [8 0 2] direction shows that there is a much
larger expansion of 46 + 11x 10~ (green arrow) in

weak,

and Right). It is the relative change in the decreased separation
of the paired (1 1 0) and (1 1 0) spots at 4.8 A, and the (0 0 4)
and (0 0 4) spots at 5.4 A (Fig. 1C, Right), upon initiation of the
laser-induced T-jump (~ 10 K) that allows us to resolve struc-
tural dynamics in these directions.

As expected, the relative expansions along the intrasheet
[0 1 0] direction of a single crystal, 11 +4.0 x 10~ (Fig. 44, Top),
and a network of amyloid microcrystals, 11 +1.0 x 10~ (Fig. 34,
Top), are identical, indicating that “single-particle” and ensem-
ble dynamics are indistinguishable. However, the movement of
the weak (0 0 4) reflections can now be discerned and we measured
the relative expansion in the interprotofilament [0 0 1] direction

Inter-protofilament
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Fig. 4. Atomic expansion dynamics of a single amyloid-like microcrystal
measured using 4D electron microscopy. (A) The single 3D microcrystal dis-
plays an expansion of the p-sheets of 11 + 4.0 x 1074, whereas the dynamics
along the [0 0 4] direction shows that there is a much larger expansion of
28 + 8.0x 10~* in the interprotofilament direction. (B, Left) Schematic of the
expansion of the protofilament-protofilament interface with the stabilizing
bifurcated hydrogen bonds (dashed black lines) highlighted by two gray
boxes. Individual p-strands are shown as cyan ribbons. (B, Right) A cross-
section of the electrostatic potential surface of the protofilament—pro-
tofilament complex is shown ranging from +3 kcal-mol~" per electron
(blue) to -3 kcal-mol™" per electron (red), with white representing un-
charged regions of the constituent peptides. For clarity, an overlaid ribbon
and stick representation makes individual sidechains more identifiable. The
cross- structure was created using PDB ID code 30VL.

Fitzpatrick et al.

the sheet-sheet direction.

of 28 + 8.0x107* (Fig. 44, Bottom). The ratio of the strains
acting along the interprotofilament direction, €;uemprorofitament; and
the intrasheet direction, €;,qscer, 18 2.5 + 1.2. This ratio indicates
that the expansion between laterally associated protofilaments
(Fig. 4B, Left) is less than intersheet expansion under identical
experimental conditions, suggesting that marginally stronger inter-
molecular forces act between protofilaments than between paired
B-sheets. By applying Eq. 2 to the interprotofilament case, we
determine Young’s modulus in the protofilament—protofilament
dlrectlon vaterprotoﬁlament’ to be 0. 16Xlemsheet or 0.19 GPa.
Yinerprotofilament 18 approximately 3 times greater than the
intersheet Young modulus, Yiersheer (0.06 GPa), and when
converted into a bond stiffness acting between the protofilaments
kinte;protoﬁlament (A/xe) interprotofilament » Where A= (48 AX 10.4 A)
arises from an intrasheet spacing of 4.8 A and an intersheet spacing
of 104 A and x, = 6.4 A is the equilibrium separation of peptide
chains (Ca—Ca) in the interprotofilament direction, gives a value
of 0.14 N/m. Therefore, Kiuerprowfiamen: 18 twice as rigid as Kiyerspeer
(0.07 N/m) and slightly greater than the upper bound of a spring
constant arising from amphiphilic interactions, Kxygopnovic (0.1 N/m).

Examination of the protofilament—protofilament packing in-
terface (Fig. 4B, Left) reveals that adjacent protofilaments are
interconnected in a head-to-tail manner, stabilized by dipole—
dipole interactions between the N and C termini of peptide
chains in neighboring protofilaments (Fig. 4B, Right) and by two
bifurcated hydrogen bonds (here one H-bond donor is bound to
two H-bond acceptors, C=0...H...0=C) between the terminal
C=0 and N-H groups (4) (Fig. 4B, Left). A coarse-grained es-
timate of the spring constant, Kejecyosaric, arising from lateral
electrostatic attraction between protofilaments (SI Methods), is
0.02-0.05 N/m. Because the measured Kiperprorofitament 15 0.14 N/m,
the interprotofilament bonding stiffness must be further in-
creased by ~0.1 N/m (additive because springs are acting in
parallel) owing to the presence of the bifurcated hydrogen bond.
These interprotofilament hydrogen bonds are likely to be sig-
nificantly weaker than the intrasheet hydrogen bonds, kinmusheer
(2.0 £ 0.5 N/m), because (i) bifurcated hydrogen bonds are ~
50% weaker than canonical hydrogen bonds (33) and (ii) density
functional theory calculations have shown that the anhydrous,
low dielectric constant environment within two-sheet protofila-
ments, and the cooperative stacking of innumerable backbone,
hydrogen-bond-forming amide groups, strengthens canonical
hydrogen bonds by between a factor of 3 and 6 (34). The com-
bination of these effects (6/0.5 is a reduction of a factor of 12)
can explain the weakness of solvated, bifurcated interprotofila-
ment hydrogen bonds relative to the rigid intrasheet hydrogen
bonds. Thus, it is the combination of electrostatic attraction and
bifurcated hydrogen bonding which stabilizes the laterally asso-
ciated protofilaments formed by short peptides.

Biological Relevance. Here we have shown, at the atomic level, that
the intermolecular forces acting to stabilize the three main protein—
protein interfaces in the hierarchical structure of amyloid (4) are
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hlgh]y anisotropic, with kintrasheel > kinterprotoﬁlament 2 kmlersheet~ We
have identified the molecular origins of each of these inter-
molecular bond stiffnesses with kjyasneer governed mainly by
rigid, sequence-independent interbackbone hydrogen bonding,
Kinterprotofilament> due to a combination of weak, bifurcated hydrogen
bonds and dipole—dipole electrostatic attraction and Kjesheer arising
from specific, sidechain-sidechain amphiphilic interactions.

Because interatomic bond stiffness largely determines me-
chanical stiffness (26), the exceptional rigidity of amyloid (18, 22,
29) derives overwhelmingly from a longitudinal, interbackbone
hydrogen-bonding network with lateral, intersidechain, and
electrostatic interactions almost 20 times less important. Such
a large degree of anisotropy leads to length-dependent me-
chanical properties of amyloid (Fig. 5). If we consider that
Kinterprotoflament ~ Kintersheer  (transversely isotropic), then amyloid
has bond stiffnesses kju,e=2.0 N/m and ki, =0.1 N/m, with
a degree of anisotropy, ki /kion, =0.05, almost identical to
microtubules (35) (Kju/kiong =0.1/4.0=0.025).

Bending of an individual amyloid fibril (Fig. 5 A-C) involves
extension or compression of longitudinal bonds and shearing
of lateral intersheet and interprotofilament bonds. By analogy
with cytoskeletal bundle mechanics (36), a protofilament
coupling parameter, y, can be defined which is a measure of
the competition between intersheet/interprotofilament shearing

and fibril stretching:
klat (Lz)
= —- |, 3
4 klong 52 131

where L is the fibril length and ¢ is the axial spacing of inter-
sheet/interprotofilament bonds (6=4.8 A). Thus, the competi-
tion between bending and shear deformations is governed by
(i) the degree of anisotropy, (ii) the spacing of the intersheet/
interprotofilament “cross-links,” and (i) the fibril length (36).
When y < 1, “decoupled” bending (36) occurs through shearing
of adjacent B-sheets or protofilaments (Fig. 54). In the “intermedi-
ate” regime 1 <y < N (36), fibril bending occurs through a
combination of fibril stretching and sheet-sheet or protofila-
ment-protofilament shearing (Fig. 5B). Finally, in the limit
y > N, where N is the total number of intersheet and interpro-
tofilament interfaces per 4.8 A layer of fibril, “fully coupled”
bending (36) is achieved through extension or compression of
longitudinal bonds (Fig. 5C).

The consequence of these dissimilar deformation mechanisms is
that at low fibril aspect ratio, shear contributions to bending be-
come increasingly significant (36, 37). The length scales of each of
these regimes can be calculated using Eq. 3. We predict that
decoupled bending occurs when the fibril length is less than 21 A,
that a combination of bending and shearing occurs in the range 21
A <L < 4.8v20N A, and that fully coupled bending (as described
by Euler—Bernoulli beam theory) occurs at lengths greater than
L>48v20N A.

The nanomechanical effect of shear-dominated bending below
the critical length scale, L* ~ 4.8/20N A (at y ~N), is to increase
the flexibility of the fibril (Fig. 5D) because bending under a tensile
load, P, can be accommodated through shearing of compliant
intersheet and interprotofilament bonds (Fig. 5 4 and B). Such
“shear weakening” reduces the effective bending rigidity of the
fibrils typically by up to an order of magnitude (Fig. 5D). Indeed, we
predict that fibrils only attain a constant bending rigidity at lengths
greater than ~ 1,000 A (Fig. 5D), which is comparable to one
helical pitch repeat of a twisted amyloid fibril (4, 37). Below
this length scale, and in particular below L* ~ 100 A, there is a
significant reduction in bending stiffness due to shear contri-
butions from intersheet and interprotofilament sliding (Fig. 5 A4, B,
and D).

The biological implication of this model is that extremely short
fibrils are flexible and ductile whereas longer fibrils are stiff and
brittle (38) [if we assume, as experiment suggests (39), that fibril
fracture occurs through the breakage of longitudinal hydrogen
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Anisotropy of amyloid leads to length-dependent mechanical properties

A B C L
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L<21A L <4.8J20N A L>48J20NA
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Increasing stiffness and propensity to fracture
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1024
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Effective bending rigidity (N m2) &

109 108 107
Amyloid fibril length, L (m)

Fig. 5. Mechanical anisotropy of amyloid leads to length-dependent ma-
terial properties. (A-C) An amyloid fibril is a network of rigid p-strands
(colored spheres) interconnected via elastic (strong) longitudinal (magenta
dashed lines) and (weak) lateral bonds (yellow dashed lines). Amyloid fibrils
of different lengths, L, along the hydrogen-bonding axis are shown sche-
matically as two laterally connected protofilaments (green and blue spheres
represent the first and second protofilament, respectively). (A) A short fibril
(Upper) bends under a load P through shearing of lateral intersheet and
interprotofilament bonds [Lower, decoupled regime (36)]. (B) Fibrils of in-
termediate length (Upper) bend through a combination of extension or
compression of longitudinal bonds and shearing of lateral intersheet and
interprotofilament bonds [Lower, intermediate regime (36)]. (C) For long
fibrils (Upper), longitudinal bonds stretch or compress during bending, with
shear contributions becoming negligible [Lower, fully coupled regime (36)].
(D) The predicted shear-weakening effect (36) on the effective bending ri-
gidity of fibrils is plotted as a function of fibril length (S/ Methods). Data are
plotted for doublet (red line), triplet (green line), and quadruplet (blue line)
fibril polymorphs formed by TTR(105-115) (4). The boundaries between
decoupled, intermediate, and fully coupled bending are shown as gray
dashed lines.

bonds]. Higher rupture forces would be required to fragment low
aspect ratio fibrils, because they can deform through shear, whereas
longer, high aspect ratio fibrils would become increasingly fracture-
prone due to the L~2 scaling of critical buckling force for an
Euler-Bernoulli beam (36). The proposed length dependence of
amyloid fibrils’ stiffness and fracture mechanics may have ram-
ifications in vivo. Fibril fragmentation creates more growing fi-
bril ends, thus favoring the proliferation of new fibrils (40). Our
results suggest that breakage of longer, brittle fibrils may result
in the accumulation of shorter, less fracture-prone, and poten-
tially more cytotoxic (41), low aspect ratio fibrils. In addition,
whereas longer, mechanically stiff fibrils are able to disrupt (42)
or perforate cell membranes (43), short fibrils, although shear
weakened, are still sufficiently stiff (Y ~ several hundred MPa)
and pervasive to insert themselves into a lipid bilayer and stiffen
the highly flexible (Y ~ 1 MPa) cell membrane (44).
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Conclusions

Finally, the preponderance of sequence-independent intermolec-
ular hydrogen bonding over amphiphilic sidechain interactions in
stabilizing the amyloid state is an inversion of the situation for
globular proteins where the collapse-inducing hydrophobic force
leads to a spherical tertiary structure with nonpolar residues
buried in the core and largely polar residues on the surface of the
protein. By contrast, the 20-fold dominance of unidirectional
intermolecular hydrogen bonding, achievable by all polypeptide
backbones, over sequence-specific, sidechain interactions in de-
fining the high rigidity of the amyloid cross-p structure explains
not only the quasi-1D morphology of amyloid fibrils, but also the
accessibility of the amyloid state to peptides and proteins, irre-
spective of sequence.

1. Knowles TP, Buehler MJ (2011) Nanomechanics of functional and pathological amy-
loid materials. Nat Nanotechnol 6(8):469-479.

2. Sunde M, et al. (1997) Common core structure of amyloid fibrils by synchrotron X-ray
diffraction. J Mol Biol 273(3):729-739.

3. Chiti F, Dobson CM (2006) Protein misfolding, functional amyloid, and human disease.
Annu Rev Biochem 75:333-366.

4. Fitzpatrick AW, et al. (2013) Atomic structure and hierarchical assembly of a cross-3
amyloid fibril. Proc Natl Acad Sci USA 110(14):5468-5473.

5. Gras SL, et al. (2008) Functionalised amyloid fibrils for roles in cell adhesion. Bio-
materials 29(11):1553-1562.

6. Fitzpatrick AW, Lorenz UJ, Vanacore GM, Zewail AH (2013) 4D cryo-electron micros-
copy of proteins. J Am Chem Soc 135(51):19123-19126.

7. Landau M, et al. (2011) Towards a pharmacophore for amyloid. PLoS Biol 9(6):e1001080.

8. Park J, Kahng B, Kamm RD, Hwang W (2006) Atomistic simulation approach to a
continuum description of self-assembled p-sheet filaments. Biophys J 90(7):2510-2524.

9. Zewail AH (2010) Four-dimensional electron microscopy. Science 328(5975):187-193.

10. Zewail AH (2010) 4D Electron Microscopy: Imaging in Space and Time (Imperial Col-
lege Press, London).

11. Jiménez JL, et al. (2002) The protofilament structure of insulin amyloid fibrils. Proc
Natl Acad Sci USA 99(14):9196-9201.

12. Petkova AT, et al. (2002) A structural model for Alzheimer’s g -amyloid fibrils based
on experimental constraints from solid state NMR. Proc Nat/ Acad Sci USA 99(26):
16742-16747.

13. LuhrsT, et al. (2005) 3D structure of Alzheimer’s amyloid-3(1-42) fibrils. Proc Nat! Acad
Sci USA 102(48):17342-17347.

14. Krebs MR, et al. (2000) Formation and seeding of amyloid fibrils from wild-type hen
lysozyme and a peptide fragment from the beta-domain. J Mol Biol 300(3):541-549.

15. Schitz AK, et al. (2011) The amyloid-Congo red interface at atomic resolution. Angew
Chem Int Ed Engl 50(26):5956-5960.

16. Mohammed OF, Jas GS, Lin MM, Zewail AH (2009) Primary peptide folding dynamics
observed with ultrafast temperature jump. Angew Chem Int Ed Engl 48(31):5628-5632.

17. Barker R, Jr (1963) An approximate relation between elastic moduli and thermal
expansivities. J Appl Phys 34:107-116.

18. Knowles TP, et al. (2007) Role of intermolecular forces in defining material properties
of protein nanofibrils. Science 318(5858):1900-1903.

19. Cordier F, Grzesiek S (2002) Temperature-dependence of protein hydrogen bond
properties as studied by high-resolution NMR. J Mol Biol 317(5):739-752.

20. Newnham RE (2005) Properties of Materials Anisotropy, Symmetry, Structure (Oxford
Univ Press, Oxford).

21. Lide DR (1988) CRC Handbook of Chemistry and Physics (CRC Press, Boca Raton, FL).

22. Smith JF, Knowles TP, Dobson CM, Macphee CE, Welland ME (2006) Characterization
of the nanoscale properties of individual amyloid fibrils. Proc Nat/ Acad Sci USA
103(43):15806-15811.

23. Fandrich M, Meinhardt J, Grigorieff N (2009) Structural polymorphism of Alzheimer
Abeta and other amyloid fibrils. Prion 3(2):89-93.

24. Usov |, Mezzenga R (2014) Correlation between nanomechanics and polymorphic
conformations in amyloid fibrils. ACS Nano 8(11):11035-11041.

Fitzpatrick et al.

Materials and Methods

VQIVYK orange-G cocrystals and amyloid fibrils were prepared as described
previously (7, 18). VQIVYK orange-G cocrystals or amyloid fibrils were applied to
lacey carbon (Electron Microscopy Sciences) or silicon nitride 50-nm microporous
(Transmission Electron Microscopy windows) grids. Four-dimensional electron
diffraction patterns were acquired in stroboscopic mode (Fig. 1) using timed
photoelectron packets (120 kV, LaBg source) and a green pump pulse (A = 532
nm, repetition rate 1 kHz). Diffraction patterns were acquired at a CCD camera
length of 1.0 m and 1.5 m. All analysis and rendering of figures was performed in
MATLAB, Chimera (45), or PyMOL (46). Full methods are available in S/ Methods.

ACKNOWLEDGMENTS. This work was supported by the National Science
Foundation (DMR-0964886) and the Air Force Office of Scientific Research
(FA9550-11-1-0055) in the Gordon and Betty Moore Center for Physical
Biology at the California Institute of Technology. A.W.P.F. is supported by
a Marie Curie International Outgoing Fellowship.

25. Dobson CM (1999) Protein misfolding, evolution and disease. Trends Biochem Sci
24(9):329-332.

26. Ashby MF, Jones DRH (2012) Engineering Materials 1: An Introduction to Properties,
Applications and Design (Elsevier, Oxford), Vol 1.

27. Eisenberg D, Kauzmann W (2005) The Structure and Properties of Water (Oxford Univ
Press, Oxford).

28. Chiti F, Stefani M, Taddei N, Ramponi G, Dobson CM (2003) Rationalization of the
effects of mutations on peptide and protein aggregation rates. Nature 424(6950):
805-808.

29. Fitzpatrick AW, Park ST, Zewail AH (2013) Exceptional rigidity and biomechanics
of amyloid revealed by 4D electron microscopy. Proc Nat/ Acad Sci USA 110(27):
10976-10981.

30. Park ST, Flannigan DJ, Zewail AH (2012) 4D electron microscopy visualization of an-
isotropic atomic motions in carbon nanotubes. J Am Chem Soc 134(22):9146-9149.

31. Israelachvili JN (2010) Intermolecular and Surface Forces (Academic, London), 3rd Ed.

32. Clary DC, Orr BJ (1997) Optical, Electric and Magnetic Properties of Molecules: A
Review of the Work of A.D. Buckingham (Elsevier Science, Amsterdam).

33. Feldblum ES, Arkin IT (2014) Strength of a bifurcated H bond. Proc Nat/ Acad Sci USA
111(11):4085-4090.

34. Tsemekhman K, Goldschmidt L, Eisenberg D, Baker D (2007) Cooperative hydrogen
bonding in amyloid formation. Protein Sci 16(4):761-764.

35. Pampaloni F, et al. (2006) Thermal fluctuations of grafted microtubules provide evi-
dence of a length-dependent persistence length. Proc Natl Acad Sci USA 103(27):
10248-10253.

36. Bathe M, Heussinger C, Claessens MMAE, Bausch AR, Frey E (2008) Cytoskeletal
bundle mechanics. Biophys J 94(8):2955-2964.

37. Xu Z, Paparcone R, Buehler MJ (2010) Alzheimer's abeta(1-40) amyloid fibrils feature
size-dependent mechanical properties. Biophys J 98(10):2053-2062.

38. Paparcone R, Buehler MJ (2011) Failure of Ap(1-40) amyloid fibrils under tensile
loading. Biomaterials 32(13):3367-3374.

39. Xue WF, Radford SE (2013) An imaging and systems modeling approach to fibril
breakage enables prediction of amyloid behavior. Biophys J 105(12):2811-2819.

40. Knowles TPJ, et al. (2009) An analytical solution to the kinetics of breakable filament

assembly. Science 326(5959):1533-1537.

. Xue WF, et al. (2009) Fibril fragmentation enhances amyloid cytotoxicity. J Biol Chem

284(49):34272-34282.

42. Milanesi L, et al. (2012) Direct three-dimensional visualization of membrane disrup-
tion by amyloid fibrils. Proc Nat/ Acad Sci USA 109(50):20455-20460.

43. Friedrich RP, et al. (2010) Mechanism of amyloid plaque formation suggests an in-
tracellular basis of Abeta pathogenicity. Proc Nat/ Acad Sci USA 107(5):1942-1947.

44. Lulevich V, Zimmer CC, Hong HS, Jin LW, Liu GY (2010) Single-cell mechanics provides
a sensitive and quantitative means for probing amyloid-3 peptide and neuronal cell
interactions. Proc Natl/ Acad Sci USA 107(31):13872-13877.

45. Pettersen EF, et al. (2004) UCSF Chimera—a visualization system for exploratory re-
search and analysis. J/ Comput Chem 25(13):1605-1612.

46. DelLano WL (2002) DelLano Scientific, San Carlos, CA.

4

PNAS | March 17,2015 | vol. 112 | no. 11 | 3385

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1502214112/-/DCSupplemental/pnas.201502214SI.pdf?targetid=nameddest=STXT

