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High Tensile Strength of Engineered 3-Solenoid
Fibrils via Sonication and Pulling

Zeyu Peng,’ Amanda S. Parker,” Maria D. R. Peralta," Krishnakumar M. Ravikumar,? Daniel L. Cox,”" and
Michael D. Toney'
"Department of Chemistry and 2Department of Physics, University of California, Davis, Davis, California

ABSTRACT We present estimates of ultimate tensile strength (UTS) for two engineered $-solenoid protein mutant fibril struc-
tures (spruce budworm and Rhagium inquisitor antifreeze proteins) derived from sonication-based measurements and from
force pulling molecular dynamics simulations, both in water. Sonication experiments generate limiting scissioned fibrils with a
well-defined length-to-width correlation for the mutant spruce budworm protein and the resultant UTS estimate is 0.66 =+
0.08 GPa. For fibrils formed from engineered R. inquisitor antifreeze protein, depending upon geometry, we estimate UTSs
of 3.5 + 3.2-5.5 = 5.1 GPa for proteins with interfacial disulfide bonds, and 1.6 = 1.5-2.5 + 2.3 GPa for the reduced
form. The large error bars for the R. inquisitor structures are intrinsic to the broad distribution of limiting scission lengths. Sim-
ulations provide pulling velocity-dependent UTSs increasing from 0.2 to 1 GPa in the available speed range, and 1.5 GPa extrap-
olated to the speeds expected in the sonication experiments. Simulations yield low-velocity values for the Young’s modulus of
6.0 GPa. Without protein optimization, these mechanical parameters are similar to those of spider silk and Kevlar, but in contrast

to spider silk, these proteins have a precisely known sequence-structure relationship.

INTRODUCTION

Bio-inspired nanoengineering relies on our ability to under-
stand and control biological self-assembly processes.
Several biologically inspired routes for self-assembly,
including using viral capsids (1,2), DNA (3.4), and proteins
(5-7), show promise and have been employed to template
the growth of organic and inorganic materials (1-3).

One such approach we have recently developed uses the
family of (-solenoid proteins (BSPs) for bottom-up protein
engineering, where monomeric BSPs serve as programmable
nanobricks that can self-assemble into fibrils and potentially
into higher-dimensional structures (8). BSPs have practical
advantages. The narrow, rod-like structure of the BSPs is ad-
vantageous for design and templating, whereas their thermal
and chemical stability gives robust self-assembly into fibrils
in extreme environments (to be published). More recently, we
used molecular dynamics (MD) simulations to show that the
BSPs are stiff to bend and twist, with bend/twist persistence
lengths in the order of a few microns (9).

A potentially important application of the fibrils is to spin
them into larger fibers, which can be readily processed into
higher-order structures. For such applications, theoretical
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estimates of the tensile strength of the fibrils are very useful
in design. Until now, there have been no measurements or
simulations of their longitudinal breaking strength or
Young’s (tensile) modulus.

In this study, we measure the tensile strength of fibrils of
two engineered insect antifreeze BSPs, from R. inquisitor
(10) and spruce budworm (8,11), which we abbreviate as
RiAFP and SBAFP, respectively, using both experimental
and computational methods. The modified RiAFP is engi-
neered to have one intermolecular disulfide bond, acting
like a “staple” across the protein-protein interface. It can
be removed by exposure to reducing agents such as dithio-
threitol (DTT). For computational measurement of the
tensile strength, we use nonequilibrium MD simulations
(12-15) and explore the dependence of these results on
the rate of pulling. The computational measurement is vali-
dated against sonication experiments, where the high shear
force generated by imploding bubbles in the cavitation pro-
cess breaks the fibrils in solution, thereby allowing estima-
tion of their ultimate tensile strength (16). Our results show
that the tensile strengths of these proteins increase from 0.2
to 1.5 GPa over accessible pulling speeds in simulations,
and from sonication we find mean values of 0.66 *+ 0.08
GPa and 1.6 = 1.5 to 2.5 = 2.3 GPa for the SBAFP and
reduced RiAFP, and a correspondingly larger value of
3.5 £ 32 GPA to 5.5 = 5.1 GPa for the RiAFP with the
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interfacial disulfide. Given the large error bars, these values
are consistent with those of 1.4—-1.5 GPa from simulation
when extrapolated to the high velocities expected in sonicat-
ion. Simulation also provides low-velocity estimates of the
Young’s modulus of 6.0 GPa for both proteins.

MATERIALS AND METHODS

Sonication experiments: expression and
purification of recombinant proteins

The Escherichia coli-optimized RiAFP gene was synthesized by Thermo
Fisher Scientific. The protein sequence and a structural model for RiAFP
can be found in the Supporting Material. The gene was cloned into pET-
28a using Gibson assembly (17,18). Protein was expressed in E. coli
BL21 (DE3) cells. Cultures were grown at 37°C with shaking at 250
Rpm until ODgyy was 0.5-0.6. Isopropyl B-D-1-thiogalactopyranoside
was added to a final concentration of 1 mM to induce expression. Four
hours postinduction, cells were collected by centrifugation (4000 x g for
20 min). The cells were resuspended in lysis buffer (50 mM Tris-HCI,
200 mM NaCl, 10 mM g-mercaptoethanol, and 10 mM imidazole,
(pH 8)) and were lysed by sonication. Soluble and insoluble proteins
were separated by centrifugation (10,000 x g for 30 min). RiAFP was ex-
pressed in the soluble fraction and purified by nickel affinity chromatog-
raphy. Purified RiAFP was dialyzed into 10 mM sodium phosphate, pH 7.4.

SBAFP was expressed and purified as previously published (8). The
sequence for SBAFP can be found in the Supporting Material.

Amyloid fibril formation

To promote fibril formation, RiIAFP was incubated for 6 days at 37°C at a
concentration of 0.6 mg/mL, and SBAFP was incubated at a concentration
of 0.5 mg/mL at 37°C for 10 days.

Sonication

A Heat System-Ultrasonics, Inc., model W-220F sonicator with a microtip
was used for the sonication experiments. The output was set at sis (seven is
the microtip limit). During these experiments, cavitation was evident in the
samples. We sonicated both unreduced RiAFP fibrils and RiAFP fibrils
treated with 10 mM DTT. Both reduced and unreduced RiAFP fibrils
(2 mL; 0.6 mg/mL) and SBAFP fibrils (1 mL; 0.5 mg/mL) were sonicated
in 15 mL conical Falcon tubes that were held in 1.2 L of water to mitigate
sample heating from the sonication. After 20 h of sonication, a 10 uL sam-
ple was collected for transmission electron microscopy (TEM), whereas the
rest of the protein was sonicated for another 20 h.

TEM imaging

After sonication (either after 20 or 40 h), the protein sample (~10 uL) was
loaded on a carbon-coated copper grid and incubated at room temperature
for 2 min. Excess liquid was removed by filter paper and the sample was
stained with 2% uranyl acetate at room temperature for 30 s. Excess stain
was removed by filter paper and the grid was dried at room temperature.
The specimen was imaged using a JOEL 1230 TEM with 100 kV of electron
acceleration voltage.

Analysis of fibril widths and lengths

The lengths of fibrils were measured using Image] software. We measured
178 RiAFP fibrils after 20 (40) h of sonication. The lengths of 209(82) sin-
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gle RiAFP fibrils in DTT were measured after 20 (40) h of sonication. For
the lengths of SBAFP fibrils, 200 (139) single fibrils were measured after 20
(40) h of sonication. Histograms of fibril lengths were analyzed using
GraphPad Prism 5.01. The histogram bin width was set at 50 nm for RiAFP
analysis and 20 nm for SBAFP analysis.

To assess the length versus width relationship of the fibrils we also used
Image] to measure the width. We measured the widths of 61 single soni-
cated RiAFP fibrils, and of 89 sonicated RiAFP in DTT fibrils. We
measured the widths of 185 unsonicated RiAFP fibrils with ImageJ. For
SBAFP, we measured the widths for two independent syntheses of unsoni-
cated fibrils, with 218 and 80 fibrils measured from the respective synthe-
ses. For sonicated SBAFP, to assess the length versus width relationship, we
simultaneously measured the length and width of 50 fibrils. For unsonicated
SBAFP and for RiAFP, we analyzed the width histograms, and for sonicated
SBAFP we carried out regression studies of length versus width and length?
versus width.

Calculation of ultimate tensile strength from
results of sonication

The average and standard deviation of the final lengths of the proteins after
40 h of sonication were used to calculate the ultimate tensile strength (UTS)
values for the two proteins generalizing a simple model for circular fila-
ments previously proposed by Huang et al. (16). The UTS was calculated
using

R\ C 1 L
UTS = (202" ) c<->- 1
(an_) <774 ey

where L, is the mean limiting (final) length of the protein after prolonged
sonication, C is the circumference of the fibril, r is the distance from the
fibril axial center to the surface (the angular brackets denote a geometric
average over 1/r), A is the fibril cross-sectional area, R; is the rate of
cavitation bubble expansion during sonication, R; is the cavitation bubble
radius, and 7 is the solvent viscosity. Huang et al. (16) argue that the
product nR; /R; should be approximately independent of solvent, reasoning
that in a more viscous solvent the cavitation rate will be slower. In fact,
the solvent used by Huang et al. (16) is 10 x more viscous than ours
(water). Using their estimated value for this product, the expression re-
duces to

c 1 L2
UTS = (2 x 106)§<—>%Pa. )
.

As we show in the Appendix, the factor C < 1/r > /(8A) reduces to 1/d* for
a circular fibril, where d is the diameter. For an equilateral triangular fibril
withedgesizea, C(1/r)/(84) = 1.41/a*. For arectangular cross-section fibril
with long edge b, short edge a, and aspect ratio y = b/a, C<1/r> /(8A) =
7/@2%)(n(y + v/(v* + 1)) +In(y™" + /(v + 1)).

Nonequilibrium pulling simulations

To estimate the ultimate tensile strengths of RiIAFP (10) and SBAFP (8,11)
theoretically, classical MD simulations were used. The details of the simu-
lation procedure were similar to (9). Briefly, we used Gromacs 4.6.5 (19),
the Chemistry at Harvard Molecular Mechanics 27 force field (20), the
transferrable intermolecular potential-three point water model (21), and pe-
riodic boundary conditions for all simulations. During the simulations, each
protein was solvated in a box, with at least 1 nm distance between the pro-
tein and the box walls. The system was carefully equilibrated over many
steps to remove any inherent stress in the protein structure and brought to
a temperature of 300 K. These steps included energy minimization, heating
the system to 300 K over a 50 ps period using a modified Berendsen



temperature coupling scheme (22,23), relaxation at constant volume and
temperature again using the modified Berendsen temperature coupling
scheme, and relaxation at constant pressure and temperature using Parri-
nello-Rahman pressure coupling (24). A simulation time step of 1 fs was
used and coordinates were saved every 1 ps. After equilibration, the RiAFP
system (the protein in a box of dimensions 12 x 6 x 4 nm, surrounded by
water) had a density of 1017 kg/m® and the SBAFP system (in box of di-
mensions 13 x 4 x 4 nm) had a density of 1045 kg/m’.

The protein was then subjected to stretching along its helical axis by
treating it as a cantilever beam fixed at one end. The c-« atoms of the first
turn of the protein were fixed with a strong harmonic constraint (spring con-
stant k = 10,000 kJ/(mol-nm?)). The protein was pulled by attaching a stiff
spring (spring constant k = 10,000 kJ/(mol-nm?)) to the center of mass of
the last turn, and moving that spring along the helical axis of the protein at a
constant speed. Various pulling speeds spanning over four orders of magni-
tude (0.01, 0.1, 0.5, 1.0, 5.0, 10.0, 30.0, 60.0, 80.0, and 100.0 nm/ns) were
studied, and at each speed a minimum of 10 independent simulations were
performed. For reference, pulling at 0.1, 1, and 30 nm/ns resulted in strain
rates before breaking on the order of 1 x 10~ /ps, 1 x 10™* /ps, and
1 x 1073 /ps, respectively. All pulling simulations were done using a modi-
fied Berendsen temperature coupling (22) and Parrinello-Rahman pressure
coupling (24). In each simulation, the protein was stretched until all the
hydrogen bonds connecting the last turn to the second-to-last turn had
been fully broken.

For calculating UTS and Young’s modulus (Y), it was necessary to es-
timate the length and cross-sectional area of both proteins. The length of
each protein was estimated as the average distance between the center of
masses of its first and last turns, over a 50 ps simulation. The cross-
sectional area was calculated by treating the atoms of each turn as van
der Waals spheres projected onto a plane perpendicular to the helical
axis, and a grid of ~0.3 A was used to sample and measure the area of
each projection. The average of the areas of each turn was used as the pro-
tein’s cross-sectional area. See Supporting Material for more details on
area estimation.

RESULTS AND DISCUSSION

The tensile strength of fibrils of two BSPs, SBAFP (8,11)
and RiAFP (10) (for sequences, see the Supporting
Material), which have well-defined, helical, rod-like struc-
tures with different cross-sectional shapes (triangular and
flat-rectangular, respectively) (Fig. 1), were measured
using computational simulations and sonication experi-
ments. Both proteins chosen for the study readily self-
assemble in vitro into linear polymers, forming long

FIGURE 1 The backbone structure of the (a) RiAFP and (b) SBAFP
studied in this work. The two proteins have distinct cross-sectional shapes
(flat-rectangular for (a) RiAFP and triangular for (b) SBAFP). Images
created using visual molecular dynamics (49). To see this figure in color,
go online.
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(micron-length) nanowires (8) (Z.P., M.D.T, unpublished
data on RiAFP).

Results from sonication experiments

Both the RiAFP and SBAFP assemble into micrometer-long
fibrils (Fig. 2). After 20 h of sonication, the mean length of
oxidized (reduced) RiAFP fibrils is 186 = 86 nm (129 *=
65 nm), and the mean length of SBAFP is 46 = 16 nm
(Figs. 2 and 3). After an additional 20 h of sonication, the pro-
tein fibrils are not further shortened (Figs. 2 and 3). Fits to
Gaussian- and +y-distributions at both 20 and 40 h gave very
similar mean length and SD, though the skewed vy-distribu-
tion produces a somewhat better fit to the histograms.

The widths of unsonicated and sonicated mutant RiAFP fi-
brils have narrow distributions centered around 7 nm, with
similar distributions as shown in Fig. 4. This size is consistent
with fibrils that are dimeric with two possible geometries as
illustrated in Fig. 5 a. For the mutant SBAFP fibrils, the unso-
nicated distributions have long tails consistent with a distribu-
tion of multimers in one transverse dimension driven by
lateral assembly of the individual (monomeric) filaments, as
shown in Fig. 5 b. We have observed such lateral self-assem-
bly in (8), and conjecture that the likely driver of lateral self-
assembly are salt bridges between the added acidic and basic
residues (relative to wild-type SBAFP) that reside mostly on
two of the triangular facets of the engineered protein.

Because the mutant SBAFP fibrils have variable width,
we can hypothesize that the ratio of length to width has a
particular functional form to generate the same UTS value.
For example, if the multiwidth fibrils were formed by radial
accumulations of monomeric thickness polymers, we would
expect the measured length L to width b ratio, L/b, to be a
constant. If, as we anticipate from the width histograms,
they have a ribbon geometry with monomeric thickness in
one dimension, we would anticipate that 12 /b is constant,
since the cross-sectional area of the fibril goes as ab, where
W is variable but a is held fixed. A plot of L? versus b is
shown in Fig. 6. The average value of Cs(1/8r) for these fi-
brils is 1.06(0.07), and the height of SBAFP fibrils (8) is
2.6 nm, so this gives an estimate of the UTS as 0.66(0.08)
GPa. The same L? versus W recession was observed for
several fibrils of different proteins elsewhere (25).

The correlation of length and width for the sonicated
mutant SBAFP fibrils allows us to make a rather precise es-
timate of the UTS. For the mutant RiAFP sonicated fibrils,
the uniform thickness does not allow this, and our estimates
of UTS are intrinsically broad due to the breadth of the L;;,
distributions. They are also dependent upon the assumed ge-
ometry of the fibrils per Fig. 5. We present the UTS esti-
mates obtained from sonication for the mutant RiAFP
fibrils in Table 1.

Our approach for estimating widths suffers somewhat
from potential artifacts of the negative stain in the TEM im-
ages (26,27), which can include aggregation effects and
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flattening effects, as well as intrinsic image resolution
limits. Although we cannot rule out the former, the latter
is a problem with proteins that have hollow interiors; the
tight hydrophobic packing of the BSPs makes flattening un-
likely. More precise measurements of fibril heights using
atomic force microscopy, as in (25), could help yield better
estimates of geometric ratio used for estimating the UTS
and will be considered in future studies.

Results from MD simulations

To measure the tensile strength of the solenoid proteins us-
ing MD simulations, we treated each monomeric protein as
a cantilever beam fixed at one end, whereas the other end
was pulled along the direction of the protein’s helical axis
for a variety of pulling speeds (see Materials and Methods
for details). Each simulation at a different pulling speed re-
sulted in force-displacement curves similar to Fig. 7 a and b
(purple and green curves for RiAFP and SBAFP, respec-
tively). In our earlier study on bending and torsion of
BSPs, we used quasi-equilibrium umbrella sampling simu-
lations to estimate the mechanical properties (9). Unlike
bending and torsion, the tensile strengths of solenoid pro-
teins are not amenable to equilibrium measurements in
MD simulations, owing to very little displacement along
the pulling direction before breakage. Hence, we employed
nonequilibrium measurements using forced pulling simula-
tions to estimate the tensile strength and verified the results
by running no less than 10 simulations at each speed.

To reduce the noise due to thermal fluctuation, the force-
displacement curves were smoothed using a displacement
window of ~0.02 nm. It can be seen that the smoothed
curves (black lines in Fig. 7) are roughly linear until the first
peak, at which point the secondary structure of the protein
breaks. By this we mean that the hydrogen bonds between
the pulled turn and the turn adjacent to it are ruptured.
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40 h sonication
e e

FIGURE 2 TEM images of fibrils, synthesized
from RiAFP and SBAFP before and after sonicat-
ion, are shown. Prolonged sonication-induced
length reduction of fibrils is observed. The scale
bars represent 200 nm for RiAFP and 100 nm for
SBAFP.

This phenomenon can be seen in the trajectory visualiza-
tions, as well as in plots of the number of hydrogen bonds
versus displacement. See Supporting Material for examples
of the latter. For simulations at very high pulling speeds,
there are fewer data points before breakage, necessitating
smaller averaging windows. The peak value of the force
(Fimax) 18 the maximum value of the smoothed force-
displacement curves.

The average value of F,, from 10 different simulation
runs at pulling speed of 1 m/s are shown in Fig. 7 ¢. Fpyy
for RiAFP (1751.3 = 219.0 pN) is higher when compared
to that of SBAFP (1256.3 + 177.8 pN), suggesting that in
general RiAFP needs higher tensile force to break the
self-assembly. This comparison holds true for other pulling
velocities as well (see Fig. S3).

The UTS, obtained as the ratio of F,,pu. to the cross-
sectional area of the peptide (see Supporting Material for de-
tails on the area measurement), was also calculated (Fig. 7 d).
Unlike the maximum force, the UTS values for the peptides
(at pulling velocity of 1 m/s) are comparable and within the
measurement error (Fig. 2 d). This is true at most other pull-
ing speeds as well (see Fig. 8). Note that Fig. 7 d shows UTS
values for a single pulling speed (1 m/s) but, as noted earlier,
these values vary with the pulling speed. Hence, the depen-
dence of UTS on the pulling speed was also examined
(Fig. 8 a and b). For both solenoid proteins, there is a clear
increase in the average UTS (and F,,,) with increasing pull-
ing speed, as can be seen in Fig. 8 a and b. Over the four or-
ders of magnitude in pulling speed (0.01-100 m/s), UTS
varies between ~0.2 and 1.0 GPa, showing the dependence
of the measurements on the pulling speed.

Notably, we observe two different linear regimes in these
plots with the slopes changing sharply at ~10 m/s (black
lines in Fig. 8 a and b). In general, the linear relationship be-
tween the natural logarithm of the pulling speed (In(v)) and
Fnax 1s seen for many other materials, including composites
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(28), alloys (29), and steel (30). In the case of proteins, the
two different linear regimes likely signify two different
rupture mechanisms at different pulling speeds. Ackbarow
et. al. (31) have also seen such behavior for simple a-helices
and (-sheets, and they suggested that under slower pulling
speeds, sets of hydrogen bonds within the protein secondary
structure break in a concerted fashion, whereas at higher
pulling speeds hydrogen bonds break serially, causing
biphasic behavior. This idea is supported by the differences
in energy barrier heights and barrier distances that need to
be overcome to break the hydrogen bond structure at high
and low pulling speeds.

A phenomenological kinetic transition model with an en-
ergy barrier (32) can be used to understand the mechanical

100 150 200 250 300 350 400 450
Length (nm)

80

50 100 150 200 250 300 350 400 450 500 550 600
Length (nm)

RiAFP in DTT
after 40 hours sonication

FIGURE 3 The frequency distributions of fibril
lengths after sonication for 20 and 40 h are shown
for (a) RiAFP, (b) RiAFP in DTT, and (c) SBAFP.
In (@) and (b), the bin width is set at 50 nm. For (a),
the average length after 20 (40) his 186 = 87 nm
(186 + 86 nm). For (b), the average length of
RiAFP fibrils after 20 (40) h of sonication is 129
+ 65 nm (130 £ 60 nm). For (c), the bin width
is set at 20 nm. The average length of SBAFP fi-
brils after 20 (40) h of sonication is 46 + 16 nm
(47 = 19 nm).

SBAFP
after 40 hours sonication

100 120 140

Length (nm)

breakage during pulling. In this model, the slopes and y-in-
tercepts of the two linear regimes can be used to back-calcu-
late the barrier height (Ej) and bond-breaking length (x;)
during the two different linear pulling regimes. This follows
from the model’s assumption that the likelihood of transi-
tioning through the energy barrier (E;) (for example, from
folded to an unfolded, or broken, conformation) increases
with an applied force along the reaction coordinate
(31,33). Ep and x;, for each regime can therefore be deter-
mined from the linear fits to the maximum force versus
In(v) (Fig. S4), as done previously (31).

The results for our BSPs are very similar to those for 8-
sheet structures (31). For RiAFP, the values are Ej g o0 =
8.05 kcal/mol, xp g 50w = 0.20 10\; Ep g fase = 1.27 kcal/mol,
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and xp g fzr = 0.03 A. For SBAFP, the values are Ej g son =
10.29 kcal/mol, xp 5 510w = 0.34 A Epy s fase = 2.37 kcal/mol,
and xp 5 = 0.05 A. Here, we have adopted the use of
“slow” and “fast” to refer to the shallower and steeper slope
regimes, respectively. A typical hydrogen bond disassocia-
tion energy is ~2 kcal/mol (34), which is about the same
as the energy barrier in the fast regime. In the slow regime,
on the other hand, the energy barrier is about four or five
times the energy required to break a single hydrogen bond,
suggesting that to transition from the native to unfolded state,
we must break multiple bonds simultaneously.

We also analyzed the relationship between Young’s
modulus (Y) and pulling speed for the proteins. Y is given
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FIGURE 4 Histograms of fibril widths (measured
with ImageJ software). (A) Unsonicated mutant
RiAFP fibrils. (B) Unsonicated mutant SBAFP fi-
brils. (C) Sonicated mutant RiAFP fibrils. (D) Soni-
cated mutant fibrils of RiAFP in DTT.
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by Y = kLo /A, where L is the original length of the protein,
A is again the cross-sectional area, and k = F/AL is the
spring constant of the protein. The slope of the linear fit to
the smoothed force-displacement curves before breakage
is used to obtain an estimate of the spring constant (k) for
the proteins. The average and SD of the spring constant at
any given pulling speed is measured from 10 independent
simulations (for example, see Fig. 7 e), and the results are
plotted against the natural logarithm of the pulling speed
in Fig. 9.

For both proteins, there is an increase in Y (and spring
constant) with increasing pulling speed, as found with
UTS values. The rate of increase is greater at higher speeds,

A

I 1

—>
a
RiAFP
b a

Face Aligned

b

Edge Aligned

FIGURE 5 Possible fibril cross-sections. (A) The
observed widths of unsonicated and sonicated
RiAFP fibrils are consistent with monomeric thick-
ness in one transverse dimension and (most likely)
dimeric thickness in the other. (B) SBAFP fibrils,
both unsonicated and sonicated, show variable width.
We assume it is most likely that they are of mono-
meric thickness in one transverse dimension and
multimeric (with variable multimer number) in the
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FIGURE 6 Regression of L? to fibril width b for engineered SBAFP fi-
brils after sonication, consistent with a ribbon geometry assumption per
Fig. 5. We have assumed zero intercept, and obtain a slope of 404 (36)
nm with an R? value of 0.71. The same regression of fibril squared length
to width were observed in (25).

and as the speed decreases, Y seems to be approaching an
asymptotic value, suggesting that the slope of the force-
displacement curve remains fairly constant at slow pulling
speeds. Similar behavior was also observed for a tropocol-
lagen molecule (35), and other polymer composites
(36,37) where the modulus increases with the strain rate.
Here, the RiIAFP and SBAFP clearly approach similar Y
values at 0.01 m/s, and by fitting an exponential to each
set of points and extrapolating to low speeds we find asymp-
totic values of 6 GPa for both proteins. For SBAFP, the Y
value at 1 m/s is comparable to the bending and torsional
moduli of the protein calculated earlier (Epenging = 8.1
GPa and Gyy5ion = 11.3 GPa). Although Y for the RiAFP
and SBAFP approach similar values at low speeds, perhaps
suggesting that their moduli, and therefore elastic behaviors,
are similar under low mechanical loading conditions, they
differ at higher pulling speeds. Thus, we view the theory re-
sults as lower bounds to the experimental ones, because the
experimental values are for interface breakage whereas the
theory values reflect intramolecular unraveling. Neverthe-
less, these two processes are very similar mechanistically.
Although both Y and UTS increase with pulling speed,
there must be some difference in the origin of the increase,
because Y is measured in the linear stress-strain region
whereas UTS is measured close to rupture. In the case of sil-
ica glass, detailed MD simulations have revealed that the in-
crease in modulus is associated with stress relaxation at high
strain rates (38), but the mechanisms for relaxation in that

TABLE 1
Geometries, and for SBAFP

Designed g-Solenoids: Tensile Strength

solid-state system must be in detail different than what we
have observed for our proteins here. This is an interesting
and important question that is beyond the scope of our study.

Comparison of theory and experiment

The experimental values can be compared to the computa-
tional ones indirectly by extrapolating the pulling speeds
to those expected in typical cavitation events in sonication.
The typical speed of fluid propagation around cavitation
bubbles in sonication is ~1000 m/s. Extrapolating to those
speeds on our simulation plot yields 1.5 GPa for RiAFP
and 1.4 GPa for SBAFP (marked as stars in Fig. 8 a and
b). We note that we overestimate the mutant SBAFP value
found from the experiment and underestimate the RiAFP
value (no DTT), although the latter agrees within the
generous error bars engendered by the broad distribution
of final lengths from the sonication. The values are certainly
comparable. A key difference between theory and experi-
ment is that the sonication experiments split the fibrils at in-
terfaces, whereas the pulling experiments unravel the
hydrogen bonds in a given layer at the UTS in a way restor-
able at equilibrium.

At least part of the discrepancy between theory and exper-
iment might be related to the estimation of effective areas
and diameters for the proteins. Calculation of UTS values
from sonication experiments requires a diameter for the fi-
brils in the model of (16). The theory simulations are on in-
dividual filaments and, as noted, the data strongly suggests
that the RiAFP and SBAFP fibrils studied here are not
monomeric.

Separately, classical MD with the nonreactive CHARMM
force field cannot directly model disulfide bond breakage in
the unreduced RiAFP case. This is because the electronic
structure is not being modeled directly, and the “bonded”
interactions are fixed in the topology. Therefore, we can
only capture the unraveling of hydrogen bonded structures.
Sonication is expected to break all types of bonds, but is
most likely to pull apart proteins at the weaker noncovalent
interfaces. For the two cases here that lack an interfacial di-
sulfide bond, fibril scission assuredly occurs at the noncova-
lent interface. The disulfide bond at the interface of the
nonreduced RiAFP fibrils has a bond dissociation energy
of 60 kcal/mol, which is significantly less than the covalent
bonds of the polypeptide backbone (85 kcal/mol), and

Parameter Values and Resulting UTS for RiAFP and RiAFP in DTT Assuming Either Edge Centered or Face-Centered

Proteins b(nm) a(nm) Area (nm?) <Ljjm > C<1/(8r)> UTS (GPa)
Edge RiAFP 6.9(1.0) 2.0 14 186 1.12 5.5(5.1)
Edge RiAFP(DTT) 7.1(1.6) 4.1 14.8 130 1.13 2.5(2.3)
Face RiAFP 6.9(1.0) 2.1 28 186 1.38 3.5(3.2)
Face RiAFP(DTT) 7.1(1.6) 42 29.6 130 1.41 1.6(1.5)
SBAFP 4.9-15.5 2.6 ba 20.15'/2 1.06(07) 0.66(0.08)

UTS, ultimate tensile strength; RiAFP, insect antifreeze BSP from R. inquisitor; DTT, dithiothreitol; SBAFP, insect antifreeze BSP from spruce budworm.
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FIGURE 7 Plots (a) and (b) show typical force-
displacement curves for RiIAFP and SBAFP (pur-
ple and green), respectively. In black, the smoothed
curves are shown. Below, histograms show the

mean and SD of the (¢) maximum force, (d)
UTS, and (e) Young’s modulus Y, for RiAFP and
SBAFP (purple and green, respectively). The
values shown in the histograms are as follows:
(c) RiIAFP: 1751.3 = 219.0 pN, SBAFP: 1256.3

+ 177.8 pN; (d) RiAFP: 038 = 0.05 GPa,
SBAFP: 0.31 = 0.04 GPa; and (e) RiAFP: 7.91
+ 2.06 GPa, SBAFP: 11.00 £ 2.41 GPa. To see
this figure in color, go online.
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remains the weakest link in the polymer and the most likely
point of scission.

CONCLUSIONS

In summary, we used nonequilibrium MD simulations of
two BSPs, SBAFP and RiAFP, to extract theoretical esti-
mates for UTS and Young’s modulus Y by averaging multi-
ple runs over widely varying pulling speeds. Experimental
UTS values were measured by sonication-induced scission.
The extrapolated high pulling speed UTS values agree
within error with the experimental values.

Our results are also consistent with those of other
hydrogen-bonded structures. For example, the low pulling
speed Y values derived from simulations here are a factor
of two smaller than the 11-13 GPa cited for spider silk,
whereas the UTS values estimated from sonication bracket
those of spider silk (39). UTS values for a set of $-helical
proteins of ~0.5-0.7 GPa, and Young’s moduli of 13-27
GPa, have been found using similar theoretical methods
(40), and a review of the mechanics of amyloid materials re-
ports Young’s moduli of about 0.01-30 GPa and strengths of
0.1-1 GPa for amyloid fibrils (41). For a more thorough
comparison to other studies of amyloid structures, see Sup-
porting Material for a table in which we report other exper-
imental and theoretical Young’s modulus and UTS values
from the amyloid literature (16,25,40,42-45).
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UTS values for our noncovalent fibrils are also similar
to those for Kevlar (39,46), although Kevlar-49 has a
much higher Y value. A study of Kevlar using MD simula-
tions on the nanometer length scale gives a UTS of 1.19
GPa for tension in the direction of the hydrogen bond
network (47). In our case, the simple addition of a disulfide

a RIAFP b SBAFP
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FIGURE 8 The ultimate tensile strength with respect to the natural log of
the pulling speed is plotted for (a) RiAFP (purple) and (b) SBAFP (green).
The errors are calculated using the SD of the maximum forces at each
speed. For each protein, we note two distinct linear regimes, to which we
fit two lines (black). For RiAFP, the lines are given by
UTS,iow = 0.045In(v) +0.367 and UTSpy = 0.275In(v) — 0.369. For
SBAFP, the lines are given by UTSg,, = 0.029In(v) +0.330 and
UTSuse = 0.202In(v) — 0.023. To estimate the UTS at speeds achieved dur-
ing sonication, we extrapolate UTS, to v = 1000 m/s, which gives a UTS
of 1.5 GPa for RiAFP and a 1.4 GPa for SBAFP. To see this figure in color,
go online.
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FIGURE 9 The average and SD of the Young’s modulus Y as a function
of the natural logarithm of the pulling speed is shown. The results for
RiAFP and SBAFP are shown in purple and green, respectively. The pro-
teins have similar asymptotic values for Y at low pulling speeds of 6.0
GPa, which can be estimated by fitting exponentials (black) and extrapo-
lating the fits to low speeds. At high speeds, Y for SBAFP increases more
quickly than that of RiAFP. The value for Y of RiAFP at /n(1000m/s) is
plotted to more clearly illustrate its behavior as the speed increases. To
see this figure in color, go online.

bridge across the RiAFP interface nearly doubles its UTS
value.

Given the known sequence-to-structure match of BSPs,
they appear to be strong candidates for engineering mechan-
ically tough fibers for materials applications such as filtra-
tion meshes and high strength “smart” fabrics.

APPENDIX

In this Appendix, we provide the analysis of the estimate of <1/r > for fi-
brils of noncircular cross section. The basic model (before scission) is en-
visioned in Fig. 10.

The imploding bubble sets up a radially inward velocity flow with sol-
vent velocity

Imploding Bubble

radial flow
s*
> I
s So Sotl

FIGURE 10 Model of prescission conditions for fibrils undergoing soni-
cation. The picture is that fibrils of length L align radially in the vicinity of
an imploding bubble of radius R thanks to the radial fluid flow. The radial
coordinate from the center of the bubble is s and the fibril has an edge
closest to the bubble of sy. The position s* denotes the radial distance at
which the fixed fibril velocity matches the fluid velocity, so that the net
viscous stress vanishes there. To see this figure in color, go online.
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R’R
T 5 (3 )

2

v(s) =

where R is the velocity of the collapsing bubble surface. At a distance s*
from the center of the bubble, the assumed uniform fibril speed matches the
speed of the surrounding solvent, so that the fibril velocity is identified as

R2R
v = — )

N

As clarified in (48), the viscous stress at a given distance s from the bub-
ble center is given by

n(vx(s) - vf)

oi(s, 1) = 2r(1)

®

where r([) is the distance from the center of the fibril to the surface of the
fibril at arc position / on the fibril surface and 7 is the solvent viscosity. The
total scission force is determined by identifying the distance s* where the
fluid velocity equals the fluid velocity such that

s* so+L
/ dsdlo(s,1) = —/ dsédlo(s, ) (6)

s*

where s represents the end of the fibril of length L proximate to the bub-
ble, s is integrated along the length of the fibril, and / is integrated around
the fibril circumference. Note that the maximum scission force will be
generated when so — R, and this is assumed in (16,48). Hence, it is very nat-
ural to introduce the factor

—1
DL L %
r gﬁdl

where C = ¢dl is the circumference of the fibril.

The resulting cross-section fibril geometry influence on the force can be
summarized in the factor ¢ = {/(8A), where A is the fibril cross sectional
area. For a circle ¢ = 1/ d? where d is the diameter, it is straightforward to
evaluate the corresponding integral for triangular and rectangular geometry
to obtain the results quoted in Calculation of ultimate tensile strength from
results of sonication.

SUPPORTING MATERIAL

Supporting Materials and Methods, five figures and three tables are avail-
able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(17)
30988-8.
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