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1 Protein sequences

Here we report the sequences of the proteins used in the study, the antifreeze protein of the Rhagium

inquisitor beetle, RIAFP, and the antifreeze protein of the spruce budworm, SBAFP.

MAHHHHHHSGS

ASRAEARGEAMAEGHSRGCA
GSRAEARGEAMAEGHSRGCA

TSHANATGHADARSMSEGNA
TSHANATGHADARSMSEGNA

EAYTEAKGTAMATSEASGEA
EAYTEAKGTAMATSEASGEA

RAQTNADGRAHSSSRTHGRA
RAQTNADGRAHSSSRTHGRA

DSTASAKGEAMAEGTSDGDA
DSTASAKGEAMAEGTSDGDA

KSYASADGNACAKSMSTGHA
KSYASADGNACAKSMSTGHA

DATTNAHGTAMADSNAIGEA
DATTNAHGTAMADSNAIGEA

RAETRAEGRAESSSDTDGC
RAETRAEGRAESSSDTDGC

Table 1: Sequences of RIAFP used in experiment (left) and simulation (right). The initial tag of 12 amino
acids (first row) of experimental sequence (left) was exluded in MD simulations. The rows represent individual
turns of the beta-solenoid. The termination sequence does not affect the beta sheet structure crucial for the

tensile strength or Young’s modulus of the protein.



M

ASRITNSQIVKSEAT
ASRITNSQIVKSEAT

NSDINNSQLVDSIST
NSDINNSQLVDSIST

RSQYSDANVKKSVTT
RSQYSDANVKKSVTT

DSNIDKSQVYLTTST
DSNIDKSQVYLTTST

GSQYNGIYIRSSDTT
GSQYNGIYIRSSDTT

GSEISGSSISTSRIT
GSEISGSSISTSRIT

NSRITNSQIVKSEAT
NSRITNSQIVKSEAT

NSDINNSQLVDSIST
NSDINNSQLVDSIST

RSQYSDANVKKSVTT
RSQYSDANVKKSVTT

DSNIDKSQVYLTTST
DSNIDKSQVYLTTST

GSQYNGIYIRSSDTT
GSQYNGIYIRSSDTT

GSEISGSSISTSRIT
GSEISGSSISTSRIT

Table 2: Sequences of SBAFP used in experiment (left) and simulation (right). The initial tag of one amino
acid (first row) of experimental sequence (left) was exluded in MD simulations. The rows represent individual
turns of the beta-solenoid. The termination sequence does not affect the beta sheet structure crucial for the

tensile strength or Young’s modulus of the protein.

2 Interface structure of oxidized RiAFP fibrils

Here we include an image of the interface between two RiAFP proteins when in the non-reduced state. See

Fig. 1.

3 Cross-sectional area

The average cross-sectional area of the protein was calculated by treating each atom as a van der Waals’
sphere and projecting these spheres on a planar surface perpendicular to the helical axis of the protein. A
planar-grid of about 0.3 Ang was used to measure the area of this projection. This was done by sampling
the grid. The ratio of points that fell inside the projection to total grid points, multiplied by the area of the
grid, was taken as the area of the projection. This was repeated for each turn, and the average of all turns
was taken as the cross-sectional area of the protein.

An illustration of this is shown in Fig. 3, where on the left is shown the atoms of one turn of each protein,
represented as van der Waal’s spheres, and on the right are those spheres projected onto a 2D grid and then

sampled to produce an estimate of the cross-sectional area and perimeter or circumference.



Figure 1: Model of the fibril interface between two RiIAFP proteins in the nonreduced (oxidized) state. The
design includes a single disulfide bond between a cysteine near the C-terminus (Cys159) and one near the

N-terminus (Cys19). The backbone hydrogen bonding structure is also shown. This picture was created in

YASARA [5].

(a)

(b)

Figure 2: On the left, renderings of one turn of (a) RIAFP and (b) SBAFP, using van der Waal’s spheres
are shown. (Images created using VMD.) On the right, a grid sampling representation of the projection of

these areas are shown in blue, as well as the circumferences in red.
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Figure 3: The average and standard deviation of the maximum force at each speed is shown for the RIAFP
(purple) and SBAFP (green). Note that as with UTS, we observe two linear regimes, to which we fit two
lines. Unlike the UTS, the rupture force values for RiIAFP are generally larger than for SBAFP.

4 Displacement at maximum force and pulling speed

In addition to investigating the dependence of maximum force on pulling speed, the average breaking dis-
placement at each speed was studied. Note that for the simulations results of Fig. 7 of the main article,
the displacement at maximum force is nearly the same for both proteins (in the shown examples around 0.2
nm), which is true at all pulling speeds. Like the maximum force, the displacement also increased linearly
with increasing pulling speed. Though the error bars are larger for the displacement values than for the
forces, there does not seem to be two linear regimes when plotted against the natural log of the speeds, as

there are for the forces.

5 Maximum forces and pulling speed

The ultimate tensile strength (UTS) is calculated by finding the breaking force, which we identify as the
maximum force over the constant-speed pulling simulation, divided by the cross-sectional area. In Fig. 3,

we plot the breaking forces alone as a function of the natural log of the pulling speed.

6 Hydrogen bonds and displacement

During a constant-speed pulling simulation, the force on the protein increases until the hydrogen bond
network maintaining the secondary structure is broken. This can be observed in the trajectories (visualized

in software such as VMD [4]) and in an analysis of the numbers of hydrogen bonds during the simulation.
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Figure 4: Number of hydrogen bonds between the turn being pulled and the adjacent turn versus the
displacement of the pulled turn is plotted for RiIAFP. This data is from one pulling simulation at 1 m/s, but

is representative of all simulations.

SBAFP
Number of hydrogen bonds vs displacement

Hydrogen bonds (#)
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Figure 5: Number of hydrogen bonds between the turn being pulled and the adjacent turn versus the
displacement of the pulled turn is plotted for SBAFP. This data is from one pulling simulation at 1 m/s,

but is representative of all simulations.



Examples of this analysis are shown in Fig. 4 and Fig. 5. These figures show, on the y-axis, the number
of hydrogen bonds between the pulled turn of the protein and the turn adjacent to it, during one pulling
simulation done at 1 m/s. On the x-axis, is the displacement of the protein, analogous to what is shown on
the x-axes in the plots in Fig. 7 of the main paper.

These plots show that before about 0.2 nm of displacement, the numbers of hydrogen bonds between
the pulled turn and its neighbor fluctuates around a constant value (approximately 13 hydrogen bonds for
RIiAFP and 11 for SBAFP). At about 0.2 nm of displacement, there is a sharp drop in the number of
hydrogen bonds for both proteins and this number continues to decline as the simulation continues. These
results are consistent with the peaks of the force vs. displacement plots in Fig. 7 of the main paper, which
occur at approximately the same displacement values.

Calculation of the number of hydrogen bonds between turns was done using the “gmx energy” tool in

GROMACS [2].

7 Comparison to previous experimental and theoretical results for
amyloids

Table 3 compares our results from theory and experiment to a range of other results for amyloid fibrils from
other theoretical and experimental research. Note that the Young’s modulus, experimentally, is ordinarily
derived from an AFM based deflection method [1], while UTS is typically derived from sonication experiments
like the one here. It is apparent that the values obtained in our work are well within the ranges of experimental

and/or theoretical values from the literature.



Fibril Yeup(GPa) | Yin(GPa) | UTSeep(GPa)) | UT'Sn(GPa) | References
Modified SBAFP 11.0 0.66 0.31 This Paper
Modified RiAFP 7.9 1.6-5.5 0.38 This Paper

PrP 0.09 2.1/3.3 0.07 0.15/0.2 Lamour et al. [6]
Insulin 2.1 3.3 0.5 0.4 Lamour et al. [6]
Insulin 3.2 Adamcik et al. [1]
Insulin 0.7 Huang et al. [3]
Het-S 10.0 15.0 2.0 0.7 Lamour et al. [6]
Het-S 9.8 0.92 Solar & Buehler [10]
A-beta(1-42) 4.5 0.33 Lamour et al. [6]
A-beta(1-42) 3.2 Adamcik et al. [1]
A-beta(1-42) 1.79 4.5-38.0 Paul et al. [8]
A-beta(1-42) 3.2 Ruggeri et al. [9]
A-beta(1-40) 13.0 0.24 Solar & Buehler [10]
A-beta(1-40) 4t 11.7 0.4 Solar & Buehler [10]
a-Synuclein 2.2 Adamcik et al. [1]
a-Synuclein (ellip.) | 0.08-0.17 Makky et al. [7]
a-Synuclein (tape) | 0.15-0.3 Makky et al. 7]
B-Lactoglobin 3.7 Adamcik et al. [1]
Lysozyme 2.8 Adamcik et al. [1]
BSA 3.0 Adamcik et al. [1]
Ovalbumin 2.7 Adamcik et al. [1]
Tau 3.4 Adamcik et al. [1]
YadA CBP 12.6 0.55 Solar & Buehler [10]
LblBP 26.9 .69 Solar & Buehler [10]
GlmU 23.3 .63 Solar & Buehler [10]

Table 3: Selected Summary of Young’s modulus and Ultimate Tensile Strength data from the amyloid

literature
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