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ABSTRACT:

Spider dragline silk is a self-assembling tunable protein
composite fiber that rivals many engineering fibers in
tensile strength, extensibility, and toughness, making it
one of the most versatile biocompatible materials and
most inviting for synthetic mimicry. While experimental
studies have shown that the peptide sequence and
molecular structure of silk have a direct influence on the
stiffness, toughness, and failure strength of silk, few
molecular-level analyses of the nanostructure of silk
assemblies, in particular, under variations of genetic
sequences have been reported. In this study, atomistic-
level structures of wildtype as well as modified MaSp1
protein from the Nephila clavipes spider dragline silk
sequences, obtained using an in silico approach based on
replica exchange molecular dynamics and explicit water
molecular dynamics, are subjected to simulated
nanomechanical testing using different force-control
loading conditions including stretch, pull-out, and peel.
The authors have explored the effects of the poly-alanine
length of the N. clavipes MaSp1 peptide sequence and
identify differences in nanomechanical loading conditions
on the behavior of a unit cell of 15 strands with 840—990
total residues used to represent a cross-linking 3-sheet
crystal node in the network within a fibril of the dragline
silk thread. The specific loading condition used,
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representing concepts derived from the protein network
connectivity at larger scales, have a significant effect on
the mechanical behavior. Our analysis incorporates
stretching, pull-out, and peel testing to connect
biochemical features to mechanical behavior. The method
used in this study could find broad applications in de
novo design of silk-like tunable materials for an array of
applications. © 2011 Wiley Periodicals, Inc. Biopolymers
97: 408-417, 2012.
Keywords: biological material; molecular structure;
genetic sequence; critical length scale; size effect;
nanostructure; molecular modeling materiomics;
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INTRODUCTION
pider silk is an extraordinary biomaterial that sur-
passes most synthetic fibers in terms of toughness
through a balance of ultimate strength and extensi-
bility."~ The source of spider silk’s remarkable prop-
erties has been attributed to the specific secondary
and tertiary structures of proteins found in the repeating
units of spider silk,® which self-assemble into a hierarchical
fibrillar structure. Experimental studies have primarily
focused on mapping the repeating sequence units of spider
silk and the basic structural building blocks and crystallinity
of fibrils. The webs of higher spiders, including the Golden
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Orb-Weaver Nephila clavipes, are composed of different kinds
of silk, each with distinct mechanical properties that are
adapted for the purpose of the respective part of the web.
Major ampullate silk, the strongest kind of silk, is used for
the dragline as well as the spokes and outer frame.” Two dis-
tinct proteins are typically found in dragline silks with simi-
lar sequences across species.® The dragline silk of N. clavipes,
one of the most-studied spider silks, contains major ampul-
late spidroin MaSpl and MaSp2 proteins with different
repeat units and distinct mechanical functions.*”™"" MaSp1
contains poly-alanine (A), and (GA) domains within
glycine-rich (GGX),, repeats, where X typically stands for ala-
nine (A), tyrosine (Y), leucine (L), or glutamine (Q). Studies
have suggested that MaSpl is more prevalent in the spider
dragline silk than MaSp2, with a ratio of approximately 3:2
or higher, depending on the species.”'*™"*

Recent investigations have revealed that antiparallel
p-sheet crystals play a key role in defining the mechanical
properties of silk by providing stiff cross-linking domains
embedded in a semi-amorphous, Gly-rich network with
extensible hidden-length.'>™” Studies have also shown that
the hydration level and solvent conditions (e.g., ion content
and pH) play a large role in the structure and mechanical

20,21 .
and even the transition from

properties of silk proteins
concentrated dope to final silk in the spinning duct. Varia-
tions in crystallinity and alignment within the silk thread, for
example, due to the reeling speed of the collected sample,
have also been mapped to macroscopic mechanical proper-
ties by affecting the formation of the f-sheet crystals.”>*
These cross-linking f-sheet crystals use a dense network of
aligned hydrogen bonds'®'?, have dimensions of a few nano-
meters, and constitute at least 10—15% of the silk volume.
The existence of 3jp-helices and f-turn or pf-spiral
conformations has been suggested for the amorphous
domains."”™'7** It is anticipated that novel statistical
mechanics approaches,” experimental methods, such as
X-ray diffraction and scattering,”®*’
magnetic resonance™'"*** and Raman spectroscopy,

combined with multiscale atomistic-modeling methods such
18,32

solid-state nuclear
17,30,31

as those based on density functional theory *”* or molecular
dynamics'®?*7> will provide further insight into the atomic
resolution structure for spider silk and similarly complex
materials. An earlier study of dragline silk using replica
exchange molecular dynamics (REMD)'® has yielded the first
atomistic results in comparison with experimental structure
identification methods.'"'®*® Building on this work, a sys-
tematic analysis of sequence—structure correlations using
REMD and atomistic-level structural models with explicit
solvent equilibration has recently been reported.”” However,
this study represents only a small fraction of the many
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spidroin proteins of diverse species and genii. The availability
of powerful new methods to computationally design and
experimentally synthesize varied protein materials from the
bottom up and with full control over the amino acid
sequence will open exciting opportunities to engineer materi-
als beyond spider silk for specific mechanical properties and
other functional purposes.

MATERIALS AND METHODS

Spider silk filaments are composed of cross-linked extended proteins
with distinct typical repeating sequence units: the poly-Ala (A),
repeat unit and the Gly-rich (GGX),, repeat unit, where X is another
prescribed amino acid. Experimental studies of recombinant silk*"®
suggest that mechanical shear within a narrowing elongational flow
extends and aligns MaSp oligomers during spinning into a cross-
linked semi-amorphous filament network (Figure la). Mimicking
this process, the test case structures (Figure 1b) used in this study rep-
resent a ff-sheet crystal and surrounding semi-amorphous network.
Previous computational studies have shown that the extended and
aligned poly-Ala units in the MaSp1 sequence amyloidize into f-sheet
nanocrystals, with important implications for the mechanical proper-
ties that emerge as a result of the nanocomposite.'®*”° The extended
partial polypeptide chains used in this study are composed of a single
poly-Ala repeat with one instance of the Gly-rich semi-amorphous
repeat unit on each side. Thus, the wildtype N. clavipes MaSp1 partial
peptide sequence used in this study, in one-letter amino acid code, is:
(GGAGQGGYGGLGSQGAGRGGLGGQGAG)(AAAAAA)(GGAGQ
GGYGGLGSQGAGRGGLGGQGAG), with repeat units marked by
parentheses. The wildtype poly-Ala length of six residues is system-
atically varied to the artificial lengths of 2-Ala and 12-Ala to study
the effect of this unit’s length, and thus f-sheet crystal size, on
mechanical behavior. Test structures total between 840 and 990
residues, depending on the poly-Ala length.

Nanomechanical Testing

Nanomechanical testing is performed on each equilibrated test case
of poly-Ala length with TIP3P explicit solvent. Each test is simulated
at 300 K using the NAMD molecular modeling program and
CHARMM-22 force field with explicit water solvent. To prevent the
protein from interacting with its image across the periodic bound-
ary after large deformation of the protein, the simulation box with
fully wrapping periodic boundary conditions, is kept larger than the
expected deformed size, and pressure control is disabled.
While some water molecules become gaseous during this type of
simulation, it is verified that most of the water maintains a liquid
state surrounding the protein. Particle Mesh Ewald*® electrostatics is
used to better capture solvent effects and solvent-mediated changes
in secondary structure.

Three types of force-controlled tests are performed: stretch, pull-
out, and peel. Since the names of the mechanical tests are common,
the authors capitalize them in this study to emphasize the specific
loading conditions used in this study in contrast to other mechani-
cal tests of silk proteins. These types of tests are based on the possi-
ble loading conditions of a single f-sheet crystal within the fibrillar
network may experience, in which, strands of a given crystal
diverge to separate crystals further in the network, as illustrated
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FIGURE 1 Mimicry of natural elongational flow and test loading conditions. (a) A combination
of chemistry and shear flow transform the concentrated protein dope into a filament network cross-
linked by f-sheet crystals; based on insight gained from experimental work.”" (b) Predicted f-sheet
crystals and surrounding semi-amorphous strands for cases of 2-Ala, 6-Ala (wildtype), and 12-Ala.
Colored by amino acid; explicit water is hidden for clarity. (c) The stretch test loads alternative
strands, while (d) the pull-out test loads two central strands within a constrained unit cell. (e) The
peel test splits the unit cell perpendicular to the f-sheet direction.

in Figure la. The Stretch test loading conditions are based on a
uniformly loaded network, as in earlier work on the wildtype
sequence using implicit solvent.* The pull-out test is hypothesized
to better represent the nonuniform loading of diverging strands, in
which, only a few strands of a given crystal are loaded before the
others. During the stretch and pull-out tests, the force F(t) on each
loaded alpha-carbon terminus is increased by a step of 20 pN every
20 ps of equilibration. While previous studies of a similar MaSp1
unit cell with an implicit solvent model used steps of 2 pN every 20
ps,*! using explicit solvent in the present study with a sufficient sim-
ulation box size results in a tenfold increase in particle count and
necessitates the increase in loading rate. The specific loading condi-
tions of each type of test are described in more detail below.

Stretch Test. The stretch test loads the -sheet crystal in multi-lap
shear and is based on previous computational studies of the wild-
type 6-Ala case.*! Figure 1c shows a schematic of the stretch test
loading conditions: 14 strands are loaded by their terminal alpha-
carbon in opposing directions for multi-lap shear. This leads to
Mode II slipping failure of multiple interfaces along the strands,
especially H-bonds along the f-sheets but also including H-bonds
within the semi-amorphous regions. To maintain a null net force,
an even number of strands are loaded, and the remaining 15th
strand is left free. The simulation is complete when the protein has
failed in shear, i.e., when one or more strands have separated from
the main body.

Pull-out Test. The pull-out test loads the f-sheet crystal in double
shear and is chosen to better represent the probable loading condi-
tions of a fringed micelle poly-crystalline material, in which, strands
within a crystal diverge and connect to separate crystals further in

the fibrillar network. Figure 1d shows a schematic of the pull-out
test loading conditions. The terminal alpha-carbons of 13 strands
are fixed, while the termini of the remaining two central strands are
loaded. This is similar to simple shear but prevents a bending
moment and subsequent tilting of the interface out of pure Mode II
loading. The simulation is complete when the protein has failed in
shear, i.e., when one or more loaded strands have separated from
the main body.

Peel Test. The peel test cleaves the fS-sheet crystal in the H-bond
direction and is chosen to supplement the pull-out loading condi-
tions of a fringed micelle poly-crystalline material, in which, strands
within a crystal diverge and connect to separate crystals further in
the fibrillar network. Figure le shows a schematic of the peel test
loading conditions. The terminal alpha-carbons of 14 strands are
separated into two equal groups that minimize strand entanglement
and cleave the crystal cleanly. These groups are then loaded in oppo-
site transverse directions. To maintain a null net force, an even
number of strands are loaded, and the remaining 15th strand is left
free. The force F(t) on each loaded alpha-carbon terminus is
increased by a step of 10 pN every 40 ps of equilibration. Two peel-
ing cases are considered: starting from the lamellar equilibrated
structure and another starting with the “crack” tip at the edge of the
f-sheet crystal. Testing is complete when the two halves of the unit
cell have separated. During testing, the unloaded end of the protein
does not displace.

Secondary Structure Analysis
The instantaneous secondary structure content of each equilibrated
structure is determined using the STRIDE algorithm built into the

Biopolymers
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FIGURE 2 Nanomechanical analysis results for (a) stretch and
(b) pull-out testing. Force is shown in a solid line, while f-sheet
content is dotted. (c) The force at failure and (d) the work to failure
depend on poly-Ala length as well as the loading conditions, sug-

gesting an adaptation of the crystal to in situ pull-out conditions.

VMD Molecular Graphics Viewer*? and customized.tcl scripts. The
STRIDE algorithm holds an advantage over DSSP and other second-
ary structural algorithms using pattern recognition of statistically
derived backbone dihedral angle information.*’

RESULTS AND DISCUSSION

The failure forces of the stretch tests show negligible depend-
ence on the poly-Ala length, which correlates directly with the
crystal length in the backbone direction. In particular, failure
forces are found to be 1.35 nN for the 2-Ala case; 1.23 nN for
the 6-Ala case; and 1.45 nN for the 12-Ala case (Figure 2a).
The deformation profiles are similar for each test case and
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show a common strain-hardening around 0.5 nN. A final soft-
ening regime is observed between the strain-hardening regime
and failure. This is especially evident in the 6-Ala case and is
attributed to a solvent-mediated molecular analog of ductility
that prevents catastrophic failure in favor of deformation. This
also greatly increases the work-to-failure, i.e., the area under
the force—deformation curve. Although the 6-Ala case fails at a
slightly lower force than the 2-Ala case, it extends approxi-
mately 5 nm longer before failure and thus requires a much
larger work-to-failure, as seen in Figure 2d. Despite beginning
between 12 and 33% f3-sheet depending on poly-Ala length, as
seen in Figures 2a and 2b, the average f-sheet content of each
test case shows a peak near 20-35% preceding failure due to a
strain-induced elongation and parallel alignment of random
coil conformations and subsequent localized transition to f3-
sheet,** thereby changing the final effective crystal length (in
the backbone direction) despite the initial conditions. Further
analysis of the correlation between f-sheet content and stiff-
ness is discussed in later sections.

The failure forces of the pullout tests are approximately
twice as large as those of the stretch test (1.9-2.4 times
greater) and are also greater for the 12-Ala cases than for the
2-Ala or 6-Ala case. In particular, failure forces are found to
be 2.62 nN for the 2-Ala case; 2.60 nN for the 6-Ala case; and
4.12 nN for the 12-Ala case, a 60% increase over the
other poly-Ala cases (Figure 2c¢). The deformation profiles
(Figure 2b) are similar in shape to those during the stretch
test and show a similar strain-hardening, though later in this
study at 1.50 nN. A third, softened regime is observed
between the strain-hardened regime and failure, similar to —
but shorter than — the third regime seen in stretch tests with
explicit solvent. The delayed yielding and superior strength
of the 12-Ala cases are attributed to the fundamental differ-
ences in the pull-out test loading conditions when compared
with those of the stretch test. In the stretch test, each strand
is nearly uniformly extended, and the structure becomes brit-
tle. In the pull-out tests, only two central strands are loaded,
and the load is able to be transferred over adjacent strands
that can be more readily deformed and extended. This load
transfer and deformation leads to a pseudo-plastic zone that
surrounds the loaded central strands and allows greater
ductility than in stretch tests. For the 12-Ala case, the crystal
provides a larger pseudo-plastic zone, visualized in Figure 4,
and more work-to-failure is required to transfer the load
through
(Figure 2d). Changes in the total f-sheet content during
deformation are less severe than for the stretch tests, chang-

the crystal to adjacent, non-loaded strands

ing by only 5-7% over the entire simulation. This is a direct
result of only the crystal and pseudo-plastic regions being
sufficiently deformed to trigger f-sheet transitions.
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FIGURE 3 Snapshots during deformation for stretch test cases.
For each case of poly-Ala length, the initial structure elongates as
the semi-amorphous regions uncoil. Following this, the f-sheet
crystal fails catastrophically in multi-lap shear.

The forces required to peel the f-sheet crystals are on the scale
of hundreds of piconewtons (Figures 5d and 5e), one order of
magnitude smaller than the forces required for shearing. The peel
tests reveal that the forces required to peel apart the semi-amor-
phous strands surrounding each crystal (as in Figure 5a) are
between 130% and 150% higher for all cases of poly-Ala length
than the forces required to initialize direct cleavage of the crystal
in the Y-configuration (as in Figure 5b). For both starting config-
urations, the peeling tests are stopped when the crystal has been
completely cleaved (as in Figure 5c¢). Like the differences between
stretch and pull-out cases, differences in the specific loading con-
ditions of the peel tests show a large impact on the results even
for the same case of poly-Ala length.

The cleavage-initializing force in the Y-configuration
increases from the 2-Ala case to the 6-Ala case, then remains
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FIGURE 4 Snapshots during deformation for pull-out test cases.
For each case of poly-Ala length, the initial structure elongates as
the constrained semi-amorphous regions are pulled by the f-sheet
crystal and uncoil, while the free semi-amorphous regions dissipate
the force in pseudo-plasticity. Following this, the f-sheet crystal fails
in double shear.

constant to the 12-Ala case. This result implies a saturation of
the peeling resistance of a clearly defined f-sheet crystal above
a critical length in the backbone direction, although correla-
tions to the crystal size in the side-chain or H-bond directions
are not yet clear. However, the saturation in peeling resistance
is mitigated by the semi-amorphous regions, which provide
protection from crystal cleavage that continues to increase
with crystal length in the backbone direction.

Mitigation of peeling resistance saturation by the semi-
amorphous regions suggests a similar protecting mechanism
during multi-lap shearing of the crystal, i.e., stretch and
pull-out conditions. Previous computational studies of

Biopolymers
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FIGURE 5 Snapshots and mechanical behavior for peel test cases. Two peeling cases are consid-
ered: (a) starting from the equilibrated structure and (b) starting with the crack tip at the edge of
the f-sheet crystal. (c) Testing is complete when the protein has totally peeled. (d) The force vs. end
displacement profiles for the lamellar case indicate softening when the crack ruptures the ordered
H-bonds within the crystal, corresponding to the snapshot in (b). (e) The force at which the crystal
peels illustrates the effects of different crystal lengths as well as initial geometries. During testing, the
unloaded end of the protein does not displace. Water is hidden in this study for clarity, but remains

surrounding the protein during testing.

isolated f-sheet crystals reveal a saturation in H-bond coop-
erativity at a critical length of 3—4 H-bonds,* beyond which
each additional H-bond does not fully contribute to the over-
all shear strength. Such saturation is not observed in the
above stretch and pull-out tests due to the pseudo-plasticity
afforded by the semi-amorphous regions that diverts the
direct loading on the crystal. Furthermore, when the central
2-Ala and 6-Ala ff-sheet crystals are isolated and equilibrated
alone, they prove unstable and quickly fall apart. The 12-Ala
crystal remains largely intact, but loses ff-stranded content at
the edges. This suggests that the semi-amorphous regions
pre-stress the crystals into a stable-stacked form and are
therefore integral to the effective strength of the crystal.

Biopolymers

Distribution of fi-Sheet Content During Deformation
To reveal at what residues and forces these [3-sheet transitions
occur, i.e., the formation and growth of pseudo-plastic zones
preceding failure, a colormap of local f-strand conformation
is presented in Figure 6. The stretch and pull-out test results
reveal that ultimate strength of the MaSp1 unit cell depends
on more than just the initial crystals size. Because of
the strain-hardening mechanism, i.e., the strain-induced
transition from random coil conformation to f-sheet, a
higher f-sheet content is present closer to failure than in the
initial structure.

For all cases, the highest concentration of f-sheet is within
the poly-Ala segment, shown as a gray box in Figure 6, yet
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FIGURE 6 Colormaps showing fi-sheet distribution during mechanical testing and illustrating the
strain-induced growth of f-sheets as the semi-amorphous regions are elongated and aligned in
parallel. Poly-Ala residues are outlined in a gray box for each case. The colormap value represents
the percentage of strands exhibiting f-strand conformation at each residue, illustrated by the

cartoon representation at the arrow.

almost totally absent in the semi-amorphous Gly-rich
regions. Although some secondary crystal formation is
observed, they are less pronounced than the central poly-Ala
crystal. The pull-out tests show failure forces 2-2.7 times
higher than for the stretch tests with the same initial structures
and poly-Ala lengths but different loading conditions.
For both tests, the failure force depends on the health of the
central crystal, which is a subjective measure of the distribu-
tion of ff-strand in and around the site of the initial crystal
before loading. For stretch tests, the central crystal experiences
direct loading at a lower force, while for pull-out tests, a
pseudo-plastic zone, which includes the formation of small
secondary crystals and dulling of the edges of the central crys-
tal, is more evident and delays direct loading of the central
crystal via ff-sheet transitions in the semi-amorphous regions.

A visual representation of the health of the central crystal
can be inferred from the amount of f-strand conformation
within central crystal region as well as from the sharpness of
the transition from high to low concentration. For the 2-Ala
stretch case, the poly-Ala region transitions to a much higher
concentration of [j-sheet between 0.75 and 1.0 nN as
formerly coiled strands are straightened and aligned, and a

large pseudo-plastic zone develops to surround the crystal.
After 1.25 nN, the small crystal begins to shear directly, and
the crystal deteriorates just before failure. The 6-Ala and 12-
Ala cases show similar secondary crystal formation around
0.75-1.0 nN, but less of a pseudo-plastic zone develops
around the central crystal. These bands of small secondary
crystals form near the residue numbers corresponding to
(GGLGSQ) of the sequence. Leucine (L) is hydrophobic, sim-
ilar to Alanine, and may encourage the formation of these
secondary crystals in a mechanism similar to the Leucine
interactions of a Leucine Zipper. For the case of 2-Ala in this
study, the organization of the initial crystal is very poor, and
this may allow the semi-amorphous regions to be more glob-
ular than lamellar. On the other hand, the 6-Ala and 12-Ala
cases show well-defined initial crystals that may organize the
semi-amorphous regions and bring the Leucine into close
proximity, especially as the semi-amorphous regions are
straightened and aligned during loading, and thus allowing
the formation of the secondary crystals. The reorganization
of the semi-amorphous regions and formation of secondary
crystals may be key to the superior of toughness of 6-Ala and
12-Ala cases over 2-Ala. The fi-sheet content and distribution

Biopolymers
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FIGURE 7 Total ff-sheet content (blue) correlates closely to stiffness (red) for testing with explicit
solvent. A characteristic drop in stiffness marks the beginning of a strain-hardening mechanism: a
sudden increase in f}-sheet content as strands are straightened and aligned. Preceding failure, f-sheet
content decreases rapidly as H-bond clusters are ruptured in shear.

of the 6-Ala case is similar to the 2-Ala case preceding failure,
and shows a similar failure force. Because of a negligible
development of a pseudo-plastic zone, the central crystal of
the 12-Ala case is similarly directly loaded and fails in shear
at nearly the same force. Snapshots of the stretch tests of
each test case, shown in Figure 3, illustrate the formation and
growth of secondary crystals as strands are extended and
aligned in parallel.

The pull-out tests results show similar trends, but at forces
2.0-2.7 times higher. For the 2-Ala stretch case, the poly-Ala
region transitions to a much higher concentration of f-sheet
now between 2.0 and 2.25 nN as formerly coiled strands are
straightened and aligned, and a large pseudo-plastic zone
develops to surround the crystal. After 2.25 nN, the small
crystal begins to shear directly, but the pseudo-plastic zone
carries the load to a much higher failure force than in the
stretch test. This loading of the pseudo-plastic zone is the

Biopolymers

softened third regime preceding failure that was observed in
the force/length plots in Figures 2a and 2b. The 6-Ala pull-
out case shows a similar development of a pseudo-plastic
zone around 2.0 nN, yet deterioration of the central crystal
appears more gradual with these loading conditions. The
12-Ala case also begins with a clearly defined central crystal,
but slowly loses crystal definition at the edges, seen in
Figure 6 as a sharp edge from red to blue becoming a wider
gradient. Beyond 2.75 nN, the edges of the central crystal
steadily decrease in definition, yet the work required to elon-
gate and untangle the surrounding semi-amorphous regions
extends the life of the crystal to above 4 nN.

Correlation of f-Sheet Content to Stiffness
The instantaneous f-sheet content correlates closely with stift-
ness for both tests, as shown in Figure 7. As cross-sectional
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area and volume of the unit cell is difficult to define at the
molecular scale in solvated conditions, stiffness is presented as
a more convenient metric than engineering stress. Stiffness, in
this study, is defined as the instantaneous slope of the force/
length curves. While values may vary depending on simula-
tion parameters, e.g., pulling rate, the authors hold the trends
to be consistent. For small crystals, stiffness increases as
f-sheet content increases. For large crystals, stiffness increases
despite a negligible change in total -sheet content, indicating
the prevalence of another deformation mechanism such as the
restructuring of the semi-amorphous strands and crystal
edges. The results outlined in Figure 7 suggest that the
wildtype 6-Ala case represents a transition between these two
situations. This compromise may be advantageous for the
behavior at larger length scales. For all cases, peaks in ff-sheet
content match peaks in stiffness. This is less evident in 12-Ala
cases, however, because total f-sheet content ranges only
within 3-4% of the initial value, as opposed to 2-Ala
cases ranging 10-20% around the initial value. Differences
in stiffness profiles brought by the differences in the loading
conditions of the stretch and pull-out also become evident.

A characteristic valley in stiffness marks the beginning of
the strain-hardening mechanism: a sudden increase in
f-sheet content as strands are straightened and aligned. All
cases also show a coinciding sudden decrease in ff-sheet con-
tent and stiffness immediately preceding failure as H-bond
clusters are ruptured in shear. There exists a transition in the
ways crystal size and loading conditions affect the stiffness
profiles. Small crystals such as those of the 2-Ala case are
similar in their range in stiffness but not in the shapes of the
stiffness profiles. In particular, the 2-Ala cases both range in
stiffness from 0.1 to 0.7 N/m, but the pull-out case shows
two stiff peaks and maintains a higher average stiffness
throughout. However, the 2-Ala pull-out case reaches only
20% [-sheet content, 0.6 times the maximum [-sheet con-
tent of the 2-Ala stretch test (33%). In contrast, the 12-Ala
cases show nearly identical stiffness profiles and ranges in
f-sheet content, yet the ranges in stiffness are very different.
The stretch case reaches only 0.6-0.7 N/m, close to the
maximums of the 2-Ala and 6-Ala cases in stretch, while
the 12-Ala case in pull-out reaches a stiffness near 2 N/m.
The combination of the 12-Ala case crystal and central pull-
out loading conditions results in a clearly superior unit cell
using relatively soft, extensible semi-amorphous regions to
mitigate direct damage to the f-sheet crystal and thereby
overcome a predicted H-bond saturation length in similar
f-sheet arrays. Though the edges of the 12-Ala central crystal
steadily decrease in definition, the work required to elongate
and untangle the surrounding semi-amorphous regions
delays total failure of the crystal.

CONCLUSION
Nanomechanical testing revealed that the combination of the
12-alanine length case and central pull-out loading condi-
tions results in delayed failure using a hierarchy of strong
f-sheets and soft, extensible semi-amorphous regions to
overcome a predicted H-bond saturation.*> This work con-
stitutes the most near-native study to-date of the nanome-
chanical behavior of dragline silk proteins. Building upon
previous computational studies that used similar methods
for structure prediction and mechanical analysis, i.e., REMD
and force-control loading, this study presents the first me-
chanical tests of predicted f-sheet crystals in TIP3P explicit
solvent, the first parametric study of the effects of modifying
the wildtype poly-alanine segment length to values outside
the range naturally observed for MaSp on structure predic-
tion and nanomechanical behavior, and the first comparison
between previously published loading conditions, i.e., the
stretch test, and the novel pull-out loading conditions that
are hypothesized to be more appropriate for modeling of the
in situ loading of the cross-linking f-sheet crystal. While the
initial total f-sheet contents and crystal sizes are very differ-
ent for test cases with poly-Ala lengths of 2-, 6-, or 12-Ala,
the unit cells’ mechanical behaviors and forces at failure are
very similar for the stretch test loading conditions, no matter
the initial crystal size. The pull-out tests show similar strain-
hardening but with failure forces 1.9-2.4 times higher than
those of the stretch tests. The combination of the 12-Ala case
crystal and central pull-out loading conditions result in a
clearly superior unit cell using relatively soft, extensible semi-
amorphous regions to mitigate direct damage to the f-sheet
crystal and thereby overcome a predicted H-bond saturation
length in similar f-sheet arrays. Though the edges of the
12-Ala central crystal steadily decrease in definition, the
work required to elongate and untangle the surrounding
semi-amorphous regions delays total failure of the crystal.
While the 12-Ala case in pull-out loading shows the high-
est shear strength and work-to-failure of the tested cases,
such a high shear strength may be a disadvantage. The size
and mechanical behavior of such large crystals may deter fail-
ure mechanisms of the fibrillar network at larger length
scales, and this may in part explain the absence of such a
long poly-alanine repeat unit in nature. Further atomistic
studies are needed to define the effects of solvent (e.g., pH)
and geometry (e.g., length of the semi-amorphous regions).
Methods such as coarse-grain modeling are needed to inves-
tigate viscoelasticity and supercontraction at larger length
scales of the fibrillar network and connectivity among
crystals. In addition, the poly-Ala repeat unit is the most
metabolically expensive peptide segment to synthesize,*® and
the resulting macroscopic web behavior may not provide the
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advantages to warrant the additional energy cost. However,
the 6-Ala (i.e., wildtype) case results in a clearly defined
crystal that may be integral to other failure mechanisms of
the fibrillar network that have yet to be simulated. In light of
the differences observed for two similar but fundamentally
different loading conditions explored in this study, future
parametric studies in peptide sequence to optimize bulk fiber
properties must involve variations in simulated nanome-
chanical loading conditions to properly assess the effects of
the changes in peptide sequence. Understanding the behavior
of the crystal node at the molecular scale and its impact on
the larger fibrillar network is critical for potentially bypassing
strength and vastly improving silk for medical and textile
purposes as well as synthetic elastomers and polymer or
aramid fiber composites with a similar molecular structure
and noncovalent bonding for aerospace, armor, and medical
applications.
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