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The spider major ampullate (MA) silk exhibits high tensile strength and exten-
sibility and is typically a blend of MaSp1 and MaSp2 proteins with the latter
comprising glycine—proline-glycine—glycine-X repeating motifs that promote
extensibility and supercontraction. The MA silk from Darwin’s bark spider
(Caerostris darwini) is estimated to be two to three times tougher than the MA
silk from other spider species. Previous research suggests that a unique
MaSp4 protein incorporates proline into a novel glycine—proline-glycine—
proline motif and may explain C. darwini MA silk’s extraordinary toughness.
However, no direct correlation has been made between the silk’s molecular
structure and its mechanical properties for C. darwini. Here, we correlate the
relative protein secondary structure composition of MA silk from C. darwini
and fourother spider species with mechanical properties before and after super-
contraction to understand the effect of the additional MaSp4 protein. Our results
demonstrate that C. darwini MA silk possesses a unique protein composition
with a lower ratio of helices (31%) and B-sheets (20%) than other species.
Before supercontraction, toughness, modulus and tensile strength correlate
with percentages of p-sheets, unordered or random coiled regions and
p-turns. However, after supercontraction, only modulus and strain at break
correlate with percentages of B-sheets and B-turns. Our study highlights that
additional information including crystal size and crystal and chain orientation
is necessary to build a complete structure—property correlation model.

1. Introduction

study. The dragline or major ampullate (MA) silk produced by orb-weaving spiders is
used as a lifeline and as supporting radii for the capture silk in webs and possesses
excellent tensile strength, elasticity and the ability to absorb energy before reaching
breaking point. The high toughness allows MA silk to absorb the tremendous kin-
etic energy of flying insects when they hit the web [1-3]. Generally, spider MA silk
outperforms high-energy absorbing synthetic polymers such as Kevlar by
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approximately 300% on a volume-to-volume comparison [1,4].
In 2010, a new species, Darwin’s bark spider (Caerostris darwini),
was described [5], which builds the largest known orb webs
across ponds and rivers in Madagascar (web area up to
2.8 m” and bridgelines up to 25 m) [6,7]. To our knowledge,
the toughness of the dragline silk of C. darwini (350 + 93 MPa)
surpasses by two to three times any other previously
investigated dragline silk (10-230 MPa). Understanding the
molecular origin of the exceptionally high toughness of
C. darwini dragline silk is essential not only for elucidating
the evolutionary root of its foraging strategy but also for
designing biomaterials with exceptional mechanical properties.

The dragline silk of C. darwini incorporates a novel MaSp4
(major ampullate spidroin 4) [8] with MaSp1 (major ampullate
spidroin 1) and MaSp2 (major ampullate spidroin 2), which are
typically found in the dragline silk from other orb-weaving
spider species [9-11]. cDNA analyses of MA glands of orb-
weaving spiders reveal that MaSp1 contains glycine (G)-rich
tripeptide sequences such as GGX and GXG (where X = gluta-
mine (Q), tyrosine (Y), leucine (L) or arginine (R)), and
consecutive [4-7] polyalanine (A) motifs [12-14]. On the other
hand, MaSp2 contains proline (P)-rich pentapeptide sequences
such as GPGQQ and GPGGX (where X = A, serine (S) or Y)
[11,15,16]. Some of the proline gets converted to hydroxy pro-
line during the post-translational modification process [17,18].
Researchers have shown a positive correlation between the
amount of hydroxy proline and stretchability of silk fibres, in
particular flagelliform silk [17-19]. MaSp4 contains a high per-
centage of proline based on the predicted amino acid sequence,
although the overall proline levels in C. darwini silk and silk
dope are not unusual (dragline silk (6.4-7.3%; n=3) and MA
silk dope (11.7%; n=1)) [8]. However, the neighbouring pos-
ition of proline with respect to glycine (GPGPQ) in MaSp4
of C. darwini is different from that of MaSp2 of known
species. In addition, MaSp4 has a high abundance of these
GPGPQ motifs (44-52% of the repetitive region) and lacks the
consecutive polyalanine domains found in MaSp1.

The primary amino acid sequence dictates the secondary
structure of proteins, which is expected to influence the
mechanical properties. Meta-analysis using phylogenetic com-
parative tests performed on various species also showed that
spidroin expression is found to be integral to the mechanical
properties of the MA silk [20]. For example, alanine and glycine
promote strength-inducing p-sheet formation in MaSpl by
stacking together to form nanocrystals, while the bulky
hydroxy proline group disrupts p-sheet formation and instead
promotes B-turns since the O group in the hydroxy proline
stabilizes the amorphous region with H-bonding in the p-spirals
[19,21-23]. The combined percentage of glycine and proline has
been shown to influence the silk elastin-like behaviour of MA
silk, thereby highlighting the importance of proline in silk elas-
ticity [24,25]. Thus, Garb et al. [8] hypothesized that the high
proline content in MaSp4 could promote stretchiness of
C. darwini MA silk by forming B-spirals owing to differences
in the amino acid arrangement (GPGPQ in MaSp4 versus
GPGQQ and GPGGX in MaSp2).

Differences in the expression of MaSp proteins lead to
variations in the mechanical properties of dragline silk
[11,19,26,27]. Also, spiders can potentially vary the expression
of different MaSp proteins in the MA silk to tune web perform-
ance both physiologically [28,29] and evolutionarily [30].
C. darwini is also hypothesized to incorporate the MaSp4
protein to tune MA silk chemical composition and performance

[8]. TTowever, while these studies show the correlations between n

the chemical composition and performance of MA silk, they do
not address how chemical composition results in specific mol-
ecular structures determining variation in the performance of
MA silk. Hence, we still do not know the influence of MaSps
on the variation in the secondary structure of proteins and the
mechanical properties of the C. darwini MA silk. C. darwini
has a longer MA duct than other spider species, which might
aid in achieving tougher silk (i) by interacting with MaSp4 in
the duct or (ii) on its own by increasing the retention time of
the dope in the lumen of the duct. The increased retention
time could affect the water uptake [31-35], ion exchange
[36,37], pH gradient [36,38], shear force [39—41] and ultimately
the viscosity along the duct as well as when it reaches the end of
the duct [39,42]. Molecular models for viscosity and mechanical
properties reveal a liquid-crystalline-like behaviour of the dope
in high concentration in which stiffness-inducing p-sheet
crystals are formed [37,42].

Generally, besides the protein composition in the spinning
dope, a number of spinning conditions such as humidity [43],
temperature [39,43] and spinning velocity [39,40,44,45] could
affect the material properties of spider silk. In one study, the
silk mechanical properties such as resilience, ductility and
thread diameters were observed to be different depending on
whether the silk was drawn using low or high drawing speeds
and temperature [39]. However, other studies have found robust-
ness in these properties reeled at different speeds and humidity
[46]. Supercontraction helps to understand how molecular infor-
mation dictated by MaSp composition influences material
performance by removing many of the effects of silk spinning,
especially reeling speed and shear forces, which can alter the
molecular structure and hence performance. During supercon-
traction, MA silk swells laterally and shrinks longitudinally by
up to 50% of its length after exposure to high humidity [40,47].
The contraction of silk is a consequence of water molecules dis-
rupting the intermolecular hydrogen bonds in the amorphous
regions, leading to an increase in molecular chain mobility to a
more disorganized, higher entropy state [48-50].

The structure—function relationship between the protein
secondary structure and mechanical properties has been eluci-
dated for various spider silks, such as Nephila clavipes (now
named Trichonephila clavipes) [15,51], Nephila edulis (now
named Trichonephila edulis) [16,52,53], Nephila pilipes [54] and
silkworm silks such as Antheraea pernyi [55]. However, a similar
structure—property relationship has not been investigated for C.
darwini MA silk. In the present work, we aim to investigate the
hypothesized influence of MaSp4 on the composition of relative
protein secondary structures and correlate them with the mech-
anical properties of dragline silk of C. darwini. Previously, *C
dipolar decoupling-magic angle spinning nuclear magnetic
resonance (DD-MAS NMR) was used to demonstrate the
dependence of protein secondary structures (the percentage of
unordered regions, B-sheets, helices and B-turns) on the primary
amino acid sequences of silk proteins [56-58]. Also, dynamic
nuclear polarization (DNP) NMR was used to enhance the
NMR signal to elucidate the dependency of silk primary
amino acid sequences on the expression of MaSp [19]. In
another study, the percentage of various protein secondary
structures was extracted using Raman spectroscopy for the
MA and flagelliform silk of T. clavipes [15,59—64]. The higher
tensile strength of MA silk relative to flagelliform silk was
rationalized on the basis of higher B-sheet content of the
MA silk, highlighting the importance of B-sheets in tensile
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strength [15]. Thus, understanding the protein secondary struc-
ture composition for C. darwini could aid in explaining its
exceptional mechanical properties.

Here, we use Raman spectroscopy and tensile testing to cor-
relate relative protein secondary structure composition with the
mechanical properties of C. darwini MA silk obtained from the
field in Madagascar. To better understand how the presence of
proline-rich MaSp4 in C. darwini MA silk may influence protein
secondary structure composition, we also compare the vari-
ation in relative protein secondary structure composition and
material properties across four other spider species with vary-
ing proline content. We further compare the mechanical
properties of these silks after exposure to high humidity (greater
than 70% RI1), which allows them to undergo supercontraction
and remove some of the effects of spinning conditions on silk
properties [47,50,65,66]. We test two hypotheses regarding the
properties of composite MA fibres: first, the addition of pro-
line-rich MaSp4 to a mix of MaSp1 and MaSp2 in C. darwini
MA silk results in a higher percentage of p-turns than in silks
from other spider species; second, the high B-turn content in
C. darwini MA silk results in higher extensibility, thereby
explaining its high toughness.

2. Methods

2.1. Spider care and silk collection

Five spider species were chosen based on the variation in the proline
content of their MA silk: Argiope trifasciata (Pro ~11%) [11], Lari-
nioides cornutus (Pro ~12%), C. darwini (Pro ~7%) [8], Parasteatoda
tepidariorum (Pro ~7%) and T. clavipes (Pro ~3%) [20] (electronic sup-
plementary material, table 52). A detailed description of the method
used for amino acid composition analysis can be found in the elec-
tronic supplementary material. Generally, the percentage of proline
in the MA silk is used as an indicator of the ratio of MaSp1 to MaSp2,
because MaSp]1 is almost proline free and MaSp2 is abundant in
proline [11,12,25,28,67-69]. The prolinerich MaSp4 is newly
described from C. darwini [8] and has not previously been detected
in the MA silk of the other species examined in this study. However,
there is always a possibility of the discovery of new MaSps in the
future. A. trifasciata and L. cornutus were collected from the Univer-
sity of Akron field station at the Bath Nature Preserve (Bath, OH),
while P. tepidariorum were collected from the University of Akron
campus as well as homes in the greater Akron, OH region. T. clavipes
spiders were purchased from BugsofAmerica.com. The spiders
were kept inside cages (40x40x10cm) at the University of
Akron and fed weekly with house crickets (Acheta domesticus). We
started reeling the MA silk two weeks after the spiders were col-
lected to normalize their food source. The reeling procedure
involved first anaesthetizing spiders with CO, for 30-50 s and
then securing the spiders on a glass platform using a pressure-sen-
sitive adhesive tape. After allowing the spiders to recover for about
5 min, the MA silk was forcibly reeled at a speed of 2 mm s ! only
from the MA glands (verified under a stereomicroscope) at ambient
temperature and humidity (55-64% RH). The MA silk of C. darwini
was collected directly in the field from their MA glands, the same
day as the spiders were collected, using a portable electromotor at

aspeed of 6.5 cm s 1

2.2. Raman spectroscopy

2.2.1. Measurement procedure

Raman spectra were recorded at 22 +0.5°C and approximately 30%
RH using a LabRam HR Micro Raman Spectrometer (Horiba)
coupled to an Olympus BX41 motorized stage microscope using a
532nm line of an Nd:YAG laser beam. To perform Raman

measurements, filaments of MA silk (approximately 2-5pm in
diameter) were mounted on pieces of 12.58-mm-wide paper card-
board with double-sided tape (electronic supplementary material,
figure S1). A 100x objective (0.9 NA; Olympus) was used to focus
the beam on the sample. The intensity of the laser beam at the
sample was kept low (1.5 mW) to avoid sample damage. The hole
and entrance slit of the monochromator were fixed at 400 and
100 pm, respectively, and the exposure time was set to 60 s. Ten
scans were accumulated over a period of 20 min for each sample
to achieve the best signal-to-noise ratio. Spectra were collected
using a 2.5 cm open Peltier-cooled charge-coupled device detector
(1024 x 256 pixels) with a 1200 lines mm ! holographic grating.

2.2.2. Curve fitting

No smoothing was done prior to the fitting. Spectra were fitted
with the Gaussian function using the multi-peak fitting package
available in IGOR pro (WaveMelrics Inc., Portland, OR, USA).
The relative protein secondary structures were calculated using
a well-known procedure available in the literature [15,59,61-
63,70,71], in which the amide I region (1600-1700 cm 1 is decom-
posed into various peaks corresponding to different secondary
structures. The number of peaks and their location used to fit
the amide I region were determined by calculating the second
derivative of the observed spectra. In all spectra, five bands corre-
sponding to the protein secondary structures were identified
along with two bands at 1615 and 1600 cm ! (associated with
tyrosine and phenylalanine side-chain vibrations). The peak pos-
itions for the different protein secondary structures were initially
set at 1640, 1670, 1661, 1685 and 1699 (as shown in electronic sup-
plementary material, figure S3), allowing the width and intensity
of the peak to vary. After achieving a reasonable fit, the peak pos-
itions are allowed to vary, keeping other parameters fixed. Finally,
all parameters are allowed to vary to get the best fit. The fraction of
each secondary structure component was calculated by dividing
the area of the peak corresponding to that secondary structure
by the total area of five peaks (reflecting protein secondary
structures).

2.3. Mechanical properties

2.3.1. Native silk

The mechanical properties (Young's modulus, true stress at break,
true ultimate strain and toughness) were tested using a nano-
tensile tester (Nano Bionix® Universal Testing System; MTS,
Eden Prairie, MN) following a well-established protocol [39,72].
Three or four threads were tested for each spider at room humid-
ity (26-43% RH, 21 + 1°C) by mounting a 12.58 mm silk thread on
a cardboard mount and then extending it at a strain rate of
0.015s L. Samples were collected and tested through late spring
to late autumn because of seasonality of the spiders used in this
study. Normal changes of approximately 20% RH occur indoors,
driven by outside changes from day to day, since heating, venti-
lation and air conditioning systems control for any drastic
changes. Care was taken to account for the true cross-sectional
area by observing the silk strands under an optical microscope
to determine if one or two axial fibres were present. The diameter
of the fibre was calculated as the average of the value obtained by
analysing the scanning electron microscope images (model JEOL-
7401) taken at three random positions of one MA thread using
Adobe Photoshop CC 2018 (Adobe Systems Inc., San Jose, CA)
(v. 2018 19.1.3). A total of two threads per spider were used
to obtain a representative cross-sectional area for the silk from
that individual because of the limited availability of samples
from Madagascar.

The true stress at break (or tensile strength, o) is calculated
as or — (F/A), where F is the force required to break the fibre
and A is the instantaneous cross-sectional area, assuming iso-
metric volume [73,74]. True strain at break, et = In(l/l,), where
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1 is the actual length of thread before it breaks and [, is the original
length of the thread, refers to how much the material has stretched
normalized to its original length. The Young’s modulus (or stiff-
ness) was obtained from the initial slope of the stress—strain
curve in which the relationship between stress and strain was
almost linear and is calculated as E — o/e. Toughness or the
area under the stress—strain curve is calculated as U, — o *&.

2.3.2. Supercontracted silk

Mechanical properties were also tested for the MA silk strands
obtained after supercontraction to eliminate some of the effects
of reeling speed. The supercontraction was induced by putting
the strands mounted on a piece of cardboard in the humidity
chamber, where the humidity can be controlled by purging dry
or humid air (obtained by passing N, directly or through a deio-
nized water column). To enable maximum supercontraction, air
with humidity greater than 75% RH was introduced into the
chamber during which the silk strands began to contract and
shrink. The amount of shrinkage is species specific and depends
upon the chemical composition of the silk. After the silk fully
shrinks and visibly shows slack, dry air with humidity less
than 10% RH is introduced into the chamber for 90 s. Immedi-
ately, the tensile tests were performed with the supercontracted
silk strands using the nano-tensile tester following a protocol
similar to that of native silk. The nano-tensile tester was used
to measure the change in length from the original length to the
length after supercontraction; using the volume conservation
rule [74], the cross-sectional area was recalculated.

There was variation in room humidity during silk collection
and measurement of properties because all tests were performed
under room humidity conditions, which can change daily.
Some of these differences could have had some small effects
on the properties of the silk. However, we believe that these changes
are small compared with the variation from species to species.
Furthermore, more extreme changes in silk properties occur past
70-75% RH when the MA silk supercontracts (e.g. [50]), and our
collection and testing for native silk was below this threshold.

2.3.3. Statistical analysis

We used a Wilk's Lambda multivariate analysis of variance
(MANOVA) to determine if the secondary structure and the
mechanical properties of native and supercontracted MA silk dif-
fered between species. Individual ANOVAs and Tukey’s
honestly significant difference were used post hoc when
needed to identify which pairwise comparisons were significant
among variables and among species, respectively. Multivariate
pairwise correlations were performed between the overall protein
secondary structures and the mechanical properties of native and
supercontracted silk, estimated by a pairwise method. Because
multiple silk replicates per spider were used for testing, mean
values per individual spider were used to avoid pseudo-
replication. We performed a Levene’s test for normality of
variance to determine normality of the data. Only three (percen-
tage of shrinkage, modulus after supercontraction and true
strain after supercontraction) out of the 13 variables did not
follow a normal distribution with an alpha smaller than 0.05.
However, since transforming the data did not result in a better dis-
tribution, we used the data as they were. All statistics were
conducted in JMP v. 14 (SAS Institute Inc., Cary, NC).

3. Results

3.1. Composition of protein secondary structures using

Raman spectroscopy
Raman spectra of MA silk obtained from four orb web
species (A. trifasciata, L. cornutus, C. darwini and T. clavipes)
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Figure 1. Raman spectra of monofilaments from five species: (a) full range
(800-1800 an™"), the shaded region showing the amide | region.
(b) Enlarged amide | region (1600-1800 am™"), the dotted line showing
the characteristic B-sheet region, approximately 1670 am™". (¢ Calculated
percentage of relative protein secondary structures (unordered regions,
helices, B-sheets and P-turns) after deconvolution of the amide | region.
C. darwini silk showed a sharper peak in the amide | region and the highest
[-sheet percentage than other species except T. davipes. Only [B-sheets
(8-26%), unordered regions (20-38%) and helices (22—37%) showed
high variation, while p-turns (22-29%) showed no significant variation
(F(4, 11) =11.66; p=0.001, F(4, 11) =482, p=10.017, K4, 11)=10.89;
p=10.001, A4, 11)=1.09; p= 0408, respectively). Distinct subgroupings
of species for each protein secondary structure identified by post hoc tests
are denoted by letters A, B or C (see electronic supplementary material,
table S5 for p-values), where different letters indicate statistically different
percentages.

and one cobweb species (P. fepidariorun) show similar
peaks, characteristic of MA silk, in the 800-1800 cm™ ' range
(figure 1a). The typical peaks of tyrosine (Y) occur at 830
and 850 cm ™' [75], while those of phenylalanine (F) appear
at 1004 and 1029 cm™' [59]. However, the ratio of 1413
and 1450 cm ' peaks, representing the C-I1 deformation
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Figure 2. Material properties of native silk from five spider species. (a) Representative true stress-true strain curves for all groups. The dotted orange line shows the
maximum toughness for the silk of an individual C. darwini, while the solid orange line shows a more typical result. (b) The average and standard eror of the tensile
strength and strain at break of all groups. Silk samples enclosed in the same colour circle have statistically indistinguishable strains (F(4, 23) = 20.39; p < 0.001). The
two groups marked by the asterisk have significantly different tensile strength from each other (F(4, 23) = 4.98; p = 0.005). (c) The average and standard error of
the modulus (F(4, 23) = 1.35; p=0.283). (d) The averages and standard error of the toughness for all the groups. The same letter represents the same toughness
(F(4, 23) =12.14; p < 0.001). See electronic supplementary material, table S5 for post hoc pairwise p-values.

near the amide I region (1450-1550 cm '), appears to be
different across species (figure 1a). The amide I region
(1600-1700 cm ', plotted in figure 1b) provides information
about the relative percentage of different protein secondary
structures. A visual comparison of the amide I region for all
the spider species with respect to C. darwini shows that the
B-sheet peak (approx. 1670 cm ™) is shifted to the left (by 1-
2em™") for A. trifasciata, and to the right (by 1-2 cm ™) for
L. cornutus and T. clavipes. We deconvoluted the amide I
region to calculate the relative percentage of various protein
secondary structures using a protocol established in the
literature [15,59,61,63,70,71]. Previous work by Lefévre ef al.
[70] has shown that it is important to calculate an
orientation-insensitive Raman spectrum, especially for aniso-
tropic silk samples, by combining different polarization
Raman spectra. However, it was challenging to collect spectra
in different polarizations because of instrumental constraints
and a large sample set. Thus, the percentages of various
protein secondary structures reported in our study may be
influenced by the anisotropy of samples, but we do not
expect the major differences between the reported values in
our study and the ones calculated from orientation-insensi-
tive spectra (more details can be found in electronic
supplementary material, figures S1 and S2 and table S1).
Overall, the percentages of different secondary structures
differ between species (F(12, 24.10) = 5.40; p = 0.001) (figure 1c
and electronic supplementary material, table 54). In particu-
lar, the percentage of B-sheets in MA silk of C. darwini

(20 £2%) is relatively high compared with other species
except T. clavipes (26 +2%), while the percentage of
unordered regions is the least (20 +2%) (figure 1c and elec-
tronic supplementary material, table S4). The percentage of
helices in the C. darwini silk is relatively high compared
with L. cornutus and T. clavipes, but not significantly different
from A. trifasciata and P. tepidadorium. A comparison across
different spider species reveals no significant difference in
the percentage of B-turns (22-29%; electronic supplementary
material, tables 54 and S5 for ANOVA and post hoc results).
However, the percentage of pB-sheets is higher among
C. darwini (20%) and T. clavipes (26%) than among the rest
of the species studied in the present work (figure 1c and elec-
tronic supplementary material, table S4). The percentage of
helices is the lowest in the silk extracted from T. clavipes
compared with others except L. cornutus. Finally, the percen-
tage of unordered regions for C. darwini is lower than that for
L. cornutus and P. tepidadorium.

3.2. Mechanical properties

The four mechanical properties tested for our four species
and C. darwini MA silk are compared in figure 2. Figure 2a
shows the representative stress—strain plots for MA silk
obtained from five spider species: one cobweb spider (P. tepi-
darorium) and four orb web spiders (A. trifasciata, L. cornutus,
T. clavipes and C. darwini). Overall, the mechanical properties
differ between species (F(12, 55.85) = 4.865; p < 0.001) (figure 2
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Figure 3. Material properties of maximally supercontracted silk of five spider species. (a) Representative true stress-true strain curves for all groups. Inset shows the
per cent shrinkage of silk during supercontraction, with the same letter showing the same shrinkage (F(4, 15) = 7.1768; p = 0.0019). (b) The average and standard
error of the tensile strength and strain at break of all groups. Silk samples enclosed in the same colour circle have the same strains (F(4, 15) = 10.90; p < 0.001).
The stress is not statistically different (F(4, 15) = 1.41; p = 0.280). () The average and standard error of the modulus. Statistically different groups are shown by
different letters (F(4, 15) =3.19; p=0.0.043). (d) The averages and standard error of the toughness for all the groups. The same letter represents the same
toughness (F(4, 15) = 8.74; p < 0.001). See electronic supplementary material, table S5 for post hoc pairwise p-values.

and electronic supplementary material, table 54). One-way
ANOVA showed that species varied significantly for three
out of four of the measured silk mechanical properties (elec-
tronic supplementary material, tables S4 and S5). C. darwini
silk shows the highest ultimate strength, statistically different
from P. tepidarorium (figure 2b), while ultimate strength does
not vary among other species. Strain at break (or extensibility)
varies more than twofold from 0.16+0.01 to 0.35+0.02
(figure 2b), with dragline silk from L. cornutus and T. clavipes
having the lowest, and C. darwini having the highest, strain
at break (electronic supplementary material, table S2). The
strain at break measured in the present study for C. darwini
MA silk is lower than the literature-reported strain of 0.9
(figure 2b; [6]). Stiffness (or Young’'s modulus) did not differ
between the silks tested (figure 2c). The mean toughness of
C. darwini MA silk (261 +31 MPa) is significantly higher
than all other tested species (figure 2d).

After supercontraction of silk, overall strength, extensibil-
ity and toughness increased for all species, while stiffness
decreased (except for T. clavipes), relative to the properties
of each species silk before supercontraction (figure 3). The
mechanical properties of silk after supercontraction also
differed between species (F(16, 37.30)=2.603; p=0.008)
(figure 3 and electronic supplementary material, table S4).
T. clavipes stiffness remained almost unchanged, which was
not surprising as it only shrank 10% of its original length
during supercontraction (inset figure 3a). However, the inter-
species differences in tensile strength disappeared between

all species after supercontraction (figure 3b). On the other
hand, differences in strain at break and toughness (figure 3b)
persisted. While most groups showed an increase in the
extensibility, stretching over 50% of its original length,
L. cornutus had a strain of almost 100%, surprisingly achiev-
ing the same toughness as MA silk of C. darwini
(L. cornutus reaching 375+35MPa and C. darwini 380+
62 MPa), as mentioned in electronic supplementary material,
table S2. By contrast, all other species had an average tough-
ness below 170 MPa, with the exception of A. frifasciata,
which had an average toughness of 237 MPa (figure 34 and
electronic supplementary material, table S4). After supercon-
traction, interspecies differences in stiffness were also
observed, with P. tepidarorium showing the lowest stiffness
and T. clavipes showing the highest stiffness.

3.3. Correlation between mechanical properties and
relative protein secondary structure

Since our primary goal is to understand the correlation
between the molecular-level relative protein secondary struc-
tures and the observed mechanical properties, figure 4a—/
and electronic supplementary material, table S3 show the
regression plots and eye-guide of the various mechanical
properties (toughness, modulus, strain at break and tensile
strength) against different protein secondary structures
(B-sheets, B-turns and unordered regions) before supercon-
traction for all species. Both toughness (r=0.57, p=0.032)
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Figure 4. (orrelation between relative protein secondary structure and mechanical performance of individual spiders before supercontraction (a—/) and after super-
contraction (m—t). Before supercontraction, B-sheet content shows a positive correlation with both toughness (r =0.57, p = 0.032) and tensile strength (r = 0.59,
p = 0.026). Toughness (r= —0.66, p = 0.011), modulus (r = —0.70, p = 0.005) and tensile strength (r = —0.06, p = 0. 001) show a negative correlation with the
percentage of unordered regions. The percentage of B-turns unexpectedly affects the modulus (r=0.06, p=0.001). After reducing spinning effects by
supercontraction, [3-sheet content shows a positive correlation with modulus (r=0.63, p=10.017) and a negative correlation with strain at break (r=—0.71,
p = 0.005), while unordered content has the opposite trend: a positive correlation with strain at break (r = 0.63, p = 0.017) and a negative correlation with modulus

(r=—0.53, p=10.051). Significant relationships are marked by stars.

and tensile strength (r = 0.59 p = 0.026) show a positive corre-
lation with the percentage B-sheet content in the MA silk
(figure 4a,d). The positive correlation of tensile strength on
B-sheet content as seen in figure 4d is consistent with litera-
ture measurements with flagelliform and MA silk of
T. clavipes, Araneus diadematus and Argiope aurantia [15]. In
comparison, the toughness (r=-0.66, p=0.011), modulus
(r=—0.70, p=0.005) and tensile strength (r=-0.55 p=
0.040) showed a negative correlation with the percentage of
unordered regions (figure 4e—h). Unexpectedly, the percen-
tage of p-turns has a positive correlation with the modulus
(r=0.07, p=0.001), but not strain at break (figure 4j,/).

We also correlated the measured mechanical properties
after supercontraction of silk with the percentage of secondary
structures obtained before supercontraction. Previous work by
Dionne et al. [64] and Dong ef al. [53] has demonstrated a change
of only 3-5% in the percentage of B-sheets and unordered
regions after supercontraction of MA silk. Considering the per-
centage error in the calculated relative protein secondary
structures in our study (+2%), we do not expect this small
change to perturb the correlation between the mechanical
properties and the relative protein secondary structures
although it remains to be verified in further studies. After
supercontraction (figure 4m—t and electronic supplementary
material, table S3), the modulus shows a clear positive cor-
relation with the percentage of p-sheets and negative
dependence on the percentage of unordered regions (r=0.73,
p=0.003 and r=-0.53, p=0.051, respectively). On the
other hand, the strain at break shows a negative correlation
with respect to B-sheet content and a positive correlation
with respect to the unordered content after supercontraction

(r=-0.71, p=0.005 and r = 0.63, p =0.017, respectively), while
no such correlation is observed before supercontraction.

4. Discussion

In this study, we examined the relative protein secondary
structure composition of MA silk from C. darwini and four
other species to correlate the silk structure with its perform-
ance. We had hypothesized that C. darwini MA silk would
have a higher percentage of B-turns because of the proline-
rich MaSp4 protein present in this silk, resulting in higher
extensibility. Interestingly, the percentage of p-turns observed
in C. darwini is not significantly different from other species
even though there is a significant variation in the proline con-
tent across these species (3-12%). The expression of MaSp1
relative to MaSp2 is difficult to assess directly and is instead
inferred by predicted differences in amino acid ratios pre-
dicted from the cDNA sequencing of their gene transcripts.
Proline content is a particularly good predictor of expression
ratios of MaSpl, with its abundant ‘stiffening’ motifs, to
MaSp2, with its abundant ‘elastic’ motifs [11,22,25,28,68,76].
For C. darwini MA silk, we predicted a higher percentage of
elastic p-turns as a consequence of the additional proline-
rich MaSp4 protein in the silk, which provides higher
amounts of proline-rich motifs. However, the lack of signifi-
cant difference in p-turns among species indicates that
variation in proline in the MA silk (MaSp2 plus MaSp4)
may not solely determine the percentage of B-turns in the
MA silk. Thus, high proline content alone may not explain
the high stretchiness of C. darwini MA silk, as suggested in
another recent study [8]. IHydroxylated proline is also
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shown to play an important role in the silk extensibility. For
example, a study with Argiope keyserlingi demonstrated a
positive correlation between hydroxyl proline and MaSp2
expression, highlighting the connection of hydroxyl proline,
MaSp expression and silk extensibility [18]. Nonetheless, we
note that C. darwini MA silk shows a high percentage of all
protein secondary structures (pB-turns, B-sheets and helices)
except the unordered regions. It is possible that the GPGPX
motif in MaSp4 could potentially affect other properties
rather than p-turns. Furthermore, we cannot ignore the possi-
bility that other species in this study could have additional,
undescribed, MaSp proteins, which could aid in p-turn
formation in the MA silk.

In general, as the B-sheet content of the MA silk increases
the silk becomes stronger (higher in tensile strength) and
tougher. While the same pattern is seen for the B-turn content
of the MA silk and its stiffness, MA silk becomes less strong
and stiff as the unordered content in the silk increases. IHow-
ever, these correlation dependencies could be influenced by
the reeling conditions because the spider could exert muscu-
lar control while spinning [77], which can then impact the
crystal orientation in MA silk fibre, thus affecting its mechan-
ical properties. Hence, it is important to eliminate some of the
effect of reeling on silk’s mechanical properties by exposing
the silk fibres to a high humidity environment to induce
supercontraction [40]. After supercontraction, correlation
shows that the silk becomes stiffer and less extensible as the
B-sheet content in the silk increases, while the silk fibres are
stretchier and more ductile owing to the increase in the unor-
dered content. This is expected because the orientation of
amorphous chains becomes more disordered, and stiffness
decreases as the silk becomes softer owing to uptake of
water molecules [50]. In this state, the molecular chains
when exposed to high humidity can reach the favourable
thermodynamic state as the plasticization by water molecules
enhances the chain mobility. As a result, pB-sheet content
shows a negative correlation with modulus and a positive
correlation with the strain at break after supercontraction
(as shown in figure 4), consistent with findings reported in
the literature [40]. Assuming that the proportions of different
protein secondary structures do not change after supercon-
traction [53,64], other phenomena such as an increase in
water content in the amorphous regions and disruption of
hydrogen bonding between chains by water molecules,
which lead to changes in orientation of the crystals and mol-
ecular chains, could likely explain the observed changes in
material properties after supercontraction.

By using the deconvolution method of Raman spectroscopy,
we discovered that neither proline abundance per se nor pro-
line-glycine neighbouring position (GPGPX) of C. darwini
MA silk results in different p-turn conformations at a level
detectable within the scope of this study. Therefore, the pres-
ence of additional proline-rich MaSp4 might not favour p-turn
folding, or else favours B-turn folding in contrast to some
other opposing factor. Additionally, we cannot exclude the
possibility of the presence of MaSp4 in other species in this
study (A. trifasciata, L. cornutus, P. tepidariorum and T. clavipes),
although it has not been described in the literature. It is impor-
tant to note that the inferences drawn here are based on Raman
spectroscopy, which provides limited information. Nonethe-
less, Raman spectroscopy has been used extensively in the
past to characterize the protein secondary structures. We under-
stand that additional information, including percentage

crystallinity, crystal size and orientation, is necessary to build n

a complete structure-property relationship, which would be
the scope of our future work.

It is important to note that the C. darwini silk (before super-
contraction) characterized in this study is not as stretchy as the
previously reported value of 0.52 average strain (and the maxi-
mum value of 0.9 strain at break) [6]. ITowever, the C. darwini
MA silk still has a higher extensibility value of 0.35, larger
than other species. This could probably be the result of the lim-
ited sample size in this study. Nevertheless, it appears that the
high extensibility of C. darwini silk is not explained simply by a
higher fraction of B-turns relative to other protein secondary
structures. This finding does not support the second hypothesis
that MaSp4 enables a high p-turn content in C. darwini MA silk
that would result in high stretchiness and thereby contribute to
its high toughness. IHowever, we cannot exclude the possibility
that MaSp4 acts to maintain p-turn content in interaction with
some other factor that is normally contrary to extensibility,
such as the relatively high B-sheet content of C. darwini MA
silk. In the future, we need to examine differences in the sizes
of the B-sheet nanocrystals and their orientation to build a
more comprehensive model. Additional work is needed to
explore the role of the longer duct in the MA gland of C. darwini
and how it influences the silk microstructure.

5. Conclusion

C. darwini MA silk shows exceptional toughness compared with
the other spider species used in the present work. The analysis of
Raman spectra for MA silk of C. darwini and other species high-
lights differences in the percentage of B-sheets, helices and
unordered regions. However, the percentage of B-turns is not
different across the different species, suggesting that the presence
of extra proline-rich MaSp4 in C. darwini MA silk does not result
in higher p-turn formation. Thus, the exceptional toughness of
MA silk of C. darwini cannot be explained solely by the increased
percentage of B-turns.

Correlating the measured mechanical properties against the
percentage of various relative protein secondary structures, we
find that, before supercontraction, toughness and tensile strength
have a positive correlation with the percentage of B-sheets
and a negative correlation with the percentage of unordered
regions. Also, the modulus has a positive correlation with the
B-turn percentage and a negative correlation with the percentage
of unordered regions. After supercontraction, modulus has a
positive correlation with the percentage of p-sheets, while a nega-
tive correlation with the percentage of unordered regions is
discovered. The opposite trend is observed for the strain at break.

In summary, while some of the mechanical properties are
explained by the percentage of secondary structures, others
are not, highlighting that the percentage of various relative
protein secondary structures alone may be insufficient to com-
pletely explain the mechanical properties. Other parameters
such as crystal size, crystal orientation and chain orientation
are needed to provide a comprehensive explanation for the
observed mechanical properties. This would allow us to under-
stand the structure—property relationships of spider MA silk,
thereby helping in the design of high-performance biomaterials.

Data accessibility. The raw data of the mechanical properties, protein sec-
ondary structure as well as correlation analysis are available online at
the zenodo depository [78].

Additional information is provided in the electronic supplementary
material [79].
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