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. Spider major ampullate gland silks (MAS) vary greatly in material properties among species but, this

. variation is shown here to be confined to evolutionary shifts along a single universal performance

: trajectory. This reveals an underlying design principle that is maintained across large changes in

. both spider ecology and silk chemistry. Persistence of this design principle becomes apparent after

. the material properties are defined relative to the true alignment parameter, which describes the

. orientation and stretching of the protein chains in the silk fiber. Our results show that the mechanical
behavior of all Entelegynae major ampullate silk fibers, under any conditions, are described by this
single parameter that connects the sequential action of three deformation micromechanisms during
stretching: stressing of protein-protein hydrogen bonds, rotation of the 3-nanocrystals and growth
of the ordered fraction. Conservation of these traits for over 230 million years is an indication of the
optimal design of the material and gives valuable clues for the production of biomimetic counterparts
based on major ampullate spider silk.

- Variability in spider silk

: Major ampullate (MA) silk plays a conspicuous role in the construction of webs and safety lines for most of the

© world’s 45000 species of spiders'. The contribution of MA silk to the success of spiders stems from its exceptional

* tensile strength and extensibility that combine to provide toughness that exceeds almost all known materials®*.

. The extreme variability of MAS fibers across species and even among individuals of the same species*® is not
surprising given the diverse ecological niches occupied by these spiders and the variety of biological functions
for the silk itself.

Figure 1A illustrates this variability by showing the range of tensile properties of MAS fibers spun by a sin-
gle Nephila inaurata specimen. Comparable variability is seen when comparing fibers spun by different species

: despite carefully controlling the environmental conditions under which spinning takes place, and even measuring

. the forces exerted on the fiber during the silking process*¢-8. This variability is supposed to originate at different

. levels ranging from variation among species in the sequences of silk genes® and differential gene expression'’, to

© physiological tuning by individual spiders during spinning® and might play a significant role in the evolutionary
success of the group.

However, the low reproducibility found in MAS fibers presents a challenge to understanding the origin of
spider silk’s high performance in evolutionary as well as in microstructural terms, and severely limits its appli-
cation as a biomimetic material®. Consequently, significant efforts were devoted to understanding the presumed
multifactorial origin of mechanical variability of MAS and to develop new procedures that allowed obtaining silk
fibers with reproducible properties!'2.
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Figure 1. Tensile properties of Nephila inaurata MAS. (A) Range of tensile properties of N. inaurata MAS
expressed as true stress-true strain curves. (B) The use of the alignment parameter, o, allows classifying the
full range of true stress-true strain curves measured from N. inaurata MAS. (C) The use of the true alignment
parameter, oy, allows defining the overall tensile behavior of N. inaurata MAS in terms of true stress-true
strain curves. Each curve is displaced along the true strain axis (X axis) by oy taken the MS curve (op = 0) as
reference. (D) Same as in (C) but including the true stress-true strain curve of N. inaurata MAS tested in water
(discontinuous line) and displaced along the true stress axis (Y axis). The value of the displacement is such that
the true stress of the displaced curve at the origin (¢ = 0) concurs with the yield stress of the MS fiber tested in air.

Many of these attempts took advantage from the existence of a ground state characteristic of each individual
species to which the material can return independently from its previous loading history'®. It was found that
any fiber could be imparted any of the stress-strain curves accessible to a given species by following a procedure
named as wet-stretching!®. Wet-stretching consists of taking the fiber to its ground state through supercontrac-
tion, and stretching the supercontracted fiber in water. Stretching is quantified by the alignment parameter, o,
defined as the ratio between the increment of length of the fiber after stretching and the initial length of the super-
contracted fiber’®. The whole range of stress-strain curves of MAS spun by a single species can be classified with
the definition of the alignment parameter, o, as illustrated in Fig. 1B, and the usage of this parameter allows even
the comparison of fibers spun by different species'*!°.

True alignment parameter

As shown below and illustrated in Fig. 1C, an even better control of the variability of MAS spun by a single species
is obtained by modifying the original procedure in two aspects: (i) tensile behaviour is represented in terms of
true stress-true strain curves (the original procedure based on the alignment parameter, o, was applied to engi-
neering magnitudes), and (ii) a new true alignment parameter, o, is introduced (see Methods for definition). The
true alignment parameter, au, is also a measurement of the elongation of the fiber with respect to its ground state.
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Qr 0.00 0.14 0.26 0.40 0.53

E (GPa) 3.0%£0.1 8+1 9+2 9.5+0.9 11+1

oy (MPa) 120£20 140420 200+ 10 320420 920+ 20
Ey 0.03540.005 0.020 £ 0.004 0.022 £ 0.007 0.032£0.004 0.07940.001

Table 1. Elastic modulus, (E), yield stress (o,) and yield strain (,) of Nephila inaurata MAS fibers as a
function of the true alignment parameter, ouy.

However, usage of oy is advantageous since it does not only allow the classification of the stress-strain curves, but
it is endowed with a significant predicting capability, as explained below.

The predictive ability of ay is clearly shown by the comparison of the post-yield tensile behaviour of MAS
fibers. As shown in Fig. 1C when the true stress-true strain curves are displaced along the X (true strain) axis a
value equal to the true alignment parameter, concurrence of the curves in the post-yield region is found to be bet-
ter than 85% (Supplementary Material). The predicting ability of a can be extended if the true stress-true strain
curve of the maximum supercontracted (MS) fiber tested in water is considered. As shown in Fig. 1D the yield
points of all curves are accurately predicted by the alignment parameter when the true stress-true strain curve of
the MS fiber tested in water is displaced up along the true stress axis (Y-axis), so that the initial value of true stress
concurs with the yield stress of the MS fiber (c.p = 0.0) tested in air. (yield stress R*= 0.95; yield strain R*= 0.97;
maximum relative error between the experimental values of yield stress and the estimated value ~8%).

The displacement along the Y direction of the MS curve tested in water is justified by the simple microstruc-
tural model suggested in ref. 16. It is assumed that the behaviour of a silk fiber can be decomposed in two basic
deformational mechanisms acting in parallel: entropic chains formed by the silk proteins plus a hydrogen bond-
ing network that sets when the fiber is not in a wet environment. In this regard, the value of the Y-displacement
at € = 0 takes into account the presence of the hydrogen bonds in dry fibers, that are absent when the fiber is
immersed in water. The alignment parameter then accurately predicts variation in fiber yield because the contri-
bution of hydrogen bonding is independent of chain orientation in dry silk. The values of the yield stress and yield
strain of fibers with different values of o are shown in Table 1.

Finally, the true alignment parameter can be correlated with the values of the elastic modulus (defined as the
initial slope of the true stress-true strain curve) as also shown in Table 1. It is found that the fibers in the MS state
(cvp=10.0) show a low value of E ~3 GPa, which increases up to a value of ~8 GPa for cv;y = 0.14, reaching a final
value of ~11 GPa for aiy = 0.53. These values are consistent with the model since the increase in the initial slope
with increasing oy is explained as the result of the combined effect of a —presumably- constant contribution from
hydrogen bonds (close to 3 GPa) and the rising stiffness of the protein chains, represented by the slope of the MS
fiber tested in water.

General validity of the true alignment parameter in the Entelegynae lineage

The ability to encapsulate the tensile behaviour of MAS fibers spun by two species (see the results on Argiope
trifasciata MAS in the Supplementary Material) that diverged over 120 Mya!* suggested developing a simi-
lar procedure applicable across the Entelegynae lineage. The observation that the post-yield behaviour of silk
spun by species showing low extensibility is nearly identical to the performance of silk from species with higher
extensibility after stretching (Fig. 2A), suggested generalizing the procedure across the Entelegynae lineage. An
interspecific alignment parameter, aup, is obtained by comparing the MS true stress-true strain curve of any
Entelegynae species with that of MS Argiope aurantia MAS. MS A. aurantia was used as a reference, since these
fibers show the largest strain at breaking of all tested silks'®. In order to determine the value of cv of any species,
the MS curve is displaced along the true strain axis (X-axis) until the true stresses of the curve and that of MS
A. aurantia concur. Thus, the average curve of a given species in this example goes through the point (¢ = 0.94;
0 =0.75GPa), although the results are relatively independent from the exact point as long as it corresponds to a
large value of post-yield strain. The eight species shown in Fig. 2A vary in their post-yield behaviour by less than
20% (Supplementary data). The corresponding values of the interspecific alignment parameter, oy, of the MS
MAS silks are indicated in Table 2.

The oy and v combine in a new general interspecific alignment parameter, o't = aupy + Qs as illustrated in
Fig. 2B, that predicts the behaviour of any MAS fiber. In this context, the overall behaviour of any given fiber, as
described by o'y, is broken down into two contributions: cry, which reflects the chemical differences between
MAS spun by different species and o, which reflects differences between the fibers deriving from immediate
spinning conditions. The predicting ability of o"; is illustrated in Fig. 2C, where the true stress-true strain curves
of MAS fibers spun by different species and with different values of o are shown to concur in their post-yield
behaviour (maximum relative error between the experimental values and the reference value taken from MS A.
aurantia MAS ~20% as shown in Supplementary Material).

True alignment parameter and the design principles of spider silk

Combining oy with current structure-function models offers a unique opportunity to gain a deeper insight in
the design principles of spider silk. MAS is modelled as a composite material in which reinforcing nanocrystals
are dispersed in an amorphous matrix!”!%, Reinforcement consists of poly-alanine 3-nanocrystals'®, whose size
is tightly controlled to increase toughness?*?!. In turn, the amorphous matrix is represented as a double lattice of
hydrogen bonds and elastomeric chains?**. The initial behaviour of the fibers is controlled by the deformation of
the hydrogen bonds and the stiffening effect of 3-nanocrystals and yielding occurs when the hydrogen bonds start
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Figure 2. Tensile properties of MAS spun by representatives of the Entelegynae group. (A) Concurring
tensile behavior of MAS spun by Entelegynae spiders after maximum supercontraction. Argiope aurantia
maximum supercontracted MAS is used as reference. The interspecific true alignment parameter, cuyy, is
defined as the true strain at zero true stress of the curves of any species. A.a.: Argiope aurantia, D.s.: Deinopis
spinosa, C.d: Caerostris darwini, A.l.: Argiope lobata, L.h.: Latrodectus hesperus, D.t.: Dolomedes tenebrosus,
T.r.: Tengella radiata, Px.: Phidippus regius. (B) Definition of "1 in terms of airy and aup. caupp(N.i.) labels

the interspecific alignment parameter of the MS state of N. inaurata. Also represented is the value of a1

for N. inaurata fibers with a value of the true alignment parameter of oy = 0.4 (Fig. 1C). The value of the
interspecific alignment parameter is calculated as o’ = ay(N.i.) + ap. (C) Concurring tensile behavior of
stretched MAS. The general interspecific alignment parameter, o', is provided below the species identification
defined as ot = ap(MS) 4 o N.i.: Nephila inaurata, A.t.: Argiope trifasciata, A.l: Argiope lobata, A.b.: Argiope
bruennichi.

to break!®. Figure 3A shows that the elastic modulus presents an overall dependence with "y that fits to a second
order polynomial (R?=0.95). This dependence of the elastic modulus with o’} can be justified as a consequence
of the increased alignment of the protein chains with the fiber axis in the rotated nanocrystals.

After yielding the proteins undergo conformational changes associated with the local rotation of the
B-nanocrystals®*?*, whose shape does not vary during this process. Figure 3B shows that yield stress is initially
invariant with o’ but starts increasing after o’y ~0.6. This dependence of the yield stress with "y is consistent
with the assumption that the rotation of the nanocrystals proceeds locally at approximately constant stress, until
the alignment of the nanocrystals reaches its maximum. This value can be estimated as o'~ 0.6 (o ~0.5) from
Argiope trifasciata MAS?S.

A new deformation micromechanism acts upon completing the rotation of the nanocrystals**?’. This mecha-
nism consists of the stretching of the proteins and their alignment with the fiber axis?*?®%, and it is accompanied
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Argiope aurantia 0.00
Deinopis spinosa 0.06
Argiope bruennichi 0.14
Argiope trifasciata 0.21
Caerostris darwini 0.25
Argiope lobata 0.39
Nephila inaurata 0.45
Latrodectus hesperus 0.53
Dolomedes tenebrosus 0.55
Tengella radiata 0.67
Phidippus regius 0.82

Table 2. True alignment parameter of different Entelegynae species taking the maximum supercontracted
state of Argiope aurantia MAS as reference.
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Figure 3. Correlation between elastic modulus (A) and yield stress (B) with the values of the interspecific
alignment parameter, ouy.

by an increase of the crystalline fraction®. The monotonous increase in yield stress at &’ in excess of o’ > 0.6
suggests that this is a general mechanism that acts across Entelegynae spiders.

The stretched regions of the proteins, in turn, aggregate leading to an increase in the volume fraction of the
crystalline phase®. The significant increase of the yield stress at high values of o' is consistent with the increase
of the crystalline fraction. In this regard, yielding would not result from the breaking of hydrogen bonds, but
instead from the accretion of new lengths of the protein chains to the nanocrystals.

It was proposed that the increase in the crystalline fraction was the result of the appearance of a second crys-
talline phase different from the polyalanine nanocrystals. Models accounting for the microstructure of this sec-
ond phase varied from unaggregated 3-sheets® to oriented amorphous material®® or non-periodic lattice crystals
(NPL)*30_ It was assumed that the nanocrystals of this second crystalline phase differed from polyalanine crystals
in the presence of a larger number of defects in their structure and were considered as the result of the statistical
matching of motifs of sequence different from polyalanine. However, the existence of conformational changes at
the ends of the polyalanine crystals®! suggested a close relation between both crystalline phases. In this regard,
it was naturally assumed that the second crystalline phase would also maintain the 3-pleated conformation®.
However, no direct results on the nature of this new phase or on its relationship with the sequence were obtained
from the characterization of MAS fibers. Analyses performed on Flagelliform silk, a type of silk closely related to
MAS but which lacks the —-A - motif, suggest that this second phase might be the result of aggregating protein
chains with a secondary structure of 3, helices in polyglycine II (PG II) nanocrystals**. Both the structure and
dynamics of PG II observed in Flagelliform silk are compatible with the experimental data on MAS silk at high
values of "1

True alignment parameter and evolution of the Entelegyae lineage

The striking concurrence of all Entelegynae MAS fibers at high true strain regardless of species or previous load-
ing history suggests that the material was selected very early in its evolutionary history for this trait. Conservation
of this post-yield performance for over 230 Mya also supports its critical role in silk ecology. In this regard, since
the main distinctive feature of the sequence of MAS in Entelegynae is the abundance of the -GGX- motif**, the
previous discussion suggests that this motif is likely responsible for the tensile behaviour of the fibers at high
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Figure 4. Summary of the microdeformation mechanisms and motifs of sequence of MAS and their
relationship with the true alignment parameter, o',

values of o' This suggestion is also strongly supported by the correlation found between the presence of the
-GGX- motif and supercontraction®.

However, there seems to be a clear distinction between the Orbiculariae and RTA-clade representatives in
terms of o', since the MS curves of the Orbiculariae show values of o1 < 0.6. Since the mechanical behaviour
at these values of ' is controlled by the rotation of the 3-nanocrystals, it can be concluded that this mechanism
must have been optimized in this group after its separation from the RTA-clade, and is most likely the appear-
ance of the ~-GPG- motif in the MaSp2 silk of Orbiculariae**-*, which promotes the rotational ability of the
B-nanocrystals.

Figure 4 is intended to summarize the previous discussion. In this regard, a comprehensive master curve can
be built for MAS of Entelegynae spiders, and the behaviour of any species silk accurately predicted by using o'
to determine where it lies on that curve and to relate its performance to its molecular structure. This comprehen-
sive curve is the result of the sequential acting of three deformation micromechanisms: stressing and breaking of
hydrogen bonds (found in all Aranae MAS), rotation of the 3-nanocrystals (mainly found in Orbiculariae) and
formation of a second crystalline phase (found in all Entelagynae species). Interestingly, this latter mechanism
seems to be at the origin of the group, and is probably related with the abundance of the -GGX- motif. The sec-
ond mechanism (rotation of 3-nanocrystals) is optimized in Orbiculariae MAS and seems to be related with the
presence of the -GPG- motif in the sequence.

In conclusion, rather than being a diverse and highly variable set of materials, Entelegynae spider MAS rep-
resents an example of extreme conservation of a unique performance trajectory controlling its tensile properties
and underlying design principles that has remained essentially stable for over 230 Mya. Rather than opening up
new types of performance space, the appearance of novel protein motifs and changes in expression levels of dif-
ferent MaSp genes instead correlate with shifts in MAS silk performance along this single trajectory. This suggests
strong action by natural selection not so much to diversify spider silks, but instead to elaborate upon a single
archetypal material.
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Methods

Silk collection. Major ampullate gland silk fibers from representative species of several major families in the
Entelegynae were used in this study. Species come from seven families: Araneidae (Argiope trifasciata, Argiope
aurantia, Argiope lobata, Argiope bruennichi, Araneus diadematus, Caerostris darwini), Deinopidae (Deinopis spi-
nosa), Theriidae (Latrodectus hesperus), Pisauridae (Dolomedes tenebrosus), Tengellidae (Tengella radiata), and
Salticidae (Phidippus regius).

Silk was collected from the spiders by forced silking and all samples were subjected to a maximum supercon-
traction process'?, which consists of an initial step of immersion in water and subsequent drying in air overnight.
Maximum supercontraction (MS) requires that the fiber remains slack throughout the whole process as was
always assessed before further manipulating the fibers. The length of the fiber after maximum supercontraction is
indicated by Ly. The tensile behaviour of some samples was modified through a wet stretching process'?. Briefly,
maximum supercontrated samples were stretched while immersed in water up to a predetermined length, L., and
allowed to dry overnight. Wet stretching is characterized by the alignment parameter, o, defined as:

Lys (1)
the true alignment parameter, oy, is defined from the original definition of alignment parameter, o, as:

ar = Ln(1 + o). (2)

Tensile testing. 20 mm-long samples were tested in an Instron 4411 tensile testing machine at a speed of
0.02 mm/s~! under nominal environmental conditions 23 °C and 40% RH. All samples were tested at the same
speed to prevent any differences between the tests that might arise from the time dependent behaviour of the
fibers. Loads were measured with a balance Precisa XT 220 (resolution + 1 pN) and displacement was computed
directly from the displacement of the crosshead (resolution & 10 um), since the compliance of the fiber is at least
1000 times larger than that of the rest of the experimental setup.

The cross sectional areas were measured from SEM micrographs of samples adjacent to those tensile tested.
Five diameters were measured for each micrograph and the area was calculated assuming a circular cross section.

Displacements and forces were converted into true strains, €, and true stresses, o, as:

€= Ln£
L, (3)
_F _p L
A AL, (4)

where Aj and L are, respectively, the initial area and length of the sample, and A and L are the instantaneous
values of these magnitudes. Instantaneous cross sectional areas were calculated from the measured ones under
the hypothesis of constant volume, that was proved for Argiope trifasciata major ampullate gland silk fibers®.

Statistical comparisons. To compare similarity of different stress-strain curves we followed Garrido et al.*°
and computed the relative error (RE) as:

g 1756) = 4]
72(®) (5)

where o4(e) is the value of the true stress at a given value, €, of true strain and oy(e) is the value of the true stress
of the reference curve at the same value of true strain.
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