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Abstract

In this study, the secondary structure of the major ampullate silk from Peucetia viridans (Green
Lynx) spiders is characterized by X-ray diffraction and solid-state NMR spectroscopy. From X-ray
diffraction measurement, 3-sheet nanocrystallites were observed and found to be highly oriented
along the fiber axis, with an orientational order, 7.~ 0.98. The size of the nanocrystallites was
determined to be on average 2.5 nm x 3.3 nm x 3.8 nm. Besides a prominent nanocrystalline
region, a partially oriented amorphous region was also observed with an £, ~ 0.89. Two-
dimensional 13C-13C through-space and through-bond solid-state NMR experiments were
employed to elucidate structure details of 2 viridanssilk proteins. It reveals that B-sheet
nanocrystallites constitutes 40.0 £ 1.2% of the protein and are dominated by alanine-rich repetitive
motifs. Furthermore, based upon the NMR data, 18 + 1% of alanine, 60 £+ 2% glycine and 54 + 2%
serine are incorporated into helical conformations.
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1. Introduction

Spiders have evolved for millions of years and their ability to produce silk fibers is
conserved for most of the species in the spider family [1]. Spiders can produce up to six
different types of silk fibers and one type of glue and use them for a large variety of
functions [2-4]. Compare to other natural or man-made fiber materials, the uniqueness of
spider silk is the combination of the outstanding strength and extraordinary extensibility [2—
6]. Along with its biocompatibility, spider silk is, without doubt, an attractive biomaterial
and has been extensively studied by scientists from multiple disciplines [7-31].

Major ampullate spider silk, also commonly called dragline silk, has been frequently chosen
as the model to investigate the molecular architecture because of its remarkable mechanical
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properties and its accessibility. For most Orbiculariae spiders, dragline silk typically
contains two large proteins, named major ampullate spidroin 1 (MaSp1) and major
ampullate spidroin 2 (MaSp2) [7,8]. The primary sequences for the two proteins have been
partially or fully elucidated in previous studies [7,18,32-36]. The core regions, which
accounts for more than 90% of the proteins, are highly repetitive with conserved amino acid
motifs. X-ray diffraction studies revealed that dragline silk consists of nano-crystalline and
amorphous regions [11-15,30,37,38]. The nano-crystallites are commonly observed by
wide-angle X-ray diffraction to be aligned parallel to the fiber axis [11,12,15,30,34,37,38].
Furthermore, solid-state NMR results have shown that the nanocrystallites are -sheet nano-
structures primarily formed by poly(Ala) motifs [9,10,17,19-22,24,31,39,40]. And the
amorphous regions, mainly comprised of disordered 31-helical and type Il B-turn structures,
are formed by Gly-Gly-X and Gly-Pro-Gly-X-X motifs, respectively [9,10,17,19-
24,31,39,40]. Understanding protein structure provides critical insight into correlations
between the molecular design of spider silk and the physical properties [23,41,42].

Green Lynx spiders belong to the RTA clade. Similar to orb-weaver spiders, the RTA clade is
also one sub-family in the super family of Entelegynae [34,43-45]. The Green Lynx spiders
can produce two types of silks similar to the major and minor ampullate silks of orb-weaver
spiders. The mechanical properties of the major ampullate silk from Green Lynx spiders are
comparable to that of the orb-weaver silks [46,47]. When wetted with water, the silk fibers
contract up to 10% in length [46,48], which is also similar to the supercontraction
phenomenon in the orb-weaver silks [5,49,50]. However, in contrast to the orb-weaver
spiders, Green Lynx spiders do not spin webs but only lay silks on the ground as they walk
[48]. In addition, cDNA analysis suggests that only one MaSp1-like protein exists in the
Green Lynx major ampullate silk fibers [46,48]. Therefore, although the Green Lynx spider
shares similarities with the orb-weaver spiders in their major ampullate silks, the molecular
difference makes it interesting to compare the silk from Green Lynx spiders with the well
studied orb-weaver dragline silks.

In this study, we combined wide-angle X-ray diffraction (WAXD) [30,31] and solid-state
NMR techniques [24,31] to investigate protein secondary structure of the major ampullate
(dragline) silk from the Green Lynx spiders. WAXD provides detailed information about the
sizes of the nanocrystallites as well as the orientational orders of the crystalline and
amorphous regions. Two-dimensional (2D) 13C-13C correlation experiments with dipolar-
assisted rotational resonance (DARR) solid-state NMR detects inter-residue and intra-
residue through space 13C-13C correlations. In conjunction with the DARR experiments,
2D 13Cc-13C double quantum/single quantum (DQ/SQ) refocused Incredible Natural
Abundance DoublE QUANtum Transfer Experiment (INADEQUATE) provide additional
through bond 13C-13C correlations. Conformations of amino acid residues in the major
ampullate silk can be determined by the corresponding 13C chemical shifts extracted from
the 2D experiments. Finally, the percentages for the amino acids in specific secondary
structures are quantified and correlated with the amino acid motifs in the primary sequence
of the silk protein.
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2. Materials and methods

2.1. Sample preparation

Mature female Peucetia viridans (Green Lynx) spiders were fed with tap water and crickets
once per week. Spiders were forcibly silked at a speed of 2 cm/s for 1 h every other day. The
major ampullate silk (dragline silk) was separated from the minor ampullate silk (Fig. S1)
with the aid of an optical microscope. To isotope enrich the dragline silk, the spiders were
fed with ~20 pl of U-[13C, 15N]-L-alanine or U-[13C, 1°N]-L-proline solution (15% w/v)
during silk collection [51]. A total of 10mg was collected for each isotope-enriched sample.
In addition, a natural abundance (non-isotope-labeled) silk sample (8 mg) was collected. To
prepare water-wetted silk samples, the dragline silk was soaked in 99.9% D,0 for 12 h to
allow water saturation in the silk fibers. Isotopes were purchased from Cambridge Isotopes
Laboratories, Inc. and used as received.

2.2. Scanning electron microscopy

The dry dragline silk sample was taped on the sample holder and coated with Au/Pd in a
Denton vacuum sputter coater desk Il for 3 min under a pressure of 200 mTorr. The
deposition rate was 5 nm/min with a current of 20 mA. The SEM image was taken using a
FEI XL30 Environmental SEM-FEG. The SEM was operating at a vacuum pressure less
than 9 x 10~ mbar and a beam current of 7.00 kV.

2.3. Wide angle X-ray diffraction

X-ray experiments were carried out at Argonne National Laboratory Advanced Photon
Source BioCars 14-1D-B.14-1D-B beam energy is 9KeV and the corresponding X-ray
wavelength is 1.38 A. The detector is Mar165 3072x3072 CCD from marXperts GmbH with
a pixel pitch of 79 um. Distance between detector and sample was fixed at 180 mm
throughout the experiments. Silk sample was mounted to xyz-translation goniometer head
with helium gas chamber placed between CCD detector and sample. The exposure time
varies from 2 to 6 s depending on the size of silk bundle. For each sample we take 10
exposures. Background was taken by translating silk bundle away from X-ray beam.
Multiple X-ray exposures were averaged and background subtracted using software Fit2D
[52]. 1D WAXD profile was obtained by using azimuthal integration functionality in Fit2D.
Automatic Gaussian peak searching was performed using /sgcurvefit optimization routine in
MATLAB.

2.4. Solid-state NMR

Solid-state NMR experiments were conducted on a Varian VNMRS 400 MHz wide-bore
spectrometer with a 1.6 mm triple resonance magic angle spinning (MAS) probe configured
in TH/A3C/15N mode. All 1D and 2D solid-state NMR experiments were collected under a
MAS frequency of 35 kHz. 13C direct detect (DD) MAS NMR experiments were performed
on natural abundance, U-[13C, 15N]-L-alanine and U-[13C, 15N]-L-proline labeled dragline
silk samples with 135 kHz 1H two-pulse phased-modulated (TPPM) decoupling [53] during
acquisition. The spectra were collected with 25 kHz sweep width, 10s recycle delay for dry
samples and 1 s for water-wetted samples. A fully relaxed 13CDD MAS NMR spectrum was
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collected on the U-[13C, 15N]-L-alanine labeled water-wetted dragline silk sample with 50 s
recycle delay and 1024 transients. 1H-13C cross-polarization (CP) MAS NMR experiments
were conducted on all dry dragline silk samples with 25 kHz sweep width, 3 s recycle delay
and 135 kHz *H TPPM decoupling during acquisition. 1H-13C CP condition was matched
with a ramped 1H rf field from ~141 to ~149 kHz and 13C rf field of 100 kHz. The contact
time during CP was 1 ms. The same CP condition was utilized for all other CP-based 2D
experiments in this study.

2D DARR experiments were collected on the [13C, 1°N]-enriched dragline silk with a sweep
width of 25 kHz in both dimensions. 512 and 256 data points were acquired for direct and
indirect dimensions, respectively. The H-13CCP condition was the same as described
above. Continuous wave irradiation was applied on the 1H channel with a rf matching the 35
kHz rotary frequency. Spectra were collected with a DARR mixing time of 150 ms and 1 s
to gain through space intra- and/or inter-residue correlations. Spectra were acquired with 32
transients, 3 s recycle delay and 135 kHz 1H TPPM decoupling field strength.

Two versions of 2D refocused DQ/SQINADEQUATE NMR experiment were performed on
[13C, 15N]-enriched dragline silk samples. A CP-based version [39,54] was applied on the
dry silk samples, while another 13C direct polarized version [21] was used on the water-
wetted silk samples. The spectra were collected with 25 kHz sweep width and 1024 complex
points in the direct dimension and 35 kHz sweep width in the indirect dimension. The
number of complex points collected in the indirect dimension ranged from 128 (for dry silk
sample) to 256 (for wetted silk sample) to ensure that fully decayed signals can be recorded.
1 s and 3 s recycle delays were utilized for the water-wetted silk sample to superimpose
different components in the wetted silk and 3 s recycle delay was used for the dry silk
sample. Chemical shifts and linewidths of the carbonyl peaks for Ala and Gly were extracted
from the refocused INADEQUATE spectra of water-wetted U-[13C, 1°N]-L-alanine labeled
dragline silk. With the chemical shifts and linewidths for each component, the carbonyl
region of the fully relaxed 13C DD MAS spectrum was fit to extract peak heights to
determine the percentages of Ala and Gly in B-sheet structure. The aliphatic region was fit
using the chemical shifts for each peak obtained from INADEQUATE spectra and the Ser Cg
peak was fit into two components, one is for -sheet structure and the other is for helical
structure. Spectrum deconvolution was performed with MestReNova (version 8).

2.5. Structural composition prediction and quantification

Percentages of Ala, Gly and Ser in -sheet conformation were predicted based on the partial
amino acid sequence of MaSp1 protein for Green Lynx dragline silk (GenBank: GU306168).
Amino acids were predicted to adopt -sheet conformation if they were in the motifs
matching the following rules: (i) any poly(Ala) regions with four or more Ala were counted
as p-sheet; (ii) any poly(Gly-X) (X = Ala or Ser) regions were counted as p-sheet; (iii) any
Gly, Ser preceding or terminating the poly(Ala) or poly(Gly-X) regions were considered as
B-sheet; (iv) in the nonrepresentative domain, any region that consists of four or more amino
acids that include only Ala, Gly and Ser was counted as (3-sheet. This quantification method
has been previously published using Nephila clavipes dragline spider silk [24]. In this work,
we apply the same method to the partial sequence of Green Lynx dragline silk.
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Mature female Green Lynx spider (Fig. 1A) was forcibly silked and bundles of dragline silk
(Fig. 1B) were collected for solid-state NMR or wide angle X-ray diffraction. The forcibly
silked Green Lynx dragline silk fibers are uniformly shaped with a diameter of ~1 pm as
measured by SEM (Fig. 1C). WAXD experiments were performed on the dragline silk
sample to characterize the secondary structure. 2D WAXD pattern of a vertically aligned 2
viridans (Green Lynx) major ampullate spider silk fiber bundle is shown in Fig. 2. The
beamstop shadow and CCD detector lines (yellow) have been masked for integration. In
addition, the diffraction intensity has been color-coded by Fit2D to assist visualizing the
pattern. The observed diffraction pattern is comparable to previously published major
ampullate spider silks [30,31]. The equatorial reflections are commonly assigned to -sheet
nanocrystalline structures with the reflections 30° on either side of the axis arising from the
electron density of the surrounding amorphous regions [55]. Fig. 3A shows the azimuthal
integration of an equatorial wedge 15° on either side of the horizontal axis deconvoluted to
demonstrate the Gaussian fitting procedure results used to optimize the reflection positions.
These two strongest reflections are assigned to the (200) and (120) reflections as indicated in
the figure. The meridian wedge without the beamstop shadow was integrated to obtain
parameters for the final dimension of the unit cell arising from the (002) reflection (Fig. 3B).
The additional narrow peak occurring around 13.5 degrees in 26space is assigned to the
superlattice reflection and is not usually associated with individual 3-sheet nanocrystals. The
fiber bundle was well aligned and had sufficient fiber proximity that many higher order
reflections were observed in this 2D pattern. The 12 most intense unique and well-
differentiated reflections were iteratively used to calculate an orthorhombic unit cell of
dimensions 6.6 A by 9.7 A by 10.9 A. The radial broadening of the crystalline fractions in
20 space was used to approximate the nanocrystallite dimensions through Scherrer's
formula, L =0.9 x A/(FWHM x cosé). These data illustrate that the nano-crystal dimensions
were 2.5 nm by 3.3 nm by 3.8 nm as calculated from the (200), (120), and (002) reflections.
The integration of the equatorial (200) and (120) reflection comprise the majority of the
component relating to the f-sheet nanocrystallites and as a percentage of the total diffraction
intensity, we can approximate the crystalline component of the silk at 34%. Radial
integration of a narrow ring around the (200) and (120) reflections can be used to
approximate the orientation factor of the [3-sheet nanocrystallites within the spider silk fiber
using Herman's orientation function: £ = (3(cos2¢) — 1)/2, where ¢ is the FWHM of the
resulting Gaussian-fit (Fig. 3C). The obtained orientation factor of 0.98 indicates there is
nearly perfect alignment of these nanocrystallites within the fiber along the fiber axis. The
small component of disorder likely arises from imperfect alignment of the fibers within the
bundle. The amorphous component can also be aligned when adjacent disordered strands are
parallel to each other. The orientation factor can also be applied to the amorphous
component to assess the extent of ordering among the fraction of the polypeptide backbone
not arising from the p-sheet nanocrystallites. The (201) reflection demonstrated in Fig. 3D is
associated with the amorphous component of the spider silk fibers and equates to an
amorphous orientation factor of 0.89.
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Previous reports on the partial sequence of the MaSp1-like protein do not provide accurate
amino acid composition of Green Lynx dragline silk [46]. Here, amino acid analysis was
applied on natural abundance silk sample utilizing a *H solution-state NMR technique as
previously described (Fig. S2) [56]. The molar percentages of 15 amino acids in the silk
proteins was measured and shown in Table S1. As a member from the RTA clade, Green
Lynx spiders were predicted to use only the MaSp1-like protein in their dragline silk [48].
However, the existence of Pro with 3.0% molar percentage was observed in the hydrolyzed
silk solution. Pro was by far exclusively found in MaSp2-like protein in spider dragline silk
[34]. Therefore, the determined Pro content suggests that Green Lynx dragline silk consists
of both MaSp1 and MaSp2 proteins.

1H-13C CP MAS NMRspectrum of natural abundance Green Lynx dragline silk is displayed
in Fig. 4A (black). Signals were observed for amino acid with composition higher than 3%,
including Ala, Gly, GIn, Asx (aspartic acid and aspartate) and Ser. Also, Tyr (2.7%) side
chain can be unambiguously identified because of the distinct chemical shifts from 100 to
160 ppm. As shown in Figs. 3C and 4B, the level of 13C enrichments for Ala and Pro were
significantly elevated, when the spider silk was isotope-enriched by feeding the spiders with
uniformly 13C labeled Ala or Pro solutions. In addition to Ala and Pro, 13C was also
enriched in Gly, GIn and Ser [56].

Ala Cg and Ser Cp peaks exhibit considerable asymmetry, indicating that Ala and Ser are
incorporated into two or more distinct secondary structures. The multiple components can be
further resolved in spectra collected on water-wetted silk samples. Interacting with water
leads to the plasticization of the non-f-sheet regions and the structure reconfiguration in silk
fibers. As a result, the anisotropic morphology of the nanocrystallites is changed, primarily
due to the amorphous regions becoming less restricted and dynamic [17,57-59]. Therefore,
the plasticizing effect of water on spider dragline silk can be utilized to increase the
resolution of its NMR spectra [24,31,40]. In Fig. 4, 13C DD MAS NMR spectra of three silk
samples were collected in dry (red) and water-wetted (blue) conditions. Spectral resolution
in the carbonyl region is significantly improved for the wet silk compared with the dry
samples.

2D 13C-13C correlation spectra of the U-[13C, 15N]-L-Ala and U-[13C, 1°N]-L-Pro labeled
Green Lynx dragline silk are shown in Figs.4B and 5A. The spectrum collected with a
DARR mixing time of 150 ms provides two sets of intra-residue correlation between Ala C,
Cp and CO for both silk samples. The Ala C, Cg and CO with chemical shifts of 49.2, 20.9
and 172.6 ppm show an intense correlation. The other correlation with less intensity was
observed with Ala C,, at 50.3 ppm, Ala Cg at 17.2 ppm and Ala CO at 175.5 ppm. Based on
their chemical shifts, the two correlations were assigned to Ala residues adopting p-sheet
and helical secondary structures, respectively. In Fig. 5B, the 13C-13C correlations within
the Pro spin system was identified. The extracted chemical shifts are 60.7, 30.7, 25.0, 47.9
and 173.0 ppm for Pro C, Cg, C,, Cs and CO, respectively. In addition, a weak inter-residue
correlation between Ala C, and Gly C, was observed as displayed in Fig. 5A. However, as
shown in Fig. 5C, no inter-residue correlation between Pro C, and Gly C, can be observed
in the slices extracted at Pro C,, (60.7 ppm) even when 1 s of DARR mixing time was
applied (Fig. 5C, bottom).
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Additional 2D through-bond DQ/SQ refocused INADEQUATE NMR spectra were collected
for 13C-enriched Green Lynx dragline silk. Cross-polarization was utilized to detect the 13C
spins in the dry silk samples (Fig. 6A and B). Double quantum correlations of Ala C.-Cg,
Ala C,-CO, Gly C,-CO and GIn C,-Cg were presented in Fig. 6A. Fig. 6B displays the
correlations between Pro C.-Cg, Pro Cg-C,, Pro C-CO as well as the correlation between
GIn C,-Cg. These spectra further confirm the chemical shift assignments determined from
the through-space experiments as discussed above. In addition, another two sets of
correlations between Ser C-C were observed, indicating two secondary structure
environments for Ser. To better resolve the overlapped carbonyl region, refocused
INADEQUATE NMR experiments were applied on the wet U-[13C, 1°N]-L-Ala labeled silk.
As 1H-13C CP efficiency is reduced by the increasing mobility of silk proteins in the wet
sample, direct-polarization 13C experiment was used instead. Ala and Gly each show two
distinct carbonyl environments in the inset of Fig. 6C. The rigid B-sheet structures have a
longer 13C T relaxation time compared with the relative mobile helical structures, hence the
intensity of the B-sheet peaks will be enhanced by using longer recycle delay (3s compared
to 1s) [24]. Based upon this phenomenon, the Ala CO at 172.6 ppm and Gly CO at 169.6
ppm were identified as f-sheet conformation while Ala CO at 175.5 ppm and Gly CO at
171.8 ppm were determined to be in helical secondary structure.

With the chemical shift and the full-width at half-maximum (FWHM) extracted from Fig.
6C, the percentage of the secondary structures can be quantified by fitting the carbonyl
region of a fully relaxed 13C DD NMR spectrum. As shown in the left panel of Fig. 7, the
carbonyl region was fitted into several components according to the corresponding chemical
shift and FWHM. 82 + 1% of Ala and 40 + 2% of Gly are determined to present in B-sheet
regions. The Ala and Gly in helical conformation are found to be 18 + 1% and 60 + 2%,
respectively. The fit of Ala Cg peak in the right panel gives a percentage of 20 + 3% helical
and 80 £ 3% B-sheet, which is consistent with the results obtained from fitting the carbonyl
region. In addition, the asymmetric Ser Cg peak was fit into two components. The secondary
structure assignment for Ser Cg was conducted by comparing the relative intensity of the two
components in the 13C DD NMR spectra of the wet and dry silk collected with 1 s recycle
delay (data no shown) [24,31]. The Ser Cg at 61.8 ppm shows enhanced signal in the wet
silk, indicating belongs to the mobile helical component. Thus, 54 + 2% of Ser are in helical
structure and 46 £ 2% are in p-sheet structure.

Partial amino acid sequence of the Green Lynx MaSp1 silk protein is displayed in Fig. 8. It
was used to estimate the percentage of the secondary structures based on the amino acid
motif model described in the method section. All the color-coded amino acids were counted
as adopting p-sheet conformation while the rest are considered as being in helical
conformation. Since only MaSpL1 silk protein has been identified in the Green Lynx dragline
silk [46], there is no information available for the MaSp1:MaSp2 ratio at this moment. Due
to the similarity of the amino acid compositions in the two spider silk proteins, the partial
sequence of MaSp1 protein is a reasonable representative of the entire Green Lynx spider
dragline silk protein. As shown in Table 1, based on this model in Fig. 8, 78% of Ala, 38%
of Gly and 42% of Ser were predicted to present in -sheet regions.
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4. Discussion

Compare to the dragline silk from Nephila or Black Widow spiders, Green Lynx spiders
produce much thinner fibers. But the dragline silk from Green Lynx spiders are still
comparable to other dragline silks in terms of mechanical properties [47,48]. This can be
mainly attributed to the similar construction and topology of the -sheet crystals observed
from the WAXD data, and the persistent presence of mass fractal hierarchical structures of
the nano-crystallites indicated by the small-angle X-ray scattering (SAXS) structure factors.
The SAXS structure factor shows perfect power law relation in the g range of 0.16-0.6 nm~1
(Fig. S4), indicating that the nano-crystals in Green Lynx is mass fractal with hierarchical
spacial arrangement, forming a mechanically robust self-similar beta-sheets network [60—
62]. According to the WAXD data, the crystalline region and amorphous region are both
highly oriented based on their orientational orders. However, the size of the nanocrystalline
components is relatively smaller, especially in the direction along the fiber axis [38]. The
result implies that the length of the backbones in the B-sheet structures is relatively shorter,
which in turn leads to the lower strength of the silk fiber [63]. This can be explained by the
fewer numbers of Ala in the poly(Ala) motif in the partial sequence of the MaSp1 protein of
Green Lynx dragline silk.

Solid-state NMR data provides detailed information about the secondary structures for the
building blocks in the dragline silk protein. Ala, Gly and Ser in Green Lynx dragline silk are
shown to adopt both B-sheet and helical structures. Most Ala are in the B-sheet conformation,
which can be ascribed to the poly(Ala) and poly(Gly-Ala) motifs. As comparison, the
majority of Gly are in the Gly-Gly-X (X can be GIn, Tyr, Arg, Phe, Leu, Val and Ala)
motifs, which contribute to >60% of Gly in helical regions. As fewer Ser are adjacent to the
motifs of poly(Ala) and poly(Gly-Ala), the percentage of Ser in 3-sheet is smaller than that
in helical conformation. The percentage of crystallinity for the Green Lynx dragline silk is
40.0 + 1.2% estimated from the percentage of Ala, Gly and Ser that are in B-sheet
conformation. The crystallinity from WAXD is smaller than that calculated from the NMR
data [24,30]. This discrepancy likely results from the difference of the two methods in
counting the percentage of crystals. The percentage from WAXD data is calculated based on
the volume of the crystalline region while the one from NMR data is determined based on
the molar percent of the involved amino acids. Since Ala, Gly and Ser are the amino acids
that have smaller molar volumes among the 15 amino acids in the spider silk, the
crystallinity derived from the molar percent of the three amino acids should be equivalent to
a smaller value if it is converted to the by-volume percentage. Comparing with the previous
results for Black Widow and N. clavipes dragline silks [24,31]. There is no direct correlation
that can be found between the percent of crystallinity and a certain parameter in mechanical
properties.

According to our amino acid analysis result (Table S1), there is 3.0 + 0.2% of proline within
the Green Lynx dragline silk proteins. When the silk proteins were 13C enriched by feeding
the spiders with 13C labeled Pro solution, the distinct 13C correlation pattern for Pro was
observed in the 2D 13C-13C DARR spectrum. This result confirms the presence of Pro in the
Green Lynx dragline silk. Additionally, the presence of inter-residue Pro C,—Ser C,,
correlation and the absence of Pro C,—Gly C, correlation indicate that the common GPGXX
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motif is not in the Green Lynx silk protein (Fig. 5C) [23]. However, the 13C chemical shifts
indicate that Pro is in the type Il B-turn structure, which is the common secondary structure
adopted by the GPGXX motif found in most MaSp2 proteins for dragline spider silk [64,65].
The relationship between proline content and mechanical properties has been well
demonstrated [49,66]. Based on the Pro content, the stress-strain curves for the
supercontracted dragline silk from different spider species have been plotted by Liu et al.
[49]. The stress—strain curve for the dragline silk of Peucetia rubrolineata spiders (a close
sibling to the Green Lynx spiders) reported by Pérez-Rigueiro et al. [46] can be well fit into
the stress—strain curve pattern [49] based on 3% of Pro content in the silk. Therefore, Pro is
still a key amino acid in determining the physical properties of spider silks. The lack of Gly-
Pro through space correlations is a motivating factor for further experiments to determine the
Pro containing motif in Green Lynx dragline spider silk.

Green Lynx spiders along with other RTA clade spiders are believed to have only one type of
spidroin protein (MaSp1) in their dragline silk [43,46-48]. However, the discovery of Pro in
Green Lynx dragline silk cannot be explained by the small amount of Pro in the terminal
region of the MaSp1 sequence (Fig. 8). Therefore, the result strongly indicates that there is a
second spidroin (MaSp2) in the dragline silk, which has been overlooked. Using the
percentages of Pro within the MaSp2 proteins of several Orbiculariae spiders, the MaSp2
content in Green Lynx dragline silk is estimated to be 20+%. Assuming Green Lynx dragline
silk is similar to other dragline silks and contains two proteins that are similar to MaSp1 and
2 in composition, molecular weight and composition, then we can guess that the
MaSp1:MaSp2 ratio in Green Lynx dragline silk would be very close to that of the .
clavipes and Black Widow dragline silks [18,67]. The two spidroins, besides Pro content,
show high similarity in amino acid composition, amino acid repetitive motifs and molecular
architecture [33,43]. The slight difference in the mechanical properties of the two spidroins
[26] ensures the spiders can tailor the physical properties of their silk fibers to adapt to the
changes of environment by varying the ratio of the two spidroins. Since Green Lynx spiders
are a more ancient species than the Orbic-ulariaes, it seems that the spiders realized the
benefits of using two spidroins in their silk much earlier than we thought. The picture of how
the two spidroins correlate and interact with each other still remains unclear but very
intriguing.

5. Conclusions

The secondary structure of the Green Lynx spider dragline silk protein was characterized by
WAXD and solid-state NMR spectroscopy. p-Sheet nanocrystallites were observed to be
embedded in the amorphous region by WAXD and the size of the crystals is determined to
be 2.5, 3.3 and 3.8 nm. Both crystalline and amorphous regions were found to be highly
oriented and aligned parallel to the dragline silk fiber. The solid-state NMR data indicated
that Ala, Gly and Ser are incorporated into both -sheet and helical structures. The
percentages of each amino acid in -sheet conformation were calculated by fitting the
carbonyl region of the fully relaxed 13C DD NMR spectrum. 78% of Ala, 38% of Gly and
42% of Ser were determined to be in 3-sheet secondary structure. This agrees with the
theoretical prediction based on the primary amino acid sequence of the silk protein.
Therefore, a quantitative correlation between the secondary structures and primary amino
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acid sequence was established. Furthermore, 3.0% of Pro was detected in the Green Lynx
dragline silk and chemical shift analysis indicated that Pro is in f-turn conformation. The
large amount of Pro in the dragline silk implies the possible existence of a second silk
protein, MaSp2. Further, detailed structural information at the molecular level was revealed
for the dragline silk protein of a spider in the RTA clade. Green Lynx dragline silk presents a
molecular architecture very similar with that from Orbiculariaes spiders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(A) Picture of a mature female Peucetia viridans spider; (B) optical microscopy image of

Peucetia viridans spider dragline silk bundle; (C) SEM image of a single dragline silk fiber.

Int J Biol Macromol. Author manuscript; available in PMC 2016 May 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Xu et al.

Fig. 2.
2D WAXD pattern of Peucetia viridans spider major ampullate silk.
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Fig. 3.

1D WAXD radial intensity profiles for Green Lynx major ampullate silk fibers. The
(120/200) equatorial peaks (A) and the (002) meridian peak (B) are deconvoluted into broad
amorphous and narrow crystalline components (black line). The (200) and (120) peak (C and
D) are also radially deconvoluted (black line). Blue line is the experimental data while the
red line is the total fit.

Int J Biol Macromol. Author manuscript; available in PMC 2016 May 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Xu et al.

Page 17

A . 8 B g (@ -
o 5 2 8
3 = 2 G
< Sa = &
= = = =
3 o O 53
[--% oz = —
2 % 23 22 H 3, 0538
Z 5 olls ] s 238 =56
5 o= 5|18 o < ] Soas O02|E
5] 5| |0 - &) = 8 0%z, 282|2
— < 37 = z F=£ o 8 3330 2|0
s o 2(,\< s 330 L 20| » Qg
g 38950 83 233 N 3 330° &2/
w g
& 2 o9 i 20 2£8 S& 5
Sle) [¢) @ 5 o P o
< up 5 O ] \ 00 g a
) 3] -5 s
i)
s = naD
= N\

180 160 140 120 80 60 40 20 O 180 160 80 60 40 20 O 180 160 80 60 40 20 O
3C Chemical Shift (ppm) 3C Chemical Shift (ppm) 3C Chemical Shift (ppm)

Fig. 4.
13C DD MAS spectra of dry (red) and wet (blue) major ampullate silk and 13C CP MAS

spectra (black) of dry major ampullate silk from (A) natural; (B) U-[*3C, 15N]-L-Ala labeled
and (C) U-[13C, 15N]-L-Pro labeled Peucetia viridans spiders. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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2D 13C-13C correlation NMR spectrum of (A) U-[13C, 1°N]-L-Ala labeled and (B) U-
[13C, 15N]-L-Pro labeled Peucetia viridans spider dry major ampullate silk with DARR
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mixing time of 150 ms. (C) Slices at Pro Ca were extracted from 2D 13C-13C DARR
experiments of U-[13C, 15N]-L-Pro labeled dry major ampullate silk with 150 ms (top) and 1

s (bottom) mixing times.
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2D 13C-13C through-bond double quantum/single quantum (DQ/SQ) refocused
INADEQUATE NMR spectrum of (A) U-[13C, 1°N]-L-Ala labeled and (B) U-[13C, 15N]-L-
Pro labeled Peucetia viridans spider dry major ampullate silk. (C) 2D INADEQUATE
spectrum of U-[13C, 1°N]-L-Ala labeled Peucetia viridans spider wet major ampullate silk.

Inset shows the CO regions of the 2D INADEQUATE spectra collected with 1s (right) and 3
s (left) recycle delays.
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Fig. 7.
The carbonyl and aliphatic regions from the fully relaxed 13C direct detect (DD) MAS NMR

spectrum ofthe U-[13C, 15N]-L-alanine labeled Peucetia viridans spider wet major ampullate
silk. The spectrum was deconvoluted to extract the percentages of Ala, Gly and Ser residues
that are incorporated into 3-sheet or helical conformations.
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MaSp1
QGGFGGQGSGAGAGAAAAAGAGAGQGGRGGYGQGGFGGQGSGAGAGASAAAGAGA
GQGGRGGYGQGGFGGQGSGAGAGASAAAGAGAGQGGRGGYGQGGFGGQGSGAGAG
ASAAAAAAGQGGRGGYGQGGLGGSGSGAGAGAGAAAAAAAGAGGYGQGGLGGYGQG
AGAGQGGLGGYGSGAGAGASAAAAAGAGGAGQGGLGGYGQGAGAGQGGLGGYGSGA
AGAAAAAAAGAGGSGQGGLGGYGSGGGAGGASAAAAGTGQGGVGGYGQGAGSSAGA
GTGGVGQGGYGSYGSSYQSTSGISIALSTQSLGGQGQYGQGLGAGASAGAGAAVGTGLG
QGGLGGYGQGSGSASAAASGSGSAIGGFGGYGQGAGLGAGTAADVGATVSNTVSRLSSP
AATSRVSSAVSSLVANGAPNLSSLPNVISSLSNSVSASTPGASGCEILVQVLMEVVTALVQILS
SANVSSVNAGDPSQAAMTVGQSVAAALG

Fig. 8.
Partial primary amino acid sequence for the Peucetia viridans spider MaSp1 protein. The

Ala, Gly and Ser residues predicted by the primary sequence to adopt 3-sheet conformation
were colored in red, blue and green, respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Table 1

Percent of B-sheet and helical conformations in the Peucetia viridans spider major ampullate silk predicted by
the primary amino acid sequence (AA%) and determined from deconvolution ofthe fully relaxed 13C DD-
MAS NMR spectrum (NMR%).

B-Sheet Helical

Residue AA (%) NMR (%) AA (%) NMR (%)

Ala 78 82+1 22 18+1
Gly 38 40+3 62 60+3
Ser 42 46+ 2 58 54+2
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