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Materials and Methods

Silk fibers were collected from the orb-webs of two adult Argiope bruennichi (Araneidae)
spiders living in their natural habitat and transferred onto X-ray transparent, low scattering
background Si3sNs membranes without adding water, conservation or fixation agents'. A hub-
area silk fragment with attached decorating silk fibers from the stabilimentum was transferred
onto a membrane without maintaining its architecture. We also transferred a section of a MaS
bridging-thread with an attached fine fiber of unknown glandular origin onto a membrane.

The samples were stored at about 4°C prior to data collection.

Imaging by scanning electron microscopy (SEM) and optical microscopy. SEM images
were recorded at 10 KV using a Zeiss Leo system. A 5 nm Au-layer was deposited by
sputtering to avoid charging. Optical microscopy was performed using an inverted Olympus

microscope with bright field and epi-illumination.

Synchrotron radiation (SR) scattering experiments were performed at the ID13 beamline
of the “The European Synchrotron (ESRF)” using a monochromatic beam with AA/A~2%10
band width obtained from the pink beam of an undulator source by a liquid nitrogen cooled
double Si crystal. Experiments were performed in transmission geometry with the SR beam
oriented approximately normal to the SisN4 membrane surface!?. Samples were kept during
the experiments at room temperature (about 23 °C), in air and without control of the humidity
level.

X-ray microdiffraction (microXRD) was performed with a A~0.094 nm SR-beam focused
to an about 1.5 pum (hxv) (fwhm) spot at the sample position by a composite of parabolic Be
refractive lenses®. The flux in the focal spot was ®~6.4x10'! photons s™! corresponding to a
flux density of ®¢~2.9x10° photons s nm™. The cut-off by the beamstop corresponded to a
lattice spacing of ~14 nm (Q~0.45 nm™! with Q=2n/d=4nsin®\™'). The sample-to-detector
distance was calibrated by an AlO3; powder standard (NBS: SRM 674a) to 203.6 mm.



X-ray nanodiffraction (nanoXRD) was performed with a A=0.0835 nm SR-beam focused
to an about 190(h) nm x 170(v) nm (fwhm) spot at the sample position by Si refractive lenses
in crossed geometry. The flux in the focal spot was ®~5x10° photons s corresponding to a
flux density of ®4~1.5x10° photons s™! nm™. The cut-off by the beamstop corresponded to a
lattice spacing of ~25 nm. The sample-to-detector distance was calibrated by an Al,Os;

powder standard to 253.3 mm.
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SM Fig. 1 (A) Equatorial intensity profile of radial thread simulated by Gaussians for Bragg ( in blue) and SRO
(in red) peaks and a 0-order polynomial for random residual scattering. Miller’s indices associated with the
Bragg peaks of the P-sheet nanodomains correspond to the poly(L-alanine) lattice. AC=Cecxp-Csim is the
differential intensity. (B) Equatorial intensity profile of hub-spiral simulated by Gaussians as for (A). Bragg
peaks indexed for the poly(L-alanine) lattice. (C) Cake-regrouped 2D MasS pattern. (D) 1D azimuthal intensity
distribution of pattern in (C) obtained by integrating along Q-axis. The azimuthal intensity distribution was
fitted by Gaussians Bragg peaks. SRO scattering is contained in the random background fitted by a 0-order
polynomial. “Red” pixels in (A-C) due to non-sensitive detector areas were masked for the fits. Q=2nd
=47sin@\"! where d is the lattice spacing, © the Bragg angle and A the wavelength.

The scattering background was reduced by a He-path between slit system and beamstop. The
sample was aligned by an Olympus optical microscope in the SR focal spot and mesh-

scanned normal to the beam direction along orthogonal horizontal and vertical axes. Scanning



microXRD was performed by an M-810 6-Axis Hexapod (PI) with £500 nm repeatability and
scanning nanoXRD by a Hera 2D piezostage (PI) with =10 nm repeatability. X-ray radiation
damage due to radicals propagation into unexposed mesh-points next to an exposed mesh-
point was limited for scanning nanoXRD by choosing a step-width of 0.5um (hxv)'. Micro-
/manoXRD patterns were collected at each step by an EIGER 4M pixel detector (DECTRIS)
with 2070 x 2167 pixels of 75um x 75um area each, single photon counting capability and no
readout noise. The position of the beam was displaced from the centre of the detector to

obtain access to larger Q-values for part of the pattern.

Data reduction and display. FIT2D was used for analysis and display of selected patterns®.
The composite diffraction image (called “composite image”; Abbr.: CI) obtained from the
patterns of a mesh-scan is proportional to an electron (or mass) density projection at the
hierarchical scale determined by the selected angular range of the “pixels” (patterns). SAXS-
CIs based on pixels covering the SAXS and WAXS-CIs covering the SAXS/WAXS range
were generated from the sequence of patterns obtained in a mesh-scan. Background scattering
obtained close to the sample was subtracted. For the weakest scattering features from the amo
fiber we analyzed the raw detector data.

The equatorial intensity profile obtained at the marked position of a radial fiber in a
microXRD WAXS-CI (SM Fig. 2E) is shown in SM Fig. 1A. The corresponding 2D pattern
is shown in SM Fig. 2A and the cake-regrouped pattern in SM Fig. 1C. The Q-scale is
defined as: Q=2nsin®L'=2nd"! where ®: Bragg angle, A: wavelength, d: lattice spacing. The
profile was fitted by six Gaussians for Bragg peaks and diffuse scattering (called “SRO” for
“short-range order scattering”) as well as a 0-order polynomial for residual scattering'.

Intensity profiles and peak fit parameters were also plotted using the Origin® software.

WAXS analysis. The particle size (Linky) is determined from the full-width-at-half-maximum
(fwhm) of the Gaussian fitted to a (hkl) Bragg peak according to Scherrer’s equation’. It
corresponds to a lower limit in particle size as additional possible broadening effects (e.g.
strain) are not considered. The particle size determination for MaS fibers has been reported
in'.

The “orientation distribution” (f) of crystalline -sheet nanodomains along the fiber axis
was determined in terms of Herman’s orientation function®:
fi=(3<cos’¢->-1)/2 SM Eq. 1

varying between 0 (random orientation) and 1 (perfect alignment). f. was derived from the

azimuthal width do201210 of the equatorial (020)/(210) reflections via’*:



<c0s? h>=1-0.8<cos’@g20>-1.2<cos’D210> SM Eq. 2

where ®020210=90-¢20210." The azimuthal peak profiles were determined by fitting the
radially integrated (020) and (210) peaks by a narrow Gaussian for the (hk0) peaks, a broad
Gaussian covering the (hkl) layer-line peaks and a 0-order polynomial for residual
scattering’. For the amorphous fibers, the azimuthal width of the equatorial streak was
extrapolated to a constant value at the largest accessible Q-value to separate orientation
distribution from particle size'*'2,

The crystallinity X (%) of silk fibers is defined as:

S,

=— =B 1100 SM Eq. 3
2lp +2l¢no

YIp is the sum of the integrated Bragg peak intensities and X/szo the sum of the SRO
intensities. For the MaS fibers, Bragg intensities were obtained from the azimuthal intensity
profiles via the full-width at half maximum (fwhm) of the Gaussian peak profiles
(Gtensityx2.354) and the SRO intensity (Isro) from a box function of Imax*angular range (°)
(SM Fig. 1D). For a different approach in determining the contributions to SM Eq. 3 see:’.
The quasi-linear difference pattern of observed minus simulated intensities (Ac=Alobs-sim)
suggests that the assumption of an absence of a preferred SRO orientation is a good
approximation. X-values are more qualitative for lower-crystallinity fibers such as
stabilimentum threads in view of the difficulty in separating crystalline from SRO

scattering'?.

SAXS analysis. The meridional SAXS peak of MaS fibers is attributed to nanofibrils
composed of crystalline nanodomains stacks separated by less ordered protein, providing a
density modulation along the nanofibrillar axis'. Scattering is Bragg-type although deviations
from an ideal stacking period imply that only one or sometimes two orders are observed!!'!.
For more crystalline (44 %) bagworm silk several meridional peaks are observed'*.

The equatorial SAXS streak, which is also observed for amorphous silk fibers, is attributed
to the reciprocal space transform of bulk fibrillar objects. The intensity of the streak can be
formulated as product of a form factor term P(Q) and density contrast between fibrils and

surrounding matrix 4p:

1(Q)=K'P(Q)Ap SM Eq. 4
where k’ is a scaling factor'"'?. The (scattering) density contrast and therefore the intensity of
the streak can be modified and quantitatively analyzed by H/D exchange using small-angle

neutron scattering (SANS) as shown for Nephila MaS silk'2. The extent of deuteration is
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known as the H/D exchange rate is very slow for the crystalline polyalanine-rich B-sheet
nanodomains but fast for the disordered polyglycine-rich polypeptidic chains in the matrix
surrounding the nanofibrils and the chains connecting the nanodomains within the
nanofibrils. The A4p term of the SAXS streak intensity can be modified by changing the
density of the matrix surrounding the nanofibrils through hydration!>. The scattering
contribution from the mesofibrillar MaS skin-layer! to the equatorial streak is weak and
cannot be separated from the SAXS streak for scattering experiments on fiber bundles using
larger X-ray beams.

Simulation of fibrillar scattering was based on the assumption of uncorrelated cylinders

with radius 7 resulting in a modulated intensity decay: >
4
2J
P(Q)= c%(%)z SM Eq. 5

where Ji corresponds to the Bessel function of first kind and first order and c is a scaling
constant. The instrumental resolution of the micro-/nanoSAXS setups limits the observation
of modulated intensity decay to cylindrical diameters (d¢) of approximately 100 nm. This
dimension correspond to mesoscale bundles of aggregated nanofibrils observed for bagworm
silk'*. A cylindrical diameter can also be determined from the slope (m) of the J; orders
versus Q via de=2m/m.!” The modulation period becomes too large for nanofibrils with d.<10
nm. An approximate dc-value can, however, be derived by determining the Guinier radius of
gyration Rg from the slope of the equatorial streak intensity via a In(/*Q)/Q? regression line
fit providing dc=Rs*8°>.!! If observable, one can also deduce the diameter of close-packed

nanofibrils from an equatorial SAXS correlation peak.

Orb-web features in composite images

Radial thread. A microXRD pattern from one of the of 4 parallel strands in the
SAXS&WAXS-CIs (Fig. 2A, SM Fig. 2G) shows equatorial poly(L-alanine) lattice Bragg
peaks from the crystalline B-sheet nanodomains of Ma$S fibers'-”!¥, SRO scattering from the
disordered polypeptidic matrix and a meridional SAXS correlation peak (also called “long
period”) attributed to nanofibrils"!! (SM Fig. 2A,B). We determined a crystallinity of ~14 %
according to SM Eq. 3. The equatorial intensity profile (SM Fig. 1A) agrees also to MaS
fibers’ intensity profile!, set aside a more intense peak at the (100) position which would

imply a breakdown of the 21 symmetry along the a-axis of the poly(L-alanine) lattice'®.
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SM Fig. 2 (A,B) WAXS patterns from radial thread at yellow ® in (E) with poly(L-alanine) reflections and
SRO powder ring; SAXS pattern with meridional peaks (white arrows). (C,D) SAXS/WAXS pattern of hub-
spiral at red ® in (E). Open arrows along fiber axis. (E) WAXS-CI; red arrows indicate sections sampled along
radial thread (MaS section) and hub-spiral (HS sections). (F) Hermann’s orientation function values (f.) along
radii thread and hub-spiral sections. Horizontal lines correspond to linear regression fits to the f. values. (G)
Zoom of WAXS-CI hub-spiral thread traversing an attachment disc. The beam size is schematically shown as a
pink square. (H) Zoom of SAXS-CI with am, fibers projection (in blue) defined by SAXS streaks. The diameter
of the fiber is estimated to be 2.0 £0.4 um (see below). (I) Two scan-lines across am, fiber. NanoXRD patterns
were collected at positions of the filled circles; each 2.0 um horizontal scan-step implies a vertical beam
displacement across the fiber by 0.81 um allowing increasing the number of horizontal sampling points across
the fiber by about factor 2.5. The £0.4 um error in diameter is due to the size of horizontal scan-increments,
limiting the accuracy in determining the range of horizontal streak scattering.



We do not, however, observe an azimuthally well-defined peak at this position in the
diffraction pattern (SM Fig. 2C) suggesting diffuse, SRO-type scattering from an undefined
silk fraction. The nanodomains axial orientation distribution along the radial threads section

of £:=0.927(1) (SM Figs. 2E.F) agrees to f,-values from A. bruennichi’s bridge-thread'.

Hub-spiral thread: MiS or MaS? A zoom of the WAXS-CI reveals the two fibers of a
thread traversing an attachment disc which has lost its connection to the radial fibers (SM
Fig. 2G, SM Fig. 2E). The absence of glue droplets excludes a capture-thread and supports a
hub-spiral thread!®. The ~4 pm diameter fibers show the poly(L-alanine) Bragg peaks of MaS
fibers including a meridional SAXS peak (SM Figs. 1B; 2C,D). The peak at the (100)
position in the equatorial intensity profile (SM Fig. 1B) does, however, not show up as an
azimuthally defined peak in the diffraction pattern (SM Fig. 2C) and is probably also due to
an undefined silk material as for the radial fibers. We observe stronger SRO scattering as
compared to the radial fibers, reducing the crystallinity to X~10 %. The hub-spiral has been
attributed to MiS fibers®® containing B-sheet protein motifs®!. An alternative proposal based
on morphological and mechanical properties attributes the hub-spiral rather to Ma$S fibers>>.
Attempts differentiating MiS from MaS fibers from forced-silked Nephila and Argiope
spiders by their crystallinity, particle size or orientation function (f:) values have not been
successful?. Given the difficulty of separating SRO from Bragg scattering for the hub-spiral
fiber (SM Fig. 1B) we analyzed parameters derived from the Bragg peaks such as unit cell
metrics via Bragg peak positions, particle size or orientation distribution (SM Eq. 1,2). Bragg
peak positions and nanodomains size values (SI Table 1) of hub spiral and radial thread are
again quite similar.

SI Table 1. Particle size (Luko) based on Scherrer’s formula’ along [hkO0] lattice directions, normal to the fiber
axis (c) of the poly(L-alanine) structure's.

Li100] Lio1o] Lp210

(nm) (nm) (nm)
hub-spiral 1.3 2.2 3.9
radial thread 1.3 2.7 3.8

fe values from various spider species show a too high variability for a systematic
comparison'-’%2+2526 I the current case all fibers probed and analyzed were, however, from
the same orb-web and sampling along fiber sections was performed. We also followed a
common data reduction protocol including background treatment, fitting the 360° azimuthal
profile by Gaussians for the two symmetry-equivalent Bragg peaks as well as two broader
Gaussians covering the 1% layer-line peaks’. Indeed, we determine a significantly higher

1=0.960(3) value for the hub-spiral thread as compared to the radial thread (/:=0.927(1); SM
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Fig. 2F). The drawing speed is known influencing the f.-value for Nephila Ma$ fibers**. The
difference in f.-values shown in SM Fig. 2F is, however, too large to be explained by
different MaS drawing speeds for hub-spiral and radial threads during orb-web building with
drawing speeds of <10 mms!. In conclusion, our data show that hub-spiral fibers have the
same composite nature of B-sheet nanodomains in a disordered matrix as radial thread or
bridge-thread. The only feature pointing to two different types of fibers are differences in f.-
values. Within the frame of an affine deformation model proposed for MaS fibers®* this could
be due to differences in interactions of anisotropic B-sheet nanodomains with the elastic
matrix. The origin could be due to different nanodomains volume fractions (i.e. different

crystallinities) of MaS and MiS fibers.
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SM Fig. 3 (A) SAXS streak of am, fiber by microXRD; open arrow along fiber axis; azimuthal width at Q=1.2
nm'; 18° fwhm. (B) SAXS streak of am, fiber by nanoXRD; average of whole scan-line of CI (SM Fig. 6B,C);
azimuthal width at Q=1.2 nm™: 15° fwhm; azimuthal width of single streak: 8° fwhm. (C) Q-dependant
azimuthal width of am; fibers SAXS streak. A 2"¢ order exponential decay has been fitted. The blue data point
of 1.9°(x0.3) width provides £.=0.998(1).



Stabilamentum fibers show a low crystallinity of <5% observed also for other aciniform silk
fibers'*2’. The mesh of fine fibers is revealed by dominant SRO scattering in the WAXS-CI
suggesting strong hydrogen-bonding mediated chain interactions contributing to mechanical
features (Fig. 2A, SM Fig. 2E). The fiber contours are also revealed in the microXRD SAXS-
CI (Fig. 2B). NanoXRD SAXS-CIs reveal single stabilimenta fibers with mesofibrillar

features at the rim'3.

Scanning nanoXRD of am: fiber
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SM Fig. 4 Schematic design of scanning a 1.3 um diameter hollow fiber with a 0.13 um thick skin-layer through
a pencil-like X-ray beam. The probed volume is assumed to be proportional to the length of the beam

intersecting the solid part of the fiber. (A) Cross-section of the hollow fiber. The beam (in pink) is shown
probing the fiber at the inner surface. (B) Probed volume when moving fiber horizontally through the beam.



Banded features on MasS fibers
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SM Fig. 5 (A) Zoom into nanoXRD SAXS-CI (Fig. 6A) centered on streak from a single band. MaS scattering
has been subtracted. Three streaks indicated by dotted rectangles were averaged. (B) Inset: averaged streak from
(A). Two sub-streak orientations are indicated by arrows. Upper radial intensity profile: azimuthal average of
lower streak in inset. The profile was fitted by 3 Gaussians for peaks and continuous intensity decay; 0-order
polynomial for the random background (blue curves). The red data points were not included in the fits. Lower
intensity profile: difference of observed data minus simulated curve.

The SAXS-CI reveals a banded morphology (Fig. 6A) due to streaks from fine fibers at the
MasS surface (Figs. 3A, 6C). We selected an area of a single band in the SAXS-CI (Fig. 6A;
dashed rectangular area) corresponding to a composite of streaks from MaS nanofibrils' and
weaker streak from the fine fibers. We subtracted the MaS scattering from each pattern by a

pattern outside the area of enhanced scattering from the band. This allows maintaining
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approximately equal scattering volumes of the patterns resulting in differential patterns with
enhanced streak scattering from the surface fibers. In view of the rather small lateral
extension of the bands and the potential overlap with neighboring bands including gaps, we
averaged three of the strongest patterns to maximize scattering from the single band (SM Fig.
5A). The enhanced SAXS streak (SM Fig. 5B, inset) is split, suggesting two fibrillar
orientations of about 15° azimuthal angular differences. The radial intensity profile is
modulated suggesting that the surface fibrils are composed of mesofibrils while MaS streaks

from the core show a continuous intensity decay due to <10 nm nanofibrils’.

Fibrillar skin of am: fibers
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SM Fig. 6 (A) Optical microscopy of MaS thread and bridging am, fiber. The red rectangle indicates the area
scanned by nanoXRD. (B) SAXS-CI with pixels limited to equatorial streaks revealing the lower and upper MaS
fibers surface and several fibrous features in the gap between the two MasS fibers. The outline of the am, fiber
(in red) is defined by the outer streaks of the group of streaks in each horizontal line. The streaks allow tracing
three further fibrillar features which are distinguished by different colours. The continuation of the am; fiber into
the projection of the MaS fibers (Fig. 6A) is not shown. (C) Zoom of am; fiber in (B). Aspect ratio ~8:1 in (B,C)
for better visualization of the spatial distribution of the fibrillar features. The separation of a 2" group of streaks
can be seen at the right edge of the am, fiber for the line depicted by an open arrow,
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SM FIG. 7 (A) SAXS-CI revealing scattering from filament connecting am, fiber to lower MaS surface. The
pixels cover the more or less horizontal streaks from the filament. Orthogonal local filament directions are
indicated by blue arrows. (B) Radial intensity profile of streak from dotted square in (A). A zoom of the streak
is shown as inset. Two peaks were fitted to the curve on a broad Gaussian background. The red data points were
masked for the fit. (C) SAXS pattern from about the middle of the am, fiber; three weak streaks are indicated by
arrows. The peak at the edge of the beamstop corresponds to about 16.7 nm. (D) Pseudo 3D plot of C).
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Intensity profile of am: fibers’ equatorial streak
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SM Fig. 8 (A) Intensity profile of modulated SAXS streak 2 fitted by 5 Gaussians for the peaks and a broad
Gaussian for the nonlinear background. (B) Intensity profile of streaks 1/2 scaled to the strongest intensity of
streak 1 (in black). Streak 2 (in blue) was fitted by a 1 order Bessel function for cylinders with 100 nm
diameter). The Bessel function is shown unsmoothed (in grey) and smoothed (in red) by averaging neighbouring

points.
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PG-II nanocrystallites attached to am: fiber
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SM Fig. 9 (A) Average of 13 textured patterns of nanocrystallites attached to am, fiber (Fig. 4E). The Bragg
peaks are indexed for the PG-II lattice?. The angular distribution of the strong (100) reflections (blue arrows)
resembles a pseudo-hexagonal texture. Weak PG-II (003)/(103) peaks are observed at two positions. (B) Single
pattern. (C) Pseudo 3D plot of cluster of (100) peaks from blue rectangle in (B). (D) Azimuthal (¢) intensity
profile of cluster of PG-II (100) peaks indicated by open arrow in (C) fitted by 11 Gaussians with 0.05-0.2°

fwhm.
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Rupture zones of detached am: fiber on MaS thread
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SM Fig.10 (A) CI of MaS thread with bridging am; fiber based on pixels covering the equatorial SAXS streak
(16x binned to enhance weak features). (B) Pseudo 3D zoom of rupture zones revealing a filament connecting
the am, fiber to the MaS fiber surface. (C) Zoom into CI of lower rupture zone (log intensity; not binned)
showing 1 SAXS streaks at the edge the MaS fiber skin (D) and random SAXS scattering from the rupture zone

(E).
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