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Many natural silks produced by spiders and insects are unique
materials in their exceptional toughness and tensile strength, while
being lightweight and biodegradable-properties that are currently
unparalleled in synthetic materials. Myriad approaches have been
attempted to prepare artificial silks from recombinant spider silk
spidroins but have each failed to achieve the advantageous properties
of the natural material. This is because of an incomplete understanding
of the in vivo spidroin-to-fiber spinning process and, particularly,
because of a lack of knowledge of the true morphological nature
of spidroin nanostructures in the precursor dope solution and the
mechanisms by which these nanostructures transform into micrometer-
scale silk fibers. Herein we determine the physical form of the natural
spidroin precursor nanostructures stored within spider glands that seed
the formation of their silks and reveal the fundamental structural
transformations that occur during the initial stages of extrusion en
route to fiber formation. Using a combination of solution phase diffusion
NMR and cryogenic transmission electron microscopy (cryo-TEM),
we reveal direct evidence that the concentrated spidroin proteins
are stored in the silk glands of black widow spiders as complex,
hierarchical nanoassemblies (~300 nm diameter) that are composed
of micellar subdomains, substructures that themselves are engaged
in the initial nanoscale transformations that occur in response to shear.
We find that the established micelle theory of silk fiber precursor
storage is incomplete and that the first steps toward liquid crystalline
organization during silk spinning involve the fibrillization of nano-
scale hierarchical micelle subdomains.
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he ability to replicate the natural silk spinning process with

an aqueous synthetic analog at bulk scale, to truly mimic the
properties of natural silks, holds tremendous promise for bio-
medical materials, architectural design, and civil and mechanical
engineering. However, to date, the development of synthetic silks
that exhibit the mechanical properties of the natural product has
been limited (1-5). Currently, we know the primary sequence of the
natural spider silk spidroins, and we have significant information on
the biochemical triggers of the spinning process and how to mimic it
(6-12). The gap in our knowledge involves the nanoscale processes
at work within the silk gland where the highly concentrated protein
precursor is stored and then on demand transformed into silk fibers
(2, 6-9, 12-16). Knowledge of this central part of the natural process
is critical to the development of synthetic analogs and key to
preparative methods, including microfluidics, for producing artifi-
cial fibers from recombinant proteins that exhibit the mechanical
properties of native silks (24, 6, 17-22). Beyond spider silks, analo-
gous mechanisms might be involved in the formation of protein
fibers generally, such as the detrimental nucleation and growth of
amyloid fibers from oligomers (23-25). Critical insights gleaned for
one fibrous protein system can potentially be translated more gen-
erally to further our understanding of how concentrated proteins are
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stored and then assembled to yield structurally organized 3D
materials.

The dragline [major ampullate (MA)] silk-precursor dope
solution of Latrodectus hesperus, or black widow spiders, is pre-
dominantly composed of two proteins (spidroins) that are stored
in high concentration (26-28) (25-50 wt %) in the glands before
extrusion, acidification, and fiber formation in the duct (12).
These spidroins, MaSp1 and MaSp2, are large and highly repetitive
(250 and 312 kDa, respectively). In the gland environment, the re-
petitive core regions of the spidroins are predominantly unstructured
(26-29) (random coil), whereas the termini exhibit pH-sensitive he-
lical bundles (8, 14, 30). The pH sensitivity of the termini has been
implicated as an important characteristic for the assembly of spider
silk (8, 14, 30, 31). The hydropathy plots for the spidroins are roughly
sinusoidal in form, with rapidly alternating hydrophilic-hydrophobic
units (approximately +0.3 to —0.6; SI Appendix, Fig. S1) (10). The
C- and N-terminal domains contain the units with the highest hy-
drophilicity in each monomer, whereas the long, central, repetitive
domain is generally neutral and hydrophobic, giving these proteins
an amphiphilic character analogous to a complex block copolymer
amphiphile (32, 33). This amphiphilicity suggests, according to the
micelle theory of silk assembly (2, 6-9, 14, 16), that the concentrated
protein dope solution is composed of nanoscale assemblies (34)—the
essential starting structures needed for the formation of robust,
microscale silk fibers (7, 8, 14). Microscopic characterization of
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synthetically formed silkworm fibroin/PEO fibers has shown evidence
of spherical micelle-like structures on the micrometer scale (7).
Similarly, scanning electron microscopy and atomic force micros-
copy imaging of the fully and partially dried silk gland dope from
Nephilia clavata spiders have found the existence of micrometer-sized
granule particles (35). These appear to be present within the
hierarchical structure of the spiders’ silk fibers themselves (35).
However, no direct experimental evidence from the hydrated native
protein dope solution has been provided in support of the micelle
theory. The true physical form of the protein assemblies when stored
in the gland, and the process by which this dope solution is trans-
formed into a hierarchical polycrystalline structure when spun through
the duct, remain largely unknown.

Here we analyze the native protein dope from the silk glands
of black widow spiders to determine the physical form of the liquid
precursor of natural silk fibers and test the validity of the existing
micelle theory (2, 6-9, 16). We use a combination of indirect and
direct observation methods for nanoscale characterization, applying
solution NMR spectroscopy and cryo-TEM tomographic imaging.
Measuring the diffusion behavior of the spidroins in the natural silk
gland dope by NMR reveals that the spidroin proteins in the silk
precursor are predominantly confined within entangled volumes of
several-hundred-nanometer diameters, suggesting the existence of
tightly packed spherical micelles, as postulated in the existing micelle
theory (2, 6-9, 16). However, 3D imaging of these nanostructures by
cryo-TEM tomography shows that the spidroin micellar assemblies
are far more morphologically complex, existing as hierarchical mi-
cellar nanoparticles (several-hundred-nanometer diameters)
composed of networks of flake-like subdomains. When the native
dope is physically sheared, mimicking the extrusion process occurring
through a spider’s spinning duct, the subdomains within the hierar-
chical micelles transform, becoming narrowed and elongated fibrils
that remain assembled as interwoven networks in the parent micelle.

Results

Solution NMR Indicates Gland-Stored Spidroin Diffusion Confinement
and Entanglement Within ~300-nm-Diameter Volumes. Using pulsed
field gradient stimulated-echo (PFG-STE) NMR (Fig. 1 and SI
Appendix, Fig. S2), we measured the Einstein self-diffusion co-
efficient (D) and the observation time (A, interpulse delay) de-
pendence of native MA silk gland dope from L. hesperus spiders
(Fig. 14). This NMR technique probes the average temporal
displacement of an ensemble of molecules, from which D can be
determined (Materials and Methods). The measured displacement
and D of a heterogeneous sample, for example, a solution con-
taining micelles, provides information about the physical constraints
on motion, distances and metrics, arrangement of molecules, and
structural permeability (36, 37). The diffusion of the native gland
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protein shows a strong A dependency, evidenced by the initial decay
in Fig. 1B, behavior that indicates restricted diffusion of the silk
protein in the gland. Assuming bulk diffusion, the mean squared
displacement (MSD) that encloses the volume of restricted dif-
fusion is ~300 nm (Materials and Methods), suggesting the pro-
teins are confined/entangled within structural elements on this
length scale. Once denatured, the diffusion of the protein (48 h
in urea) no longer exhibits a A dependence (Fig. 1C), indicating that
the denatured solution is homogeneous and free of entanglement or
diffusion restriction. By sampling multiple spidroin concentrations in
4 M urea and extrapolating to infinite dilution (Fig. 1D), we find a
self-diffusion coefficient of ~10.7 x 10™® cm?s corresponding to a
hydrodynamic radius () of ~19 nm for the spidroin monomers
(Materials and Methods). This experimental ry is consistent with the
theoretical values for the MaSp1 protein (~22 nm) based on number
of residues and chain length (38), indicating that the diffusion re-
striction was removed following treatment in denaturant for 48 h.
These diffusion NMR measurements provide strong evidence
that under native conditions in the MA gland, spidroin proteins
exist as entangled assemblies several hundred nanometers in di-
ameter. These structures are disrupted and broken down to freely
diffusing proteins that remain unstructured (SI Appendix, Fig. S3)
when fully denatured in urea for 48 h. We note that for short urea
incubation times on the order of 4-10 h (SI Appendix, Fig. S2),
restricted diffusion similar to the native dope is found.

Direct Morphological Characterization of the Entangled Spidroin
Nanostructures by Cryo-TEM Tomography Reveals Hierarchical Micellar
Nanoparticles. We aimed to directly image and characterize the
morphology of the entangled spidroin protein nanostructures in the
native silk dope using cryogenic transmission electron microscopy
(cryo-TEM; Fig. 2). To prepare cryo-TEM grids (Materials and
Methods), the native dope was incubated in urea for 4 h to lower
sample viscosity and concentration. At low magnification (Fig. 24),
an abundance of roughly spherical structures was observed, with
similar results found for multiple spiders and multiple samples (S/
Appendix, Fig. S4). The largest structures were ~800 nm in diameter
(small population), and the predominant population of particles
were ~200-400 nm in diameter, with similar-sized structures impli-
cated by the results from NMR diffusion and dynamic light scat-
tering (DLS) analysis of the MA protein dope following brief urea
incubation (SI Appendix, Fig. S5).

At high magnification (Fig. 2B), we found that the spherical
structures are micellar assemblies having hierarchical architec-
tures, composed of flake-like subdomains, ~50 nm laterally and
~25 nm in thickness. Many of these protein assemblies appear to
contain significant solvent-filled voids within their internal volumes.
The 3D intricacy of these architectures, evident from initial 2D
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Native L. hesperus MA silk protein diffusion measured by PFG-STE NMR. (A) Gradient echo magnetic resonance image (GRE-MRI, 18.8 T) of 300-um-

thick cross-section slice of the L. hesperus spider abdomen at the coronal cross-section orientation. Red box indicates one of the two MA glands, which were
removed by dissection from L. hesperus spiders for all subsequent NMR, DLS, and cryo-TEM analysis. (B-D) PFG-STE NMR data. (B) Self-diffusion coefficient (D)
vs. interpulse delay (A) for MA silk protein at native gland conditions (concentration ~35 wt %, pH ~7). Strong A dependence is observed, and the decreasing
D as a function of A illustrates that diffusion is restricted at native conditions (MSD ~300 nm). (C) D vs. A for the MA silk protein dope following dilution in 4 M
urea (concentration ~10 wt %, 48 h in urea). The A dependence is no longer observed, indicating diffusion is not restricted following solubilizing in urea. (D)
MA silk protein D measured by PFG-STE NMR as a function of protein concentration in 4 M urea (48 h). The extracted self-diffusion coefficient at infinite

dilution is 10.7 x 10~ cm?/s (ry; ~ 19 nm).
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Fig. 2. Native L. hesperus MA silk protein imaged by cryo-TEM (4 h incubation in 4 M urea). (A) Low-magnification image showing abundance of generally
spherical (200-400 nm) micellar protein assemblies. Insets highlight the small population of the largest assemblies found (~500-800 nm). (Scale bar, 2 pm.) (B)
High-magnification images of the spidroin hierarchical assemblies, representative of the highest populations; spherical micellar assemblies composed of
disordered flake-like subdomains. Black boxed Inset shows similar structures found in a sample prepared from a separate spider following the same procedure
(SI Appendix, Fig. S4). (Scale bar for Insets, 200 nm.) (C-E) Cryo-TEM images from a tomography tilt series of one selected hierarchical protein nanoassembly.
(F) The 3D isosurface rendering of the assembly in C-E. (G and H) Approximately 0.8-nm-thick z slices extracted at different z heights from the tomography

reconstruction in F of the assembly in C-E.

transmission observations, led to our acquisition of cryo-TEM
tomographic tilt series (Fig. 2 C-E, SI Appendix, Fig. S6, and
Movie S1) to allow the reconstruction and rendering of the 3D
volume of individual assemblies (Fig. 2 F—H and Movies S2-S4).
Using 3° tilt intervals to minimize cumulative dose, a 37-image stack
of a selected assembly was acquired, manually aligned, and 3D-
reconstructed using a discrete tomography algorithm (Materials
and Methods) (39). The 3D isosurface rendering (Fig. 2F and
Movie S2) of the hierarchical assembly in Fig. 2 C-E captures the
empty internal volume and disordered subdomains of that struc-
ture, features that are convoluted in the 2D transmission images.
The 1-voxel-thick (~0.8 nm) z slices (Fig. 2 G and H and Movie S3)
of the reconstruction show the interconnected and disordered nature
of the flake-like subdomains within each assembly. These cryo-TEM
results provide direct evidence for the existence of nanoscale
micellar protein assemblies in the native silk dope, assemblies that
are hierarchical structures composed of disordered subdomains,
more akin to complex compound micelles than the spherical micelles
previously postulated (7, 8).

The progressive extrusion (shearing and liquid crystalline align-
ment) and acidification that occur as the initial native protein dope
travels down the spinning duct of the spider are believed to trigger
and control the transformation and formation processes that yield
the robust, polycrystalline silk fibers (6-8, 13, 14). To probe the
initial nanoscale steps of transformation that occur in the native
spidroin hierarchical assemblies in response to shear, we prepared a
separate set of samples for cryo-TEM analysis where the dope
solution was vigorously micropipetted just before deposition on
cryo-TEM grids (Fig. 3). Similar to the findings for the unperturbed
native dope sample (Fig. 24), at low magnification, an abundance
of spherical, submicron spherical structures are also found for the
sheared dope sample (Fig. 34). However, close inspection of the
cryo-TEM data at higher magnification reveals subtle but signifi-
cant differences in the architecture of the hierarchical assemblies,
specifically at the subdomain level (Fig. 3B). The subdomains fol-
lowing micropipette shearing transformed from the initial flake-like
morphologies (Fig. 2) into elongated and narrow fibrillar mor-
phologies (~50-100 nm in length and ~5-15 nm in width).

We acquired cryo-TEM tomographic tilt series (Fig. 3 C-E, SI
Appendix, Fig. S7, and Movie S5) and created 3D reconstructions
and volume renderings (Fig. 3 F—H and Movies S6-S8) of the
hierarchical assemblies in the sheared dope sample for com-
parison with those found in the native dope sample (Fig. 2). The
3D isosurface rendering in Fig. 3F (Movie S6) shows the disor-
dered and interwoven 3D arrangement of the fibril subdomains
within each spherical assembly, which also contain significant
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internal void volume (solvent filled). From the 1-voxel-thick (~0.8 nm)
z slices (Fig. 3 G and H and Movie S7) of the 3D reconstruction,
the narrow (~10 nm) fibrillar structure of the interlaced subdomains
is visualized clearly, showing the differences between the sheared
subdomain morphologies and flake-like subdomains in the hierar-
chical assemblies of the native (unperturbed) dope (Fig. 2 G and H).
These cryo-TEM results suggest that the initial transformations
occurring as the gland-stored spidroin protein dope is extruded
along the spinning duct occur at the subdomain level, before
transitions at the micellar level or at higher orders (Fig. 4).
Immediately following shear, the general morphologies of the
micellar assemblies remain roughly spherical, of the same overall
size (several-hundred-nanometer diameters) and with disordered
arrangements of subdomains. However, the subdomains them-
selves transition from flake-like morphologies to narrow fibril
morphologies. This suggests that the complex, hierarchical architec-
ture of native micellar assemblies (Fig. 2) is integral to the formation
of natural-quality spider silk fibers.

Discussion

From these NMR and cryo-TEM data, we revise the existing
micelle theory (7, 8) and propose instead a hierarchical micelle
theory for the native spidroin storage and initial transformation,
shown in Fig. 4. At very low concentrations, the free spidroin
monomers pack into hydrodynamic radii of ~20-25 nm, balancing
their hydrophobic/hydrophilic interactions with the local solvent
(Fig. 44). At native concentration (when stored in the MA gland),
the spidroins assemble into hierarchical, spherical architectures
composed of a disordered and interconnected network of flake-
like subdomains with interspersed internal voids (Fig. 4B). The
physical dimensions of the subdomains from the cryo-TEM data
suggest that individual subdomains are composed of ~10-15
spidroin monomers (SI Appendix). We propose that these hier-
archical micellar assemblies are the essential starting structures
critical for the formation of natural silk fibers. Further, when
sheared, the individual subdomains transform into narrow and
elongated fibrils that remain disordered and interwoven within
the hierarchical spherical assemblies (Fig. 4C).

These data imply that the structural transformations (fibrilli-
zation) at the subdomain level within the hierarchical micelles
are critical first steps during silk fiber formation in the natural
silk spinning system, before transitions, liquid crystalline organiza-
tion, and/or assembly/disassembly events at the micellar level.
Nonclassical two-step growth processes have been identified for
many natural materials, from amyloid fiber formation (24, 40) to
CaCO; biomineralization (41, 42), where the initial formation of
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Fig. 3. Native L. hesperus MA silk protein imaged by cryo-TEM (4 h incubation in 4 M urea) after shear (vigorous micropipette pumping). (A) Low-magnification
images showing the abundance of generally spherical assemblies (100-300 nm). Insets highlight the small population of the largest assemblies found (~500-800
nm) and a region found with isolated fibrils (Left inset). (Scale bar, 2 um.) (B) High-magnification images of the spidroin assemblies, representative of the highest
populations; spherical hierarchical assemblies composed of interwoven fibrillar subdomains. Insets show the smaller population of loosely packed fibrillar ag-
gregates. (Scale bar, 200 nm.) (C-E) Cryo-TEM images from a tilt series of one selected hierarchical nanoassembly. (F) The 3D tomography rendering of the as-
sembly in C-E. (G and H) Approximately 0.8-nm-thick z slices extracted at different z heights from the tomography reconstruction in F of the assembly in C-E.

specific seed nanostructures is essential for the progression of the
second growth/transition step and the ultimate formation of the
final material. Synthetically reproducing the quality of fibers that
are naturally spun by spiders could be intrinsically dependent on our
ability to start the spinning process with the same types of precursors
(seeds), not only from a biological and chemical perspective but also
in their nanoscale morphologies. Indeed, Rising, Johansson, and
coworkers (2, 3) recently developed methods to spin artificial spider
silk fibers using recombinant spidroins, starting by first forming small
(~20-50 nm) spherical micelles (nonhierarchical). However, the
artificial fibers exhibited significantly inferior mechanical properties
compared with natural spider silks, although they are among the
best synthetic fibers reported to date (2, 3). In this work we have
shown that larger, hierarchical micellar nanoassemblies are the
initial protein structures in the native dope—the seeds from
which natural silk fibers are spun. Achieving similar synthetically
produced hierarchical nanoassemblies (several hundred nano-
meters in diameter) will be critical for bulk-producing robust
synthetic silk fibers from recombinant spidroin proteins.

Materials and Methods

Dissection of L. hesperus (Black Widow) Spider and Extraction of MA Silk
Glands. Large western black widows (Latrodectus hesperus) were fed ~100 pL
of saturated U-"3C-">N Alanine solution to label the silk proteins (MaSp1 and
MaSp2) with NMR-accessible nuclei for heteronuclear solution NMR ex-
periments. Labeling was done three times a week for 2 wk. While feeding,
the spiders were forcibly silked to deplete the native, unlabeled spidroin
supply and encourage the synthesis of labeled proteins. At the end of 2 wk the
spiders were dissected, and the major ampullate glands were extracted in
deionized water. For the studies on native silk solution, major ampullate glands
were rinsed with DI water and transferred directly to a 5-mm Shigemi tube filled
with 90:10 H,0:D,0. For the urea studies, glands were carefully removed, rinsed,
and cleaned of the outer, insoluble membrane. This silk dope was then diluted
with a solution of 4 M urea with 1% sodium azide and allowed to incubate at
4 °C for 1 h. The final solution was then either transferred to 5 mm NMR tube
for analysis or prepared for cryo-TEM or DLS.

Cryo-TEM Sample Preparation. L. hesperus spiders were asphyxiated with N,
gas and quickly killed with a sharp blade. Spiders were then dissected to
remove the major ampullate gland (see dissection methods for details) and
to manually remove the outer membrane and clean the gland (done at ambient
conditions, ~27 °C). This process of dissection and gland removal and cleaning
took ~35 min for the gland sample used in Figs. 2 and 3 (these two are from the
same gland sample prepared on the same day) but only took ~15 min for the
gland sample in S/ Appendix, Fig. S4 (for this gland, dissection and cryo-TEM
sample preparation were done using a different spider than for Figs. 2 and
3 and on a different day). For both glands, the surface of the gland was cleaned
very thoroughly of membrane without perturbing or rupturing the dope. The
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cleaned gland was immediately added to a vial (100 L) of urea denaturant
solution, and 10 min later, the gland-urea solution was transferred to a 4 °C
refrigerator. During this time, the mass of the solution with the gland was
measured to determine approximate solution concentration (~1 wt %). For the
gland used in Figs. 2 and 3, the gland-urea solution was incubated at 4 °C
for ~240 min. For the gland used in S/ Appendix, Fig. S4, the gland-urea
solution was incubated at 4 °C for ~175 min. After this incubation time at 4 °C,
gland-urea solution was immediately transferred to a 4 °C (cold room) cryo-TEM
grid preparation laboratory.

For all samples (Figs. 2 and 3 and S/ Appendix, Fig. S4), graphene-oxide
coated holey-carbon (Quantifoil R2/2, 400 mesh Cu support) TEM grids
(Structure Probe, Inc.) were used. The graphene-oxide coating was applied
according to refs. 43 and 44 using a 0.15 mg/mL aqueous solution (drop-cast
4 ulL onto plasma-cleaned grid), and the coating was prepared several days
before the grids were used for cryo-TEM sample prep.

After incubation, cryo-TEM sample preparation and plunging were done in
a zero-humidity controlled cold room (4 °C). For the preparation of the
Native MA protein samples (Fig. 2 and S/ Appendix, Fig. S4), no micropipette
was used, as would be done for conventional cryo-TEM sample prep. Instead,
a borosilicate Pasteur pipette (13-678-20B; Fischer Scientific International,
Inc.) was used to transfer a small volume of the sample solution from the vial
to the surface of the GO-coated TEM grid. By eye, the volume of the droplet
applied was ~4-5 pL of solution, applied to the coated surface of the grid
while the grid was held aloft in self-clamping tweezers. The tweezers were
then quickly, but carefully, attached into a homemade manual plunger, with
a small liquid-ethane bath set below the plunging apparatus. Using filter
paper, the grid with the droplet on its surface was manually blotted for a 4-s
count, applying the filter paper to the coated side of the grid (the side with
the droplet). The grid was immediately plunged into the L-ethane bath after
the 4-s blot, and the grid was then transferred into an L-N, bath where it
was placed into a storage box. The storage box was transferred into a large
L-N, Dewar storage container and stored.

For the preparation of the native MA protein after vigorous micropipette
pumping of the sample (Fig. 3), conventional preparation was done using a
micropipette. However, before drop-casting the droplet of solution onto the
GO-coated surface of the grid, the micropipette (20-uL-volume micropipette,
set to 4-pL fill) was used to vigorously pump in and out on the sample solution
40 times. A 4-uL droplet was then applied to the coated surface of the grid
while the grid was held aloft in self-clamping tweezers. The grid was left to sit
undisturbed for ~5 min, and then the tweezers were carefully attached into
the homemade manual plunger, with a small liquid-ethane bath set below the
plunging apparatus. Using filter paper, the grid with the droplet on its surface
was manually blotted for a 4-s count, applying the filter paper to the coated
side of the grid (the side with the droplet). The grid was immediately plunged
into the L-ethane bath after the 4-s blot, and the grid was then transferred
into an L-N, bath where it was placed into a storage box. The storage box was
transferred into a large L-N, Dewar storage container and stored.

Cryo-TEM Imaging and Tomography Tilt Series Acquisition. All cryo-TEM im-
aging (Figs. 2 and 3 and S/ Appendix, Figs. S4, S6, and S7) was done using an
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Fig. 4. Graphical interpretation of the cryo-TEM and diffusion NMR data; illustrative scheme of the modified micelle theory. (4) Spidroin monomer at infinite
dilution [the building blocks for the nanoassemblies that form at native gland conditions (B)]. The C- and N-terminal domains (green and red) form helical structures,
and the long, central domain (blue and gray) is in the molten-globule state (ry ~ 20-25 nm) (8, 26-29). (B) At neutral pH and native concentration within the MA
gland, the spidroin monomers assemble into small, flake-like subdomains (here shown composed of 12 monomers) that hierarchically assemble into larger, spherical
micellar structures (several hundred nanometers in diameter). (C) When sheared, the initial transformations occur at the subdomain level. Individual subdomains
transform into narrow, elongated fibrils that remain assembled (disordered and interwoven network) within the spherical hierarchical assemblies.

FEI (FEI Company) Polara cryo-TEM operating at 200 keV equipped with a
Gatan (Roper Technologies) K2 direct electron detector (FEG extraction,
4350 V; FEG emission, 110 pA; spot size 5, 70-um objective lens aperture, 70-um
condenser lens aperture). The Polara cryo-TEM is a cartridge-loaded microscope,
where the column is continually maintained at L-N, temperature (less than —
175 °Q). The grids that were prepared previously and stored in L-N, were loaded
into the microscope’s cartridge while submerged in L-N,, and the cartridge with
grids was inserted into the microscope. The Polara was aligned for low-dose
imaging, measuring the dose rate on the K2 detector through vacuum (no grid
inserted). The dose rate used was 1.25 e /A% s for high-magnification [50,000x
magnification (50 kx)] images (4.096-A pixel size, 3,708 x 3,838 pixels; Figs. 2 B-F
and 3 B-E and SI Appendix, Fig. S4 B-D). The dose rate was not measured for the
low-magnification images (Figs. 2A and 3A and S/ Appendix, Fig. S4A), because
the dose rate was orders of magnitude lower for those images (1-s exposure
time, 10.1034 nm pixel size, 1,852 x 1,918 pixels, binning 2). The high-
magnification images associated with tomography tilt series (Figs. 2 C-E and
3 C-£) were acquired using a 2-s exposure time (cumulative dose, 2.5 e /A? per
image), and all other high-magnification images (not part of tilt series; Figs. 2B
and 3B and S/ Appendix, Fig. S4 B-D) were acquired using a 3-s exposure time
(cumulative dose, 3.75 e /A2 per image). All imaging and tomography tilt
series acquisition was done using SerialEM software (bio3d.colorado.edu/
SerialEM/), which applies autofocusing on adjacent regions of the grid to
minimize dose on the sample and uses an automated cross-correlation drift/
shift correction during acquisition of tomography tilt series. Raw cryo-TEM
images were saved as .MRC stacks.

All cryo-TEM tomography tilt series were acquired using 3° tilt intervals.
For the tilt series in Fig. 2 C-H, the range covered was +49° to —59 (37 images
in the series), and the total cumulative dose experienced was ~92.5 e /A2,
For the tilt series in Fig. 3 C-H, the range covered was +38° to —58 (33 images
in the series), and the total cumulative dose experienced was ~82.5 e /A%

Tomography Reconstruction of Cryo-TEM Tilt Series and 3D Rendering/
Visualization. The raw cryo-TEM tilt series images (MRC stack) were manually
aligned (Movies S1 and S5) using IMOD software (bio3d.colorado.edu/imod/) (45).
The negative logs of the TEM intensities were used to form a pseudo-dark-field
image and convert the intensity of the object into a positive value, with the
background intensity close to zero. The total variation regularized discrete al-
gebraic reconstruction technique (TVR-DRAFT) tomography reconstruction al-
gorithm (39, 46) was downloaded from GitHub (https:/github.com/astra-toolbox/
ContributedTools) and was implemented to generate the reconstructions of the
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protein nanostructures in Fig. 2 F~H (Movie S4) and Fig. 3 F-H (Movie S8). A value
of 50 was used for the lambda parameter to reduce noise contributions, and 100
iterations of the simultaneous iterative reconstruction technique algorithm were
used with three gray levels (object, background, and vacuum). After reconstruction,
a 3D Gaussian filter was applied to further reduce noise and remove isolated
voxels, and the objects were globally thresholded and visualized using FEI Avizo 9.0
software (FEI Company). Fig. 2 uses sigma relative (rel.) of 1, kernel size of 7, and
threshold value of 80 after the Gaussian filter was applied. Fig. 3 uses sigma rel. of
1, kernel size of 5, and threshold value of 100 after the Gaussian filter was applied.
Threshold values were applied using the magic wand tool, which only selects
connected pixels. Fig. 2F (Movie S2) and Fig. 3F (Movie S6) are isosurface renderings
of the reconstructions, and Fig. 2 G and H (Movie S3) and Fig. 3 G and H (Movie S7)
are 1-voxel-thick orthoslice images (0.8 nm thick) from the reconstruction at various
z heights. Movies S2 and S6 show first the isosurface rendering as it is rotated
around the y axis (360°), and Movies S3 and S7 show the rendering of 1-voxel-thick
orthoslices sequentially, going down the z height of the rendered volume from the
top to the bottom.

Magnetic Resonance Imaging of Black Widow Spider. Gradient echo (GRE)-MRI
images of a black widow spider (Fig. 1A) were collected using an 18.8T magnet
(800 MHz) with a Varian VNMRS console and Doty Scientific 12 mm ID triple
axis MRI gradient probe capable of producing up to 300 Gs/cm PFG along each
axis. GRE-MRI images with 40 pm x 40 pm in plane resolution and 300-pm slice
thickness were collected using a 4-ms echo time and 50-ms repetition time.
Localized spectra utilized the STEAM2, a stimulated echo acquisition mode
localization scheme, with an echo time of 2.3 ms, a mixing time of 4.5 ms, and a
repetition time of 2 s. Additionally, outer voxel suppression pulses and variable
power radiofrequency pulses with optimized relaxation delays (VAPOR) water
suppression was employed (47). A 1.6-uL volume of interest was selected in the
interior of the MA gland using pilot gradient echo images.

PFG-STE NMR Acquisition and Analysis. NMR diffusion experiments (Fig. 2 and
SI Appendix, Figs. S2 and S8) were conducted using the same magnet as used
for GRE-MRI imaging (18.8T), and with an 800 MHz Agilent spectrometer
and a Doty diffusion probe using an STE pulse sequence with bipolar pulse-field
gradient pulses lasting 2 ms (5) with a 50-ms A diffusion delay and a 10-s d1 recycle
delay (48, 49). To reduce the effects of eddy currents in the probe, a 2-ms delay
was added at the end of each phase of the bipolar gradient pulses. The diffusion
experiments were collected by incrementing the gradient magnetic field strength
in 10 steps. The probe gradients were calibrated using anhydrous glycerol sample.
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The calibrated temperature was 26 °C, and the corresponding diffusion coefficient
for glycerol is 2.50 x 10" m%s (48). The gradient pulse (3) was set to 2 ms, and the
delay (A) between two bipolar gradient pulses was 50 ms. Twenty experiments
were collected with an array of field strengths from 6.4 to 1,273 Gs/cm.

For 'H diffusion measurements on silk proteins, the experiments were
carried out at 23 °C. The general experimental parameters used were spectrum
width of 9,615 Hz, 32 transients, 10 s recycle delay, 2.45 s of acquisition time,
8 =1ms, A="50ms, and gradient field strengths arrayed from 7 to 600 Gs/cm.
When arraying the diffusion delay, A, all other parameters were kept constant
with A ranging from 25 to 500 ms with 25-ms increments. The diffusion co-
efficient change with time in 4 M urea was tracked for 36 h with 2-h sampling
intervals and following 1 wk time.

The 2D "H/">N heteronuclear single-quantum correlation (HSQC) NMR ex-
periments (S/ Appendix, Figs. S3 and S9) were carried out with a 600-MHz
spectrometer using a Bruker TXI probe controlled by a Bruker Avance llI
console at room temperature. 2k points were collected in F2, zero-filling up to 4k,
and 128 points up to 512 used for F1. Thirty-two scans were collected per slice. A
line broadening function of 0.3 Hz was applied to the spectrum in the F2 di-
mension. Phasing and data processing were carried out in Topspin 3.5. All
chemical shifts are referenced to 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS).
(See SI Appendix for data analysis methodology.)

Dynamic Light Scattering. DLS (S/ Appendix, Fig. S5) was done using a Malvern
Instruments Zetasizer Nano-ZS. All measurements were conducted at 25 °C
with a backscatter angle of 173°. The manufacturer’s suggested refractive index
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of protein, 1.450, was used. The viscosity of 4 M urea was previously determined
to be 1.0854cP with a refractive index of 1.364 determined with a refractometer.
The data were fitted using the protein analysis model for data processing.

Hydropathy Plot Generation. The hydropathy plots for the MaSp1 (S/ Appendix,
Fig. S1A) and MaSp2 (S/ Appendix, Fig. S1B) spidroins were created using the re-
spective protein sequences in ref. 10. The hydropathy index was plotted for each
individual amino acid using the ExPASy web resource (https/Avww.expasy.org)).
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