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Abstract

Dragline silk from orb-weaving spiders is a copolymer of two large proteins, major ampullate
spidroin 1 (MaSp1) and 2 (MaSp2). The ratio of these proteins is known to have a large variation
across different species of orb-weaving spiders. NMR results from gland material of two different
species of spiders, N. clavipesand A. aurantia, indicates that MaSp1 proteins are more easily
formed into B-sheet nanostructures, while MaSp2 proteins form random coil and helical structures.
To test if this behavior of natural silk proteins could be reproduced by recombinantly produced
spider silk mimic protein, recombinant MaSp1/MaSp2 mixed fibers as well as chimeric silk fibers
from MaSp1l and MaSp2 sequences in a single protein were produced based on the variable ratio
and conserved motifs of MaSp1 and MaSp2 in native silk fiber. Mechanical properties, solid-state
NMR, and XRD results of tested synthetic fibers indicate the differing roles of MaSp1 and MaSp2
in the fiber and verify the importance of postspin stretching treatment in helping the fiber to form
the proper spatial structure.
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INTRODUCTION

Dragline silks from orb-weaving spiders display both high tensile strength and elasticity
making them tougher than almost all natural and synthetic materials. The extraordinary
mechanical properties of spider silks have been noted since ancient time. However, only in
the late 20th century have researchers started to unravel the reasons for the unique properties
that spider silk possesses.23 Unlike silkworms, the territorial nature of spiders makes them
difficult to raise for silk farming. Thus, understanding the molecular nature of spider silk
and creating synthetic fibers to mimic native spider silk using modern bioengineering
techniques is the most viable way to use this ancient material and is a major focus of current
spider silk research.

Typical orb-weaving spiders have seven types of silk gland; each type of gland produces a
single silk fiber with distinct properties and functions.* Major ampullate gland silk (also
known as dragline silk) is the strongest of all. It is more than three times tougher than the
man-made fiber, Kevlar, and five times stronger than steel wire by weight.>8 Spiders use
dragline silk to build the main framework of their web and also use it as a lifeline and
walking thread to quickly move between places safely. Two main proteins comprise the
dragline silk: major ampullate Spidroin 1 (MaSp1)’ and major ampullate Spidroin 2
(MaSp2).8 Previous studies on dragline silk revealed that the amino acids are organized as
several basic motifs repeated hundreds of times in the silk protein.®-1! Those highly
conserved motifs have been retained with little change for more than 150 million years in
the Araneidae spider family.1213 MaSp1 is composed of two distinct motifs: (i) a polyA
region which forms tightly knit crystalline p-sheet structures and contribute to the tensile
strength of silk10 and (ii) a GGX motif (X =L, Y, Q, A), which based on recent NMR
results, forms a glycine I1 helix.24-16 The function of this motif is still unclear, but it is
believed to have effects on fiber formation by providing a stabilizing energy/force between
proteins.17:18 The MaSp2 sequence can be divided into two motifs as well: (i) a GPGXX
repetitive region (X = G, Q, Y), which forms a B-spiral and is responsible for the elasticity
of the silk19-20 and (ii) a polyA region similar to MaSp1.10 These motifs control various
structural and functional aspects of the silk that help balance the strength and elasticity of
the fibers. By manipulating the amount and ratio of different motifs, synthetic fibers with
different mechanical properties could be created.

Several groups have produced recombinant spider silk proteins based on MaSp1 or MaSp2
consensus sequences in a great array of organisms,?1-26 including E. coli, yeast, tobacco,
silk worm, mammalian cell, or even from goat’s milk. However, MaSp1 and MaSp2 in
native spider silk always come together, with a ratio that varies between species.2”+28 Using
amino acid and cDNA analyses, the ratio of MaSp1 to MaSp2 in dragline silks have been
determined from two spider species: N. clavipesand A. aurantia. For N. clavipes, an average
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of 80% of its major ampullate silk is formed by MaSp1,2° while only around 40% of the
dragline silk protein in A. aurantiais MaSp1.3% MaSp1 and MaSp2 coexist in the silk gland
and later spun into a single fiber.% Several concepts of fiber structural model has been
proposed,31:32 however, how MaSp1 and MaSp2 interact during fiber assembly and their
precise roles in the fiber mechanical properties are still unknown.

In this study, we produced four types of synthetic spider silk fibers. Two were MaSp1 and
MaSp2 protein mixtures with the ratios of two proteins close to those of native dragline silk
in . clavipesand A. aurantia. The other two types of fibers were single chimeric proteins
with amino acids sequences from both MaSp1 and MaSp2 in different ratios. The
mechanical properties of all four types of fibers were tested. Solid-state NMR and XRD
were used to analyze both natural spider silk protein from dissected gland as well as dragline
silk fibers and then compared closely with our synthetic mimics to investigate the differing
roles of MaSp1, MaSp2 and the effect of postspin stretching in fiber spinning.

There are three major reasons to design, express, test, and compare MaSp1/MaSp2 mixtures
and chimeric fibers in this study: First reason is to assess the role MaSpl and MaSp2 play in
synthetic fiber, orb web spiders have been evolving for over 150 million years, so there must
be critical reason(s) for dragline silk to contain two distinct proteins. Second reason is to
assess how different MaSp1 and MaSp2 ratios would affect fiber properties, so synthetic
spider silk biomaterials could be better tuned for their specific applications. For example,
bullet-proof vests or artificial bone replacements need high tensile strength with little
extensibility, however, good artificial ligament or airbag materials need a substantial
elasticity. With current knowledge of silk protein motifs, we believe the mechanical
properties of silk can be controlled by altering the ratios of each motif.21:33 For example, if
we want more elasticity in a specific fiber, add more GPGXX motif. Third reason is to
determine whether chimeric protein fibers could replace the mixed protein fibers by
providing better and more consistent mechanical properties. Consistency is definitely one
important factor in fiber production. By mixing two proteins together, we cannot control the
distribution of MaSp1 and MaSpz2 in the fiber during fiber spinning. This could potentially
cause consistency problems. A chimeric fiber, on the other hand, is a single repetitive
protein, with evenly distributed protein motifs from both proteins throughout the whole
fiber, which could eliminate this problem.

MATERIALS AND METHODS

Natural Glands Protein and Silk Collection

Adult female N. clavipesand A. aurantia were fed a 10% wi/v solution of

uniformly 13C/15N-enriched alanine (U-13C, 1°N-Ala) in water every other day to
isotopically label the protein solution in the glands. The metabolic distribution of isotopes is
complex but, in general, the U-13C/15N-alanine labeling protocol enriches 13C for alanine,
glycine, glutamine, and serine in spider silk.1” The spiders were forcibly silked3* at a rate of
2 cm/s for 1 to 1.5 h during each feeding session to remove unlabeled protein from the major
glands and to ensure that the new protein solution in the gland would incorporate the
U-13C15N alanine. Major ampullate silk was collected during silking with a dissection
microscope to ensure other types of silk were not combined with the major samples. On
average, spiders drank between 20 and 100 L of the U-13C15N alanine solutions per
feeding, depending on the size of the spider. Spiders were not silked on the feeding prior to
dissection to ensure that the protein solution inside the major glands was not depleted. All
spiders were anesthetized with carbon dioxide for approximately 60 s prior to dissection.
Spiders were dissected using microscissors and blades under a dissection microscope. The
major ampullate glands were identified by their size, shape, and location. During dissection,
DI water was utilized to irrigate the abdomen to prevent dehydration. The major glands were
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removed immediately from the spider abdomen and placed on glass slides. These glands
were then placed in a covered beaker to prevent particles from settling on the gland while it
dried. To shear the glands, a gland was placed between two slides and the top slide was
pressed unilaterally against the bottom slide to produce a protein film approximately 3 times
the original length of the gland. The slides were held in place until the film had completely
dried to produce a sheared film. The glands were dried for at least a week prior to
experiments. Figure 1 illustrates the spider abdomen as well as the structure of major
ampullate silk gland. For the X-ray measurements, N. c/avipes major ampullate gland was
retrieved as mentioned above, except without feeding the spiders with U-13C15N isotopes.
Once dried, the glands were carefully removed from the glass slide with a razor blade to
ensure that the gland remained in a single piece. The glands were then mounted on metal
washers. To mount the gland, the main section of the gland was centered over the hole in the
washer and small amounts of super glue were utilized to tack the gland ends onto the
washer. Care was taken to prevent any glue from contaminating the detection area of the
gland.

Synthetic Silk Gene Cloning

Synthetic spider silk genes were made based on the . clavipes MaSp1 and MaSp2
conserved amino acids sequence (Table 1). The last four constructs in Table 1 are the genes
expressed in this study. The basic MaSp1 repeating unit contains multiple GGX motifs
followed by a hexa-polyalanine tail. The MaSp2 repeating unit contains two GPGXX motifs
(GPGGYGPGQQ) followed by 8-alanine strength motif (row 2 in Table 1). MaSp1 was
duplicated 24 times, while MaSp2 was duplicated 16 times in order to have similar protein
molecular weights. The repeating units of the chimeric silk genes in this study were made
using one MaSp1 repeating unit followed by either four or eight MaSp2 elasticity cassettes,
and then a strength 8-alanine cassette. The repeating units were duplicated 8 or 6 times to
make a silk gene around 2.4 kb. These two constructs were named (148)g or (188)s,
respectively. Duplication of the monomers was achieved by a compatible, but
nonregenerable, cloning strategy.3> All monomers were flanked by 5’-Xrmal and 3-BspEl.
Gene manipulation was completed in pBluescript |1 SK+ (Amp") vector in £. coli strain
GM2163 (Cnf). The final constructs were ligated into pET19K (a modified pET-19b vector
where the ampicillin resistance gene was replaced with the kanamycin resistance gene from
the pET-26b vector)3® through 5"-Ndel and 3”-BamHlI, then transformed into £. coli strain
BL21(DE3) for protein expression. A deca-histidine-tag was included at the N-terminal of
the silk protein for purification purposes. Restriction enzymes used in the gene cloning were
purchased from New England Biolabs (Ipswich, MA). DNA electrophoresis was performed
on each step of cloning using an 8% agarose gel at 100 V in TAE buffer, gels were stained
by ethidium bromide and visualized under UV light. Chemicals used in all studies were
purchased from Sigma Aldrich unless otherwise indicated. Plasmid sequencing was
performed in University of Wyoming, Nucleic Acid Exploration Facility (NAEF).

Recombinant Protein Expression

Positive colonies were tested by small scale (5-20 mL) protein expression in LB media
before large-scale protein production. This was done by growing 12 selected colonies in LB
media in small culture tubes (10-50 mL) until an ODggq of 0.8. Follow-up IPTG induction,
cell collection and silk protein detection processes were similar to the large-scale expression
method described below. £. coli colonies with highest silk protein yields were selected for
large-scale protein production. Selected colonies were then grown in a 19.5L BioFlo 415
Fermentor (New Brunswick Scientific, Edison, NJ) with fermentor recommended media
(provided in the New Brunswick fermentor standard protocols) overnight till it reached an
ODgggp of 15-20, then 1 mM IPTG (isopropyl-B-o-thiogalactopyranoside, Biosynth AG,
Switzerland) was added to induce synthesis of synthetic silk protein from lac promoter.
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Induced cells were allowed to grow for 4 h before harvesting. The resultant bacteria culture
was collected and centrifuged at 3500 rpm for 20 min (Allegra 6KR, Beckman, Brea, CA).
Cell pellets were resuspended in lysis buffer (0.25 mg/mL lysozyme, 5 mM imidazole, 0.5
M NaCl, 20 mM Tris, pH 8.0) at a weight to volume ratio of 1:3. The resuspended cell
mixtures were immediately frozen in the —80 °C freezer for at least 24 h.

Protein Purification and Analysis

Approximately 800 mL of cell suspension was thawed and sonicated for two 4 min bursts at
90W to ensure complete lysis. Cell debris was separated by centrifugation at 13000g for 25
min (Beckman J2-21M) and discarded. Supernatants were heat treated at 80 °C in a water
bath for 15 min to precipitate heat unstable £. coli proteins. Spider silk proteins of interest
remained soluble with this treatment. The supernatant containing synthetic silk protein after
heat treatment was collected by 25 min centrifuge at 13000g, and the silk protein with a 10X
N-terminal His-tag was captured and purified by immobilized metal ion(nickel) affinity
chromatography (IMAC) using an AKTAExplorer (GE Healthcare, Piscataway, NJ). The
protein binding column was washed with wash buffer (100 mM imidazole, 0.5 M NacCl, 20
mM Tris, pH 7.9), except MaSp2, which was washed with 50 mM imidazole, 0.5 M NaCl,
20 mM Tris, pH 7.9. Silk protein was eluted with buffer at an imidazole concentration of
250 mM and the same concentration of other salts. Silk protein eluates were concentrated to
150-200 mL and then dialyzed against ddH»O in a stirred cell with a 30 kDa membrane
(Millipore Amicon, Billerica, MA) with at least 5 vol of doubly distilled H,O. Dry protein
powders were produced by lyophilization of dialyzed silk protein solution. Protein
electrophoresis was done on precast 4%—20% SDS-PAGE gel (Precise™ Protein Gel, Pierce
Biotechnology, Rockford, IL) at 90 V with the Tris-Hepes-SDS buffer. Silk proteins of
interest were detected by either His-tag In-gel stain (InVision His-Tag In-gel Stain,
Invitrogen, Carlsbad, CA) or traditional Western blot with His-tag antibody (Novagen)
following a standard protocol.33 Coomassie staining with Bio-Safe Coomassie (Bio-Rad,
Hercules, CA) was used to visualize all proteins on the gel. Amino acids analysis was
performed at University of Wyoming Macromolecular Core Equipment Facility (MCEF)
with their standard protocols. MALDI-TOF mass spectrometry were performed at Tufts
Chemistry Department on a Microflex LT system (Bruker Corporation, Billerica, MA) with
75% laser intensity using standard LP (linear positive) 60 kDa method provided by the
software, sinapic acid (Sigma) was used as MALDI matrix.

Fiber Spinning and Postspin Treatment

Spinning dopes were made by dissolving lyophilized silk protein powders into 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP; TCI America, Portland, OR). For MaSp1/MaSp2 mixed
fibers, (MaSpl),4 and (MaSp2)4¢ proteins were mixed at a molar ratio of 4:1 or 1:1 and
dissolved in HFIP. The protein dopes in glass vials were put on a mixing rotor for 2 days
and vortexed regularly to achieve full dissolution and maximum mixing. Protein
concentration in the spinning dope was about 30% (w/v). Fiber spinning was performed on a
spinning apparatus custom designed at DACA Instruments (Santa Barbara, CA). Spinning
dopes were loaded into 1 mL Hamilton syringes (Hamilton, Reno, NV) and extruded
through 0.005 in. PEEK tubing (SUPELCO, Bellefonte, PA) at a syringe plunger speed of
0.7 mm/min into a 100% isopropanol coagulation bath. Fibers formed in the coagulation
bath were lifted out carefully with tweezers, threaded onto two sets of spinning godets
(speed 0.5-1 m/min) and then collected on a winder spool. Usually, at this setting, 2-3 m of
fibers could be collected without breakage. As-spun fibers were examined by eye for visible
large defects. Defect-free fibers were cut into 2 cm pieces. Fibers were soaked in 75%
isopropanol/water for 1 min to achieve maximum water penetration. Then, the fibers were
stretched from one end slowly by tweezers till it reaching a total length of 6 cm (3% stretch).
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Supercontraction Test

Postspin stretched fibers were cut into 3 cm pieces, and pictures of individual fibers were
taken under microscope at 10x ocular lens plus 40x objective lens (Nikon Eclipse E200
microscope). Fiber diameter was measured at 9 different places using ImageJ 1.42q
(National Institute of Health, USA). The average was calculated to determine the diameter
of each fiber sample. Fibers were soaked in pure water for one minute. The lengths and
diameters of the contracted fibers were measured again in the same way. No mechanical
tests were done on supercontracted fibers in this study.

Mechanical Testing

Collected natural fibers or stretch treated synthetic fibers were air-dried, cut, and mounted
onto a 30 x 20 mm rectangular testing card with a 15 mm square gap in the middle of the
card. Microscope pictures of each fiber were taken and diameters were calculated, as
described above. Mechanical tests were done at 25 °C with approximately 18% humidity on
an MTS Synergie 100 (MTS corporation, Eden Prairie, MN) using a 10 g custom-built load
cell (Transducer Techniques, Temecula, CA) at a pulling rate of 10 mm/min, with data
collection at 30 Hz frequency. The data was plotted in Matlab 7.6.0 (R2008a) Mac and a
polynomial regression curve was fit to the data points with a seventh degree polynomial.

Solid State Nuclear Magnetic Resonance Studies

Solid state nuclear magnetic resonance studies of all samples (5-10 mg each) were done in
Arizona State University’s Magnetic Resonance Research Center (MRRC). All 13C solid-
state NMR (ssNMR) data was collected on a 400 MHz Varian VNMRS wide-bore
spectrometer utilizing a 3.2 mm triple resonance MAS probe operating in 1H/13C mode.
The 13C isotropic chemical shift was referenced to the downfield peak of adamantane (38.56
ppm). Samples were all center-packed in a 3.2 mm zirconia rotor. 1H — 13C cross-
polarization (CP) was performed at 10 kHz magic angle spinning (MAS), with the 1H

— 13C CP condition matched to the —1 spinning sideband (ssh) of the Hartmann—Hahn
(HH) profile. A 1 ms contact pulse was utilized with two-pulse phase-modulated (TPPM)
applied during acquisition with an rf-field strength of 100 kHz. A 4 s recycle delay was
utilized in all 1H — 13C CP experiments.

X-ray Fiber Diffraction

X-ray fiber diffraction (XRFD) was performed on the BioCars 14BM-C beamline at the
Advanced Photon Source at Argonne National Laboratory, Argonne, IL, U.S.A. The
wavelength of the X-ray beam was 0.9 A, with a flux of 6 x 1011 photons/sec, and the beam
size on the sample was 150 x 200 pm. Data were recorded using an ADSC Quantum-315
detector. A bundle of 20 individual fibers of 4:1 synthetic silk or . c/avipes major
ampullate silk were held taut (but unstretched) in a metal frame, with the fiber axis normal
to the X-ray beam. The N. clavipes major ampullate gland material was prepared on a metal
frame, as described in Materials and Methods. The sample to detector distance was 200 mm
for the N. clavipes major ampullate dehydrated gland material and silk and 150 mm for 4:1
synthetic silk. Data collection times were 30 s for one image for the . clavipes major
ampullate silk, 180 s for the 4:1 synthetic silk, and 120 s for the gland material. Background
measurement was performed with the sample displaced from the beam and the image was
recorded under the same conditions, as used with the sample in the beam. Multiple images
were taken to get better statistics and improve on the signal/background ratio. CeO, powder
was used for instrument calibration.
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For gene cloning, each step of cloning was confirmed by restriction enzyme digest and DNA
sequencing. SDS-PAGE and MALDI-TOF MS confirmed the correct size of the protein
produced by fermentation (Figure S1). The average yield of recombinant silk protein from
the soluble fraction of bacteria lysate is approximately 120 mg/L of media. Small amounts
of each type of protein were analyzed for amino acid content to confirm the correct amino
acid composition. As-spun fibers were postspin stretched in a 75% isopropanol/water
solution, as these synthetic as-spun fibers are soluble or semisoluble in pure water. The
malleability of different types of fibers actually differs in the solution, for example, (188)g
fiber could easily be stretched 10x, while the 4:1 fiber barely made 3x. For comparison
purposes, all fibers were stretched 3x for mechanical testing. Postspin stretched fibers were
no longer soluble in pure water, except (188)g fibers, which became very weak and gel-like.
They easily broke when trying to pick them up by tweezers, presumably because of the low
amount of hydrophobic strength cassettes (polyA) in the protein.

It was noticed during postspin stretching that the chimeric fibers supercontracted like the
native dragline silk in humid conditions.36 No significant water contraction was seen in
MaSp1 only3” or MaSp1/MaSp2 mixed fibers. A preliminary supercontraction study was
carried out to determine the length and diameter change of those synthetic chimeric fibers. A
total of 10 (148)g fibers were tested with an original length of 3 cm; after contraction, the
average length was 1.23 £+ 0.13 cm, which was a 59 + 4% shrink. The average diameters
were 34.70 + 1.35 pm before contraction and 57.89 + 5.51 um after, a 40 + 6% increase in
diameter. Individual fiber length and diameter changes are listed in Table S1. Besides
diameter change, the fiber morphology also noticeably changed. Figure S2 shows the
microscopic images of (148)g fibers before and after supercontraction. The original straight
fiber became slightly wavy with increased surface roughness after supercontraction, likely
due to the contraction ratio difference between the water-resistant polyA regions and the
supercontraction sensitive GPGXX regions. Changes on the optical refraction pattern of the
fiber may also indicate regions with different levels of water penetration. Although (188)g
fibers also supercontracted drastically in water, it also became weak and easily broken. No
tests were done on (188)g because we could not lift the contracted fibers out of water.
Noteworthy, (188)¢ fibers also contracted in aqueous isopropanol solutions with decreased
contraction ratio, however, no change in length was observed when soaked in 100%
isopropanol.

Mechanical properties of both as-spun and postspin stretch treated synthetic silk fibers were
measured and are summarized in Table 2 and shown graphically in Figure 2. Table 4 shows
selected better performers from each fiber group to represent the best single fiber produced
in this study and compare them with best natural dragline silks from . clavipesand A.
aurantia. A total of 10 or more fibers in each group were tested. The average diameters of
as-spun fibers were 58.13 £ 4.93 um, while 29.12 + 5.44 ym were the average diameters for
postspin stretched fibers.

Stress—strain curves of all fibers showed good polynomial fits at an order of 7, as reflected
by R2 value of the polynomial regression in each trendline (/2 > 0.97). Generally, postspin
stretched fibers clearly showed superior mechanical properties with improved fiber strength
(tenacity) and extensibility. The rupture sites of the postspin stretched fibers are close to the
middle of the fibers, while as-spun fibers are more brittle and tend to break at the end point
in contact with the glue and clamp. The average increase in tenacity is 12 MPa, with a
greater than 15% increase in extensibility. (148)g does show better tenacity, while extending
less than (188)g. This result supports our hypothesis of the roles of the strength and elasticity
motifs, as (148)g has more strength cassettes and less elasticity cassettes than (188)g. When
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compared, the chimeric fibers with 4:1 and 1:1 mixture fibers, no significant mechanical
property differences were observed. However, our chimeric fiber does show much better
consistency in all mechanical properties. For the 4:1 mixture fibers, the extensibility of
individual fibers varied substantially, resulting in large error bars in both extension and
toughness. To better present the mechanical properties of MaSp1/MaSp2 mixture fibers, the
fibers have been further divided into three subgroups based on their extensibility (Table 3).
In the case of the 4:1 mixture fiber, four fibers extended more than 80%, with the highest
extending 200% and a second fiber from this group having a 104% elongation. Four fibers
extended close to 15%. The other three fibers extended less than 2%. The 1:1 mixture fiber
data, compared with 4:1 fiber, was more uniform, but most of them did not extend much
before breaking (~5%).

The H — 13C cross-polarization magic angle spinning (CP-MAS) solid-state nuclear
magnetic resonance (sSNMR) spectra of the major ampullate gland and forcibly pulled
spider dragline silk is presented in Figure 3. The spectra were collected on glandular
materials extracted from A. aurantiaand N. clavipes adult female spiders and dragline silk
(fiber) was forcibly collected at 2 cm/s. In Figure 3, the focus is on the 13C alanine chemical
shifts, which are sensitive to the protein secondary structure.38 Specifically seen is the
amount of B-sheet formation for alanine, which is known to be the dominant structure in the
polyalanine region of natural spider dragline silk. This is shown for both A. aurantiaand N.
clavipes spider spiders, with their forcibly dragline silk fibers showing primarily p-sheet
structure in the CP-MAS ssNMR spectra at the top of Figure 3. Conversely, the dehydrated
gland material for A. aurantia spiders has almost no p-sheet structure and is instead found as
a helical and random coil structure. This in contrast with the same results from the N.
clavipes spider dehydrated gland material where almost half the material is in a p-sheet
conformation and half is in a helical or random coil conformation. The major difference
between A. aurantiaand N. clavipes major ampullate gland and fiber material is the ratio of
the two proteins, MaSp1 and MaSp2. Hence, the observations of this indicate that MaSp1
has a high propensity toward spontaneous p-sheet formation upon removal of water
(dehydration). Furthermore, it can be crudely shown that shearing aids in the formation of f3-
sheet and does so for both MaSp1- and MaSp2-rich silk materials.

The H — 13C CP-MAS ssNMR data of two types of synthetic fibers in the as-spun and
stretched form are seen in Figure 4. The stacked plot of the MaSp1/MaSp2 4:1 fibers in the
as-spun and stretched form (Figure 4A) highlights the difference in chemical shifts of the
alanine resonances, which show the changes that occur to the secondary protein structure
during the stretching process. After postspin stretching process, the intensity of the Ala Cg
chemical shift is indicative of a random coil or helical conformation decreases in intensity,
while the Ala Cg chemical shift increases for the 3-sheet chemical shift. The same trend is
observed for the Ala C,, with the higher ppm shift, which indicates a helical-type
conformation, decreasing in intensity with stretching and the lower ppm Ala C, chemical
shift increasing in intensity with stretching. The same trends are seen in the MaSp1/MaSp2
1:1 data (Figure 4B), with the intensity of the Ala C, and Ala Cg helical components
decreasing, while the intensity of the B-sheet chemical shifts increases. However, the extent
of B-sheet formation is to a lesser degree in the MaSp1/MaSp2 1:1 stretched fiber than the
MaSpl/MaSp2 4:1 stretched fiber.

The (148)g fiber displayed significant supercontraction in water similar to native dragline
silk.38 To investigate how supercontraction affects synthetic fiber structure, 13C CP-MAS
spectra were collected for the as-spun, stretched, and supercontracted (148)g fibers (Figure
5). The stretching converts a substantial fraction of the alanine to p-sheet structure compared
to the as-spun fibers similar to the other synthetic spider silks discussed above. Interestingly,
the B-sheet structures still persist following the supercontraction process indicating that the
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water does not penetrate the B-sheet domains. This result is similar to previous reports on
native dragline silk where the p-sheets remained intact following supercontraction
process.3-41 This shows that the supercontraction property can be incorporated into
synthetic spider silks and the behavior is reminiscent of that observed in native spider
dragline silk.

X-ray 2D diffraction patterns of the dehydrated N. c/avipes major ampullate gland material,
native N. clavipes major ampullate silk, and 4:1 synthetic silk are shown in Figure 6. The 2D
diffraction patterns were analyzed using the software package FIT2D.42 Concentric broad
diffuse diffraction rings are seen in the 2D diffraction patterns of the N. clavipes major
ampullate gland material and the 4:1 synthetic silk. The d-spacings at which these
diffraction rings occur are shown. The 2D X-ray diffraction pattern of N. clavipes major
ampullate silk depicts a semicrystalline structure characterized by crystalline-Bragg
reflections and an amorphous fraction.*3 Intense crystalline reflections (210)/(200) are
observed along the equator (perpendicular to the fiber axis). Also observed are higher order
layer-line reflections, parallel to the equator. Along the meridian (parallel to the fiber axis),
the main (002) reflection is strong, while subsequent higher order reflections are weaker.
The reflections comprising the crystalline fraction correspond to the pattern of B-poly(.-
alanine) structure.*3-4% The reflections were indexed based on an orthogonal unit cell with
the c-axis as the fiber axis.#6-48

Radial and azimuthal 1D profiles were obtained from the deconvolution of 2D diffraction
images using FIT2D. Radial profiles are intensity as a function of radius integrated
azimuthally for the whole 2D pattern, while azimuthal profiles are integrated intensity as a
function of all azimuthal angles over a thin annular ring centered at the peak maximum of
the desired diffraction ring.43-4549 Microcal Origin was used for the analysis of the
deconvoluted 1D X-ray data. Figure 7 shows the 1D radial intensity profiles as a function of
all azimuthal angles, for dehydrated N. c/avipes major ampullate gland material, native A.
clavipes major ampullate silk and 4:1 synthetic silk, respectively. The peaks in the
dehydrated gland and 4:1 synthetic silk correspond to the atspacings of the equatorial and
layer-line reflections (perpendicular to the fiber axis) in the native N. c/avipes major
ampullate silk, but the meridional reflections (parallel to the fiber axis) are totally absent,
which is interpreted as arising from a secondary structure, which has a certain degree of
spatial order but with little or no preferred orientation, in the gland and 4:1 synthetic silk.

Structural features corresponding to certain ¢tspacings are present in all the three samples.
The peak at @~ 4.4 A with the highest intensity in all three samples corresponds to the (210)
crystalline reflection in the native N. clavipes major ampullate silk. This peak denotes the
interchain distance. The peak at @~ 5.4 A, which is present in the gland, and the native silk
is absent in the 4:1 synthetic silk. This peak corresponds to the (200) crystalline reflection in
the native N. clavipes major ampullate silk and denotes the distance between B-sheets,
which are stacked antiparallel in the nanocrystallites. NMR results in this work show the
presence of B-sheets in both the gland and the 4:1 silk, hence, presence of this peak, the X-
ray data in the gland material, could be interpreted as coming from p-sheets that are
correlated spatially to some degree, giving rise to a diffraction peak, but with no preferred
orientation about any direction. Absence of this peak in the 4:1 synthetic silk indicates that
in the synthetic silk the B-sheets are not spatially correlated but could be dispersed through
the fiber. For the native V. clavipes major ampullate silk, the average crystallite size was
found to be 2.7, 4.0, and 7.0 nm along the &, 6, and cdirections, where &, 6, and care
calculated from the (200), (210), and the (002) reflections, respectively. The details of the
crystallinity and orientation parameters calculation for the N. clavipes major ampullate silk
has been described in our previously published work.43
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The axial orientation distribution of the crystallites about the fiber axis is determined from
azimuthal broadening (fwhm) of the (200)/(120) equatorial reflections in the native spider
silks.43-45 Figure 8A,B show the azimuthal intensity profiles as a function of angle
measured from the equator at the radial position of the strong (120) and (200) peaks,
respectively (the region used for integration is shown in the insets). In the dehydrated gland,
it is seen from the XRFD pattern that the intensity distribution in the diffraction rings is
almost uniform, which means that the protein chains although could be forming spatially
correlated p-sheets, they do not have a preferred orientation. In the 4:1 synthetic silk
however, the intensity distribution in the diffraction rings is not uniform. The intensity is
higher along the meridian (parallel to the fiber axis) for the lower d-spacing rings (d=2.05
and 2.25 A), intensity along the equator (perpendicular to the fiber axis) starts to appear for
the = 3.75 A ring, increases for the &= 4.4 A ring, and finally for the = 8.7 A, almost all
the intensity is concentrated along the equator, as shown in Figure 8C (E and M denote
equatorial and meridional positions, respectively). The axial ordering gets better as the size
of the secondary structure increases, as seen in the azimuthal profiles at the different o
spacings (order increasing from ¢'= 2.05 to 8.7 A).

DISCUSSION

The overall mechanical properties of synthetic fiber under-performed the natural fibers in all
regards, likely due to the much smaller sizes of the recombinant silk proteins as well as
limitations in fiber spinning to exactly replicate the spinning condition natural fiber
undergoes in spider’s spinneret. However, it is comparable to several similar-sized synthetic
silk protein fibers being produced before.3350 On the other hand, regardless of how well
synthetic fiber performs, we have observed the trend of mechanical property changes among
different types of fibers, which may correlate to the primary sequence as well as the ratio of
protein motifs in the fibers.

Data from the chimeric fibers support our hypothesis about spider silk protein motifs and
their roles in controlling mechanical properties. The (148)g protein has a larger molar ratio
of the polyA motif than (188)g, thus, its fibers have a higher tenacity and Young’s modulus
(about 10 MPa higher in tenacity and 0.4 GPa higher in Young’s modulus for both stretched
and as-spun). The (188)¢ protein contains more GPGXX matifs that make it ~6% more
extensible. During our supercontraction test, we found post-spin-stretched (188)¢ fibers are
partially soluble in water. The fibers became weak, easy to break, and hard to lift by
tweezers. It is likely the result of too few hydrophobic polyA motifs present in the fiber to
help prevent water penetration. In contrast, stretched (148)g fiber, which has a higher ratio of
polyA motifs, were insoluble in water. This phenomenon may indicate that a certain level of
B-sheet motif must be maintained in all silks in order to prevent easy water dissolution of the
fiber.

Meanwhile, as predicted, chimeric fibers were more consistent in their mechanical
properties than the two protein mixed fibers, especially in fiber elongation. All fibers in this
study were prepared under the same conditions, thus, an uneven distribution of MaSp1 and
MaSp2 in the mixed fiber could be the main factor causing this inconsistency. Based on our
hypothesis about protein motifs and their relation to fiber mechanical properties, we were
expecting the 4:1 mixed fibers to have a higher tenacity but lower elongation than the 1:1
mixed fibers. However, the average mechanical data showed a contradictory result to our
prediction. Despite the large variability, several 4:1 mixed fibers extended more than 100%,
but most 1:1 mixed fibers only elongated 5%. The average tenacity of 4:1 fibers is also 20
MPa lower than 1:1 fibers. Some plausible explanations for these results are: First, even
after mixing two days on the rotor, MaSp1 and MaSp2 proteins in the fibers are still not
well-blended in solution, suggesting that the two protein could not be simply mixed together
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to achieve a fully homogeneous fiber with our current wet spinning techniques. Second, the
postspin stretching process could be uneven, as it was performed by hand, like other
reported studies.>1-53 We tried our best to minimize the variability of hand pulling, but
ideally, postspin stretching should be performed on automatic controlled mechanical rotors
with constant stretching force and speed.>#55 Regrettably, the requirement of post-spin
stretching silk fiber in an agqueous environment prevented us from using our current
automatic spinning system. Third, the p-sheets in some fibers might fold back on themselves
and form a stack. If the crystalline p-sheet structures are not spread well enough or are not
oriented parallel to the fiber axis, it may not provide extra strength to the fiber or may even
have some weak spots in specific areas leading to premature breakage. Interestingly,
compare to MaSp1 only fiber, higher breaking strength and Young’s modulus have also
been observed on pure MaSp?2 fiber previously through synthetic fiber testing as well as
computational molecular dynamic simulation.>® However, the fibers tested in that study do
not involve post-spin stretching, a treatment that is now believed to significantly affect fiber
quality.

Almost all commercially available synthetic fibers need some degree of post-spin treatment.
Post-spin stretching is involved in the production of nylon as well as many types of
polyester fibers.?6:>7 Improved mechanical properties of various types of protein-based
fibers have been observed by post-spin drawing.37:28:59 |t has also been adapted as a
standard procedure for synthetic spider silk production.>1:5260 Without stretching in a
proper solution during spinning, many critical spatial structures of the protein may fail to
form properly, thus, affecting the final quality of the fiber.6

Data from as-spun and post-spin stretched fibers in this study once again showed that the
overall mechanical performance of the fiber improves after post-spin stretching. Solid-state
NMR results support a clear shift from helix structure into g-sheet in the polyA regions of
the fiber. Comparing the 1H — 13C CP-MAS ssNMR data of synthetic fibers to the natural
glands with similar protein ratios show that the synthetic fibers and glands with a higher
percentage of MaSpl, in this case, . clavipes and MaSp1l/MaSp2 4:1 more readily for
alanine B-sheets with shearing or stretching. While the A. aurantia glands and the MaSp1/
MaSp2 1:1 fibers do not as readily form alanine B-sheets secondary structure. The
propensity for fibers and glands with a higher MaSp1 content to form alanine p-sheet
structure may indicate that MaSp1 is a templating agent for p-sheet formation. Unlike
MaSp1, MaSp2 has a high proline content, which is known to form p-turns in proteins. In
the MaSp2-rich fibers (MaSp1/MaSp2 1:1) and A. aurantia glands, the higher proline
content may cause turns in the protein backbone that inhibit B-sheet formation. Although
stretching or shearing does cause p-sheet formation in the MaSp2-rich materials, the extent
of B-sheet formation is greater in the MaSp1-rich materials, indicating that the ratio of
MaSp1 to MaSp2 can be utilized to tune p-sheet formation in synthetic fibers.

X-ray fiber diffraction results show that crystalline reflections that occur in the native \.
clavipes major ampullate silk are absent in the N. clavipes major ampullate gland material
and the 4:1 synthetic silk. While sharp diffraction rings in an X-ray diffraction pattern
indicate a polycrystalline structure with no preferred orientation, presence of broad diffuse
diffraction rings in the N. c/avipes major ampullate gland and the 4:1 synthetic silk indicate
that both of these samples are comprised of secondary structures that have not formed
crystallites. Moreover, these secondary structures do not have a preferred axial orientation
seen in the native V. clavipes major ampullate silks. From the azimuthal intensity profiles, it
is seen that, while there is no orientational ordering of the protein chains in the gland, there
is partial orientation in the 4:1 synthetic silk. In the native N. clavipes major ampullate silk,
the nanocrystallites comprising of B-sheets are almost fully oriented with respect to the fiber
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axis (Hermann’s orientation £, ~ 0.985). Details of orientation function calculation are
described in our already published work.43

CONCLUSION

From the current point of view, recombinant expression of synthetic spider silk in other
organisms seems to be the most viable way for us to produce spider silk protein in large
scale. Understanding the molecular nature of spider silk and replicating fibers comparable to
native silk will continue to be the main focus for spider silk researchers. The amino acid
sequences of the orb weaving spider silk proteins have remained almost unchanged for more
than 100 million years.1213 Interestingly, MaSp1 and MaSp2 are the major two components
in all studied dragline silk fibers from these spiders. The mechanical properties of native
dragline silk vary between species, which is believed to relate to the ratio of MaSp1 to
MaSp2 in the silk.2” Both of these facts clearly indicate the importance of these two proteins
to the mechanical properties of the fiber.

The results presented here confirm that altering protein motif composition could modify the
mechanical properties of synthetic silk fibers. More consistent mechanical data from our
MaSp1l/MaSp2 chimeric fibers indicate a better way to produce uniform fiber with
consistent mechanical properties. Meanwhile, as revealed by our post-spin stretch, NMR and
XRD study, many elements other than silk protein sequences also have significant effects on
the mechanical properties of synthetic silk. Those elements will continue to be investigated
to improve the silk fiber property we currently produce.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Nephila clavipes spider picture and associated glands. Also, a magnetic resonance image
(MRY) is shown of the abdomen of the same spider. The major ampullate glands can easily
be discerned from this image.
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Figure 2.

Mechanical testing data analysis of synthetic silk fibers (A) Typical stress—strain curves
(dash dot line) of chimeric (148)g as-spun (dark blue)/stretched (blue), chimeric (188)g as-
spun (cyan)/stretched (green), MaSp1/MaSp2 = 4:1 As-spun (yellow)/stretched (orange),
MaSpl/MaSp2 = 1:1 as-spun (red)/stretched (maroon), with trendline (solid line with
corresponding colors) fitted to an order of 7th degree polynomial. Inserted chart shows as-
spun fiber only. Microscopic pictures next to the curve represent each type of fiber. Scale
bar = 30 um. Only one picture is shown for as-spun fiber. (B) Column charts present the
average performance in stress, strain, Young’s modulus, and toughness of all the fibers
tested in each group. All error bars represent standard deviation, with 7= 10.
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Figure 3.

1H — 13C CP-MAS ssNMR data of U-13C/1°N alanine-labeled (A) A. clavipesand (B) A.
aurantiamajor ampullate silk fibers, sheared glands, and dehydrated glands. The conversion
of alanine from a random coil (RC) conformation (blue dashed line) in the dehydrated gland
into a B-sheet (red dashed lines) secondary structure in the fiber is shown.
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Figure 4.

1H — 13C CP-MAS ssNMR data of synthetic fibers with MaSp1/MaSp2 ratios of (A) 4:1
and (B) 1:1 in the as-spun (bottom) and postspin stretched forms (top). The formation of
alanine B-sheet (blue dashed lines) is seen in the stretched fibers.
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Figure 5.

1H — 13C CP-MAS ssNMR spectra for (148)g synthetic chimeric fibers as-spun, stretched,
and following supercontraction. The formation of alanine B-sheet structures (blue dashed
lines) is seen in the stretched fibers. These B-sheet structures are still present following
supercontraction in water.
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Figure 6.
XRFD pattern of (A) dehydrated N. clavipes major ampullate gland material. (B) .
clavipes major ampullate silk (C) 4:1 synthetic silk single fiber.
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Figure 7.
1D radial integration profile of the whole 2D pattern of (A) gland material of N. clavipes
major ampullate gland. (B) N. clavipes major ampullate silk. (C) Synthetic silk (4:1).
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Figure 8.

1D azimuthal intensity profile of (A) the radially integrated (120) peak with Gaussian fits
for N. clavipes major ampullate silk. (B) Radially integrated (200) peak with Gaussian fits
for N. clavipes major ampullate silk. Inset in (A) and (B) shows the annular section chosen
for the integration. (C) Theradially integrated diffraction rings centered at different o
spacings (E and M denote equatorial and meridional positions, respectively).
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Table 1

Synthetic Spider Silk Protein Sequences with Their Gene and Protein Sizes Listed

a

protein sequence DNAsize (bp)  protein M,, (kDa)
elasticity cassette (E) GPGGYGPGQQ 30
strength 8 cassette (S8) GPGGPSGPGSAg 54
(MaSpl),, (GGAGQGGYGGLGSQGAGRGGLGGQGAGA),, 2376 66 (62)
(MaSp2) .6 (GPGGYGPGQQGPGGYGPGQQGPSGPGSAg);s 1680 48 (47)
chimeric (148)g (PGG + MaSpl + LAGPGQQG + E4 + S8)g 2448 70 (68)
chimeric (188)q (PGG + MaSpl + LAGPGQQG + Eg + S8)g 2556 75 (73)

Page 23

a . . . . . -
For protein molecular weight, numbers in the parentheses are calculated My. His-tag sequence at N-terminal of the proteins is not shown and

calculated.
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Table 4

Selected Better Performers from Each Synthetic Fiber Group Compared with Native Dragline Silks

materials strength; extension;  Young’s modulus; toughness
Omax (MP2)  emax (%) Einitial (GP2) (MJ/m3)

chimeric (148)g 50.08 25.21 1.44 11.4

chimeric (188)s 37.81 33.45 1.13 7.52

MaSp1/MaSp2 4:1 mix  73.73 104.43 2.79 47.05
21.99 200.25 1.62 34.13

MaSpl/MaSp2 1:1 mix ~ 69.02 34.65 4.5 21.63
100.20 1.84 6.17 11

N. clavipes dragline 1854 20 10.2 223

A. aurantia dragline 1702 34 5.6 180
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