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“The best way to have a good idea is to have a lot of ideas.”  

– Dr. Linus Pauling 

 

 

"What's miraculous about a spider's web?" said Mrs. Arable.  

"I don't see why you say a web is a miracle-it's just a web.” 

"Ever try to spin one?" asked Dr. Dorian.  

― E.B. White, Charlotte’s Web 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 
 

Table of Contents 

Dissertation Approval Page .....................................................................................................  iii 

Dedication ...............................................................................................................................  iv 

Epigraph .................................................................................................................................  v 

Table of Contents ....................................................................................................................  vi 

List of Figures .........................................................................................................................  ix 

List of Tables ..........................................................................................................................  xvi 

Acknowledgements .................................................................................................................  xvii 

Vita ........................................................................................................................................  xviii 

Abstract of Dissertation ...........................................................................................................  xix 

Chapter 1: Introduction to Spider Silk ......................................................................................  1 

Spider Silks .................................................................................................................  1 

Molecular Structure of Silk Proteins and Fibers ................................................  4 

Mechanical Properties of Silk Fibers ................................................................  6 

Recombinant Silk Fibers ..................................................................................  8 

Biophysical Tools for Characterizing Silk Proteins and Fibers. ....................................  11 

Introduction to Nuclear Magnetic Resonance Techniques for Proteins .............  11 

2D NMR and Backbone Assignment Strategies....................................  14 

Protein Dynamics .................................................................................  15 

Relaxation .................................................................................  15 

Diffusion NMR ...........................................................................  16 

Solid-state NMR ...................................................................................  18 

Dynamic Light Scattering .................................................................................  21 

Molecular Dynamics .........................................................................................  22 

Solid-phase Peptide Synthesis ....................................................................................  25 

References ..................................................................................................................  28 



vii 
 

Chapter 2: Investigating the Atomic and Mesoscale Interactions that Facilitate Spider Silk 
Protein Pre-assembly ..............................................................................................................  38 

 Abstract .......................................................................................................................  38 

 Introduction .................................................................................................................  38 

 Materials and Methods ................................................................................................  40 

 Results and Discussion ...............................................................................................  43 

 Discussion ...................................................................................................................  55 

 Conclusions .................................................................................................................  56 

 Acknowledgements .....................................................................................................  61 

 References ..................................................................................................................  62 

Chapter 3: Molecular Dynamics Simulations on Native Sized Major Ampullate Spider Silk 
Proteins...................................................................................................................................  66 

 Introduction .................................................................................................................  66 

 Methods ......................................................................................................................  67 

 Results and Discussion ...............................................................................................  68 

 Conclusions .................................................................................................................  76 

 References ..................................................................................................................  77 

Chapter 4: Using Peptide Mimics to Study the Pre-assembly of Native Spider Silk Proteins ...  80 

 Introduction .................................................................................................................  80 

 Methods ......................................................................................................................  81 

 Results and Discussion ...............................................................................................  83 

 Conclusions ...............................................................................................................  92 

 References ................................................................................................................  93 

Chapter 5: Structure and Hierarchical Organization of Recombinant Spider Silk Proteins and 
Fibers ......................................................................................................................................  95 

 Introduction .................................................................................................................  96 

 Methods ......................................................................................................................  97 

 Results and Discussion .............................................................................................  99 

 Conclusions ...............................................................................................................  119 

 References ................................................................................................................  124 

Chapter 6: Aciniform Prey-wrapping Silk is an -helical Coiled-coil / -sheet Hybrid Nanofiber 
 .............................................................................................................................................  127 

Abstract .....................................................................................................................  127 



viii 
 

Introduction ...............................................................................................................  127 

Methods ....................................................................................................................  130 

Results ......................................................................................................................  130 

Conclusion ................................................................................................................  136 

Acknowledgements ...................................................................................................  142 

References ................................................................................................................  143 

Chapter 7: Hydration-induced β-Sheet Crosslinking of α-helical-rich Spider Prey-Wrapping Silk 
 .............................................................................................................................................  145 

 Abstract .....................................................................................................................  145 

 Introduction ...............................................................................................................  145 

 Results and Discussion .............................................................................................  149 

 Conclusions ...............................................................................................................  161 

 Methods ....................................................................................................................  162 

 Supplemental Figures ................................................................................................  164 

 Acknowledgements ...................................................................................................  171 

 References ................................................................................................................  171 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 
 

List of Figures 

Figure 1. (a) A. argentata spinning a cricket with aciniform (AcSp, prey wrapping) silk. (b) SEM 
images of aciniform fibers .......................................................................................................  1 
 
Figure 2. Partial MaSp1 (top) and MaSp2 (bottom) sequences taken from L. hesperus (black 
widow). Ala is found in long runs in both sequences. Pro occurs frequently in MaSp2, shown in 
bold  ........................................................................................................................................  3 
 
Figure 3. Schematic of Argiope AcSp1 prey-wrapping silk. In the A. argentata species, there are 
20 iterated repeats of the wrapping (“W”) subunit ....................................................................  3 
 
Figure 4. Summary of dragline silk formation and fiber models based on previous studies. a), 
model of MaSp1 silk primary sequence. b), these Ma proteins exist as disordered proteins in the 
gland and through physiological changes are converted to fibers ...........................................  4 
 
Figure 5. Black widow Ma gland. (a), this is where the fiber spinning dope is created. (b) is the 
storage sac where the spidroins are stored at very high concentration (~25-50 wt.%). The sac 
opens to the spinning ducts (c) which leads to the spinnerets .................................................  5 
 
Figure 6. Mechanical stress-strain curves for dragline (major ampullate, MA) silk and prey wrap 
(aciniform, AC) silk collected from different species. The strands were tested multiple times to 
account for different spiders and changes in temperature/humidity .........................................  8 
 
Figure 7. Amino acids sequences of designed silk modules from the Scheibel group.............  10 
 
Figure 8. 1H-15N HSQC of uniformly-labeled 13C/15N GB1. GB1 is well-folded 56 residue protein 
that serves as a setup sample for liquids NMR. With the exception of a few amide side-chains, 
each peak corresponds to an H-N bond on each amino acid ..................................................  11 
 
Figure 9. Graphical representation of the 3D backbone walk strategy. The cube contains data 
collected from an HNCACB experiment. The extracted slice from the cube is at a 15N 
intersection, and correlates the HNCACB experiment (blue) with data from the CBCACONH 
experiment (red) ......................................................................................................................  13 
 
Figure 10. Pulse sequences used for the “backbone walk” strategy to correlate sequential 
peaks for protein sequencing ..................................................................................................  15 
 
Figure 11. Example T1 (left) and T2 (right) curves. T1 is determined using the “inversion-
recovery” method where signal builds over time. T2 is measured using the CPMG sequence 
where signal fades over time ...................................................................................................  16 
 
Figure 12. PFG-DOSY experiment scheme is displayed on the right. Data taken measuring the 
diffusion of glycerol is displayed on the right ...........................................................................  17 
 
Figure 13. Typical cross-polarization (CP) pulse sequence scheme. First, a 90° pulse is applied 
to the abundant nuclei to tip the spins into the plane of detection. Then, power is applied to both 
channels to achieve a Hartman-Hahn match which boosts the signal of the less abundant nuclei 
 ...............................................................................................................................................  18 
 



x 
 

Figure 14. Cross-polarization magic-angle spinning (CP-MAS) results from N. clavipes (Golden 
Orb Weaver) dragline silk enriched with uniformly-labeled 13C/15N-Tyr and –Arg. With site-
specific labeling, we can enrich particular nuclei to boost their signal ......................................  19 
 
Figure 15. Dipolar-assisted rotational resonance (DARR) pulse sequence scheme. After the CP 
step, signal is collected for the direct dimension and after the spins are inverted where they are 
recoupled over a mixing period. Then, the signals are reinverted to fall into the plane of 
detection and detected ............................................................................................................  20 
 
Figure 16. 2D dipolar-assisted rotational resonance (DARR) spectra at 14 kHz MAS of native A. 
argentata prey wrap silk labeled with 13C-Val/Leu/Ala. At a mixing time of 50 ms, short-range 
contacts can be established to determine amino acid secondary structure, as well as labeling 
efficiency .................................................................................................................................  21 
 
Figure 17. Stokes-Einstein relationship equation for measuring the diffusion of particles in 
solution, where k = Boltzmann constant, T = temperature in Kelvin, η = viscosity of solution, and 
R = radius of the particle .........................................................................................................  22 
 
Figure 18. Equation used to calculate the total energy for a single atom in an MD simulations. 
Terms are added for each type of energy potential and include the oscillation of bonds, changes 
of angles between bonds, dihedral rotations, and Lennard-Jones type non-bonded potentials  23 
 
Figure 19. Example of a protein folding funnel showing the possible trajectories of a protein. For 
a well-folded protein, there is only one low-energy structure (shown here). For an aggregate-
prone protein, there may be several low-energy structures (multiple wells) .............................  24 
 
Figure 20. Mechanism of Fmoc deprotection ..........................................................................  25 
 
Figure 21. Carbonyl activation of the next amino acid and formation of the peptide bond. The 
incoming amino acid is reacted with diisopyopylcarbodiimide (DIC) and subsequently 1-hydroxy-
benzotriazole (HOBt) leading to peptide bond formation .........................................................  26 
 
Figure 22. Overall scheme of solid-phase peptide synthesis coupling. The resin is deprotected 
allowing the first amino acid to be attached. The first amino acid is then deprotected to allow the 
incoming activated amino acid to form a peptide bond ............................................................  27 
 
Figure 23. Hydrodynamic radius (Rh) determined from DLS data for native Ma silk proteins in 4 
M urea as a function of dilution (top) and time (bottom). Both monomers and large protein 
assemblies (aggregates) are observed ...................................................................................  43 
 
Figure 24. 1H/15N-HSQC NMR spectrum collected at 600 MHz for native L. hesperus Ma silk 
proteins dissolved in 4 M urea (~1 wt%) ..................................................................................  45 
 
Figure 25. Strip plots from 3D NMR experiments collected at 600 MHz for 13C/15N-Ala-labeled 
native Ma spider silk proteins from the glands of L. hesperus spiders, HNCACB and CBCAcoNH 
give 2-residue correlations (top). Each pair of strips shows the same plane of the 15N dimension 
for both experiments and gives a two-residue assignment ......................................................  47 
 
Figure 26. NMR chemical shift perturbations (Δ ppm) observed between the native intact Ma 
glands from L. hesperus spiders (~35 wt%) and diluted (~1 wt%) dope in 4M urea. The chart is 



xi 
 

arranged in the typical direction from the C- to N-terminus Gly-rich regions come before the 
poly(Ala) domains ...................................................................................................................  49 
 
Figure 27. The 1H/15N HSQC NMR spectra collected at 600 MHz for 13C/15N-Ala-labeled native 
Ma spider silk proteins from the glands of L. hesperus spiders. The Gly and Ala region of the 
spectrum are expanded in the top and bottom spectrum, respectively ....................................  50 
 
Figure 28. The T2 (transverse) and T1 (longitudinal) relaxation times measured by 1H/15N HSQC 
NMR at 600 MHz  for 13C/15N-Ala-labeled native Ma spider silk proteins from the glands of L. 
hesperus spiders following dilution in 4M urea (~1 wt%) .........................................................  52 
 
Figure 29. A, Diffusion coefficient measurements from PFG-STE NMR conducted at 800 MHz 
for native L. hesperus MaSp proteins as a function of concentration in 4M urea. B, MSD of 
MaSp proteins from A. C, Slopes of MSD from B plotted against concentration ......................  54 
 
Figure 30. Representative example of fitting curves for DLS experiments. Results for Ma spider 
silk sample at a concentration 0.100 wt% in 4 M urea .............................................................  58 
 
Figure 31. Underlined residues are three-letter motifs assigned by 3D solution NMR with six-
letter motif assignments highlighted in yellow. The remaining letters highlighted in red are two-
residue assignments from Figure 2 that could not be assigned to 3- or 6-residue repeat units  59 
 
Figure 32. Comparison of one and two-component fit to the T1 decay curves showing a 
statistically improved fit when two components are utilized. The fits are shown for resonances 8, 
GQGGAG (top) and 12, AG (bottom) from the 1H/15N HSQC ..................................................  60 
 
Figure 33. Heteronuclear NOE values are negative for all assigned resonances including AAA. 
However, AAA exhibits near zero NOE values indicating a lower degree of dynamics and 
flexibility compared to the other environments. This is consistent with AAA being the most 
buried and least solvent exposed ............................................................................................  61 
 
Figure 34. PROFASI-generated structure of MaSp1. The core of the protein (black) was 
randomly generated in PROFASI and the N- (blue) and C-termini (red) were added after with 
the Chimera program ..............................................................................................................  68 
 
Figure 35. Final structures of MaSp1 simulations. The termini were added after the simulations 
were completed. In all structures, there is the presence of a tubular-like structure. In some 
cases (A and B) this prevented the complete collapse of the structure (C). The changes of 
radius of gyration are plotted in D for four simulations .............................................................  69 
 
Figure 36. Secondary structure results for MaSp1 and MaSp2. A, Ramachandran plot 
comparing the starting and final simulation structures for MaSp1, which looks identical to 
MaSp2. B, relative secondary structure of several residues found in MaSp proteins ...............  70 
 
Figure 37. -turn structures within MaSp1 and MaSp2 simulations. A, a type-I -turn structure in 
MaSp1 (GGQG). B, a type-I -turn structure in MaSp2 (GGYG). C, tabulated type I and type II 
-turn structures in MD simulations using an angle of ±10° from phi/psi = -60/120 ..................  71 
 
Figure 38. Representative images generated in Pymol for GPGG sequences taken from MaSp2 
simulations. Although Pro facilitates turn-like behavior, there were few examples of this in the 



xii 
 

simulations. In most cases, the i+3 Gly was too far to form hydrogen bonds with the i Gly (> 7Å; 
a defining feature for both type I and type II -turns ................................................................  72 
 
Figure 39. A, calculated solvent-exposed residues in MaSp1 and MaSp2 simulations. B, final 
partial frame of MaSp1 simulation highlighting the solvent-exposed Tyr residues (yellow). C, 
final frame of MaSp2 simulation highlighting Tyr (red) and Pro (blue) residues. MaSp2 
simulations did not have termini ..............................................................................................  73 
 
Figure 40. Ramachandran plot of Ala (left) and Gln (right) in GQGGAG for four simulations. 
Each structure used to generate the plot has 68 instances of the peptide GQGGAG, leading to 
272 sets of phi/psi angles for each residue. Both Ala and Gln seem to adopt a wide range of 
phi/psi angles ..........................................................................................................................  75 
 
Figure 41. Partial primary sequence of MaSp1 from L. Hesperus highlighting the location of our 
MaSp1 peptide chosen for study ............................................................................................  80 
 
Figure 42. Sum of 1H-15N HSQC spectra for MaSp1 peptide in water at 5 wt% (red) and 10 wt% 
(blue) showing differences in signal intensity .........................................................................  81 
 
Figure 43. 1H spectra (NOESYPR1D) comparing MaSp1 peptide in water and with added 
sodium phosphate buffer. Several amide peaks can be resolved in the water spectra which 
disappear once buffer is added ...............................................................................................  84 
 
Figure 44. 1H-15N HSQC of 13C/15N-labeled MaSp1-like peptide in water, pH 5 (black) or in 
phosphate buffer, pH 7.2 (red). There are 22 resolvable peaks in the black spectra, and only 13 
in the red. Several of the peaks shift or disappear after phosphate buffer is added .................  85 
 
Figure 45. Slice taken from the NHCACB experiment at the 15N chemical shift of Arg. In this 
experiment, the C are shown as blue and C green. Arg shows a slight downfield chemical 
shift in the carbon dimension, and a slightly upfield chemical shift in the 1H dimension. The 
preceding amino acid is Gly at ~ 45 ppm ................................................................................  86 
 
Figure 46. 1H-13C HSQC of 13C/15N-labeled MaSp1-like peptide in water, pH 5 (blue) or in 
phosphate buffer, pH 7.2 (red). Overall, the peaks look similar between each sample including 
in the aromatic region where Tyr is .........................................................................................  87 
 
Figure 47. Dynamic light scattering (DLS) analysis of MaSp1-like peptide in various solutions. 
The concentration is 5 wt% for A and B, 1 wt% for C and D. In A and C, the sample is dissolved 
in water, pH 5. In B and D, the sample is dissolved in phosphate buffer pH 7.2. All samples were 
centrifuged prior to DLS ..........................................................................................................  88 
 
Figure 48. Negative staining transmission electron microscopy (NS-TEM) images of MaSp1-like 
peptide in different solutions. Fibrils appear to form at 5 wt% (A-C) and when the peptide is in 
phosphate buffer at 1 wt%, E. Pre-assemblies appear in all images and are between 50 – 200 
nm ...........................................................................................................................................  89 
 
Figure 49. Full sequence of (AQ)12NR3 used throughout this chapter to study the structure and 
hierarchical organization of silk proteins. The last three lines correspond to the C-terminus ...  95 
 



xiii 
 

Figure 50. Light microscopy pictures of BSD and CSD dopes. Regions from II and III are 
enlarged to see the differences between the materials, where the BSD contains large droplets 
indicative of liquid-liquid phase separation ..............................................................................  98 
 
Figure 51. Dynamic light scattering of CSD and BSD dopes. a, BSD low concentration phase 
(supernatant). Concentrations at 0, 2, 4 and 6 hours were 27, 25, 20 and 16 mg/mL, 
respectively. b, BSD dope after diluting to 50 mg/mL. c, CSD ...............................................  100 
 
Figure 52. 1H spectra of BSD at 13-15 wt% (blue) and CSD at 12-14 wt% (red). In the amide 
region (7.8-8.6 ppm) it is possible to see peaks in the BSD spectra which are absent in the CSD 
spectra. The large peak in the CSD spectra at ~ 3.65 ppm is tris ..........................................  101 
 
Figure 53. 1H-15N HSQC (left) and 1H-13C HSQC (right) spectra of BSD (blue) and CSD (red). 
Peaks in the 1H-15N spectra are sharper for BSD than CSD, with some peaks in the CSD 
missing entirely. In the 1H-13C spectra, the chemical shifts are similar including in the aromatic 
region (inset) .........................................................................................................................  102 
 
Figure 54. 1H-15N HSQC spectra from Figure 53 labeled according to 3D HNCACB 
assignments. This HSQC was assigned using sparingly labeled glucose. .............................  105 
 
Figure 55. 1H-15N HSQC spectra on fully-labeled 13C/15N BSD. Several more peaks are 
assigned with higher fidelity from Figure 54 ..........................................................................  106 
 
Figure 56. First slice from the T1 experiment comparing the amide region in BSD and CSD. The 
signal intensity for CSD was increased 10 ............................................................................  108 
 
Figure 57. T1 fits for BSD (black) and CSD (blue) assigned from Figure 54. Some of the BSD 
and several of the CSD peaks did not have enough points to be fit. Therefore, the CSD amide 
region was integrated as a whole, between 7.7 – 8.7 ppm. ...................................................  109 
 
Figure 58. Reported T2 values for several residues in (AQ)12NR3 prepared as BSD (black) or 
CSD (blue). Errors were within 1-2 ms for all samples. Because of the low signal, several BSD 
and most CSD times could not be determined. Numbers next to dipeptide repeats correspond to 
Table 1. ................................................................................................................................  110 
 
Figure 59. 1H-13C CP-MAS experiments on labeled silks. Each spectra is scaled to the Gly peak 
at approximately 45 ppm .......................................................................................................  111 
 
Figure 60. Deconvolutions of BSD (top) and CSD (bottom). Secondary structure assignments 
were done using chemical shifts from the DARR and DARR difference. Once the positions were 
fixed, the linewidths and amplitudes were allowed to adjust freely using a 0.9 ratio for 
Gaussian/Lorentzian line shape ............................................................................................  112 
 
Figure 61. Through-space 13C-13C DARR correlation. At the two mixing times of 50 ms (top) and 
500 ms (bottom) it is possible to accurately determine the chemical shifts for several amino 
acids in the BSD (black) and CSD (red) fibers ......................................................................  113 
 
Figure 62. Slice extracted from DARR spectra at Pro C resonance (~63 ppm) for both CSD 
(blue) and BSD (red) fibers. By taking the difference in chemical shift between the C and C 
resonances, it is possible to determine the secondary structure of Pro .................................  115 
 



xiv 
 

Figure 63. DARR difference experimental results for isotopically labeled BSD and CSD fibers. 
The CP spectra for each sample is at the top (blue), followed by each 1D experiment where the 
largest peak was selected for spin-diffusion ..........................................................................  116 
 
Figure 64. Through-space 13C-13C selective correlation experiment designed at SDSU called 
DARR difference. In this experiment, the Tyr sidechain at ~131 ppm is selected by our pulse 
sequence and spin-diffusion occurs to nearby residues. By plotting the signal versus mixing time 
(from 0.1-1000 ms) we can measure distances using Tyr as an internal ruler .......................  117 
 
Figure 65. 1H-13C heteronuclear correlation (HETCOR) experiment. This experiment correlates 
1H and 13C signals through-space, where the distance is determined by the contact time (1 ms 
here). ....................................................................................................................................  118 
 
Figure 66. T1 fits for BSD and CSD. The CSD material does not have resolved amide peaks, so 
the entire amide region was fit for T1 measurements between 7.7-8.7 ppm. Numbers correspond 
to dipeptide repeats in table 1. ..............................................................................................  121 
 
Figure 67. T2 fits for BSD and CSD. Some of the BSD and several of the CSD peaks did not 
have enough points to be fit. Numbers correspond to dipeptide repeats in table 1. ...............  122 
 
Figure 68. Scanning Electron Microscopy (SEM) images (a and b) of native A. argentata prey-
wrapping silk bundles. Fibers are roughly 500 nm in diameter. (c) Primary-protein sequence for 
A. argentata AcSp1 repeat unit .............................................................................................  128 
 
Figure 69. 1H–13C CP-MAS spectra (a and b) and 2D 13C–13C DARR (c and d) spectra of 
freshly-spun A. argentata aciniform silks that were isotopically enriched with either 13C-Ala (a 
and c) or 13C-Val (b and d). Signal from crystalline 13C-Ala as a minor contaminant is indicated 
with an asterisk .....................................................................................................................  131 
 
Figure 70. Spectral deconvolutions of Ala, Ser and Val Cb resonances from 1H–13C CP-MAS 
data collected on isotopically-enriched freshly-spun A. argentata aciniform silks ..................  133 
 
Figure 71. Proposed hierarchical molecular protein structure of aciniform prey-wrapping silks as 
a hybrid a-helical coiled-coil and nanocrystalline b-sheet fibroin. Helix 1 and 2 form a helical coil 
(blue), Helix 3 is unstructured, helices 4 and 5 form another coil (green), and the Ser/Ala-rich 
regions of the linker form pleated b-sheet (red) subunits .......................................................  135 
 
Figure 72. Primary protein sequence alignment comparing A. argentata and A. trifasciata repeat 
units. .....................................................................................................................................  138 
 
Figure 73. Prediction of coiled-coil probabilities of residues 23 – 46 from the AcSp1 repeat unit 
from A. argentata, along with a cartoon structure of the sequence modeled as an ideal -helix. 
 .............................................................................................................................................  139 
 
Figure 74. Five sequence-based structure predictions of the A. argentata wrapping silk repeat 
unit after fiber formation (above horizontal line), with solution-NMR conformation added for 
context (below horizontal line ................................................................................................  140 
 
Figure 75. Preliminary Monte-Carlo Simulation results on possible b-sheet forming domains 
from the AcSp1 linker, in this case 8x Acetyl-STSSSASSFSS-NH2 (chain 1) and 8x Acetyl-



xv 
 

AAFGGTSGASAG-NH2 (chain 2), representing the beginning and ending -sheet prone motifs 
in the linker domain ...............................................................................................................  141 
 
Figure 76. Representative minimum energy structure demonstrating AcSp1 linker aggregation 
from the MD simulation displayed above, with Phe residues highlighted in yellow. ...............  142 
 
Figure 77. Schematic of Argiope AcSp1 prey wrapping silk. In the A. argentata species, there 
are 20 iterated repeats of the wrapping (“W”) subunit. The solution NMR structure from a single 
A. trifaciata W subunit (PDB 2MU3) was used to create the theorized “beads-on-a-string” model 
hypothesized to occur in solution and colored to identify each area ......................................  146 
 
Figure 78. a), A. argentata spinning a cricket with AC silk. b), the same spider returning to eat 
its prey through EOD. c), SEM images comparing native prey-wrapping AC silk from A. 
argentata following feeding or water treatment where the silk was soaked for 2 hr or 30 s and 
then dried for one day ...........................................................................................................  149 
 
Figure 79. 13C CP-MAS SSNMR spectra of A. argentata AC silk. a) AC silk labeled with 13C-Ala. 
b) AC silk labeled with 13C-Val. Peaks in a) with asterisks are from crystalline Ala contamination 
 .............................................................................................................................................  151 
 
Figure 80. a), 2D 13C-13C DARR SSNMR spectra collected with a 100 ms mixing time for 13C-
Ala-labeled A. argentata AC silk after different treatments. b), the same as in a) but only 13C-Val 
labeled. c), spectral deconvolutions of 1D 13C CP-MAS data showing qualitative changes to the 
Ala C (left) and Val C (right) resonance after different ......................................................  153 
 
Figure 81. (a) A 2D 1H/13C WISE spectrum with a 50 ms spin-diffusion time for hydrated A. 
argentata AC silk. (b), deconvoluted fits of 1H slices extracted at the Ala C -sheet resonance 
in the WISE spectrum for AC silk and BW dragline. (c), build-up curves of narrow component 
(red) from deconvolutions for the two silks. The arrows indicate 𝜏௠

∗  for each sample ............  158 
 
Figure 82. Proposed model of AC silks after contact with water. Helices 1-5 are blue and green 
cylinders that form -helical coiled-coils. (a), before wetting there is little -sheet content 
(~15%). (b), after water wetting some -helical and RC structures convert to -sheet ..........  160 
 
Figure 83. AFM topography scans of (a) native prey-wrapping silk and (b) silk water-wetted for 
2 hr and dried for 2 days .......................................................................................................  165 
 
Figure 84. 1H slice extracted at Ala C -sheet resonance in WISE spectra collected with 50 ms 
spin-diffusion mixing times for the two silks. Clearly the AC silks exhibit larger narrow 
component indicating mobile magnetization is able to spin diffuse into Ala sheet domains  167 
 
Figure 85. WISE build-up curves for A. argentata AC and Black Widow (L. hesperus) MA silk 
fibers. The first four points of the initial Gly build-up are fit with a dashed line of the 
corresponding color and the reported buildup time (ඥ𝜏௠

∗ ) is listed next to the label ...............  168 
 
Figure 86. Thermogravimetric analysis (TGA) of A. argentata AC silks. Native silks were 
collected and run within 5 minutes of collection. Water loss is reported in Table 13 from the 
weight loss curve up to 120°C. The data was collected with a TA2910 (TA Instruments Inc.) 
instrument under ...................................................................................................................  170 

 



xvi 
 

List of Tables 
 

Table 1. Mechanical properties of spider dragline silk and other common materials ...............  7 
 
Table 2. DLS Results for Ma Spider Silk Proteins Diluted in 4M Urea .....................................  44 
 
Table 3. NMR Isotropic Chemical Shifts (ppm) for Ma Spider Silk Proteins in 4 M Urea .........  46 
 
Table 4. Chemical shifts of MaSp1-like peptide in water pH 5 referenced to DSS ...................  90 
 
Table 5. Chemical shifts of MaSp1-like peptide in phosphate buffer pH 7.2 referenced to DSS 
 ...............................................................................................................................................  91 
 
Table 6. Tabulated chemical shifts from HNCACB strip plots as well as their secondary 
structure assignments. ..........................................................................................................  106 
 
Table 7. Secondary structure assignments of BSD and CSD fibers from DARR as well as 
relative secondary structure after deconvoluting CP data . ....................................................  114 
 
Table 8. Chemical shift values and reported structure for residues in (AQ)12NR3 prepared as 
CSD or BSD. .........................................................................................................................  123 
 
Table 9. Nano-indentation mechanical properties of native and water treated AC spider silk  150 
 
Table 10. Summary of conformation dependent 13C isotropic chemical shifts and secondary 
structure populations determined from peak deconvolutions of 13C CP-MAS spectra for AC silks 
 .............................................................................................................................................  152 
 
Table 11. Summary of parameters used to calculate domain size in BW dragline and AC silks 
 .............................................................................................................................................  167 
 
Table 12. Summary of parameters used to calculate domain size in L. hesperus MA silks and A. 
argentata AC silks for both Gly C and Ala C .....................................................................  168 
 
Table 13. Calculated water loss for prey-wrapping silk samples from Figure 86, their average 
and standard deviation. Native samples were run within 5 minutes of collection. AC silk samples 
were soaked in DI water for 2 hours and dried at 25°C at a humidity of 30-35% for 1 or 2 days 
 .............................................................................................................................................  170 
 

  



xvii 
 

Acknowledgements 

  Chapter 2 is a full reprint of “Investigating the Atomic and Mesoscale Interactions 

That Facilitate Spider Silk Protein Pre-Assembly” published in Biomacromolecules 2021. Onofrei, 

D.; Stengel, D.; Jia, D.; Johnson, H. R.; Trescott, S.; Soni, A.; Addison, B.; Muthukumar, M.; 

Holland, G. P. David Onofrei was the primary author of this paper. 

  Chapter 6 is a full reprint of “Spider Prey-Wrapping Silk is an α-Helical Coiled-

Coil/β-Sheet Hybrid Nanofiber” Published in Chem. Commun. 2018. Addison, B.; Onofrei, D.; 

Stengel, D.; Blass, B.; Brenneman, B.; Ayon, J.; Holland, G. P. Bennett Addison was the primary 

author of this paper. 

 Chapter 7 is a full reprint of “Hydration-Induced β-Sheet Crosslinking of α-Helical-

Rich Spider Prey-Wrapping Silk” published in Advanced Function Materials in 2021. Dillan 

Stengel, J. Bennett Addison, David Onofrei, Nha Uyen Huynh, George Youssef, and Gregory P. 

Holland. Dillan Stengel was the primary author of this paper. 

 

  



xviii 
 

Vita 

 

 2012 BS in Biochemistry and Cell Biology, UCSD 

 2021 PhD in Chemistry, UCSD/SDSU 

  



xix 
 

 

 

 

 

 

 

 

Abstract of the Dissertation 

 

Understanding the Native Spider Silk Spinning Process Using Recombinant Silk Proteins 

 

 

by 

 

 

Dillan Stengel 

 

Doctor of Philosophy in Chemistry 

 

University of California San Diego, 2021 

San Diego State University, 2021 

 

Professor Gregory Holland, Chair 

 

 Spider silks are a biological protein polymer with an incredibly diverse range of mechanical 

properties and functions. Spider silk has been recognized as having mechanical properties that 



xx 
 

rival man-made materials, fueling attempts to make synthetic versions. However, there have been 

only a few examples of synthetic silks meeting or surpassing natively-spin materials to date - none 

of which have been successfully commercialized. This is likely due to the numerous factors 

working in concert at length scales between the atomic and macroscale to create a continuous 

fiber with native-like properties. The goal of the research presented in this dissertation is to 

improve our understanding of the fiber spinning process at these length scales and to understand 

the material properties of the resulting fibers. These processes were studied using advanced 

liquid and solid-state nuclear magnetic resonance spectroscopy techniques, solid-phase peptide 

synthesis, molecular dynamics simulations, dynamic light scattering, and electron microscopy on 

native and recombinant silk proteins in solution and as fibers. In Chapter 2, we investigate the 

atomic and mesoscale interactions that facilitate spider silk pre-assemblies and find that dragline 

silk proteins in 4 M urea show the greatest deviation from glandular conditions at the peripheral 

ends of the poly(Ala) motifs. These proteins also display a critical aggregation concentration near 

4 wt% in 4 M urea. In Chapter 3, we utilize molecular dynamics (MD) simulations to assist in 

developing a more accurate structural depiction of a native-sized spider silk proteins in solution, 

and find consistent residues located on the surface of the simulated structure which may help to 

drive pre-assembly formation. In Chapter 4, we synthesize peptide mimics to study the 

hierarchical pre-assembly of native silk proteins and show that sequences taken from the 

amorphous region of dragline silks are capable of hierarchical structure formation and liquid-liquid 

phase separation. In Chapter 5, we discuss our results from a collaboration with Prof. Thomas 

Scheibel’s Lab at the University of Bayreuth in Germany where we investigate the secondary 

structure of isotopically-labeled recombinant silk as concentrated dopes and fibers. In Chapters 

6 and 7, we discuss a novel silk used during prey wrapping that is capable of crosslinking when 

wetted with water, where the as-spun mainly -helical, coiled-coil silk transitions to having 

increased -sheet character with matted morphology following water treatment. 
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Chapter 1: Introduction to Spider Silk 

Spider Silks 

 Silk is one of many biological polymers that fulfill structural roles in the natural world. To 

date, humans have successfully utilized this protein-based biopolymer for textiles and niche uses 

in the medical industry.1, 2 Despite the diversity of silks in nature, only silkworm silk has historically 

seen large-scale industrial and commercial scale utilization. Unfortunately, silkworms have a 

single silk gland which produces only one silk type during their lifecycle. In contrast, an individual 

spider can produce up to seven types of silks which are used on a daily basis for a range of 

applications that suits the spider’s needs.3, 4 These protein-based fibers have a diverse range of 

material properties and are highly specialized to be used in a number of places in web 

construction, prey wrapping, egg cases, and during a fight or flight response (Figure 1).5-7 

Depending on application, they range from highly extensible or elastic, to tough and brittle.8, 9 

Because these fibers offer a wide range of mechanical properties and are biodegradable, they 

are favored in the pursuit of replacing petroleum-based polymers as we look forward towards a 

greener future.  

Figure 1. (a) A. argentata spinning a cricket with aciniform (Ac, prey wrapping) silk. (b) SEM 
images of aciniform fibers.  
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 Before looking at each silk in detail, it would be helpful to discuss the broader 

characteristics of these proteins. The most-widely studied spider silk is dragline silk, getting this 

name from the spider “dragging” the fiber behind it as it repels during a fight or flight response. 

This silk is produced in the major ampullate (Ma) gland and also goes by the name major 

ampullate silk. Ma silk is primarily composed of two spidroin (Sp) proteins – MaSp1 and MaSp2, 

although recently it has been shown that other MaSp proteins may be present and are currently 

being discovered.10-12 The dragline silk is not entirely comprised of Ma silk however, and a small 

amount of minor ampullate (Mi) silk is also incorporated in small amounts. Prey wrapping silks 

are synthesized in the aciniform (Ac) gland. The spidroin proteins in these glands are extruded 

by the spider to form the final fiber, where the final name of the protein is a joining of both the 

original gland and protein name (e.g. MaSp, AcSp, MiSp, etc). 

 To date, all spider silk proteins seem to share three common features: 

1. They are high (250-550 kDa) molecular weight.13-15 

2. The majority of the protein sequence is made from iterated repeats with 

flanking N- and C-termini which form dimers at different stages of the fiber 

forming process.16-19 

3. The proteins have varying degrees of intrinsic disorder stemming from their low 

sequence complexity. 

 The two primary MaSp proteins (MaSp1, MaSp2) that comprise the Ma silk of black widow 

spiders (L. hesperus) are 250 and 310 kDa, with alternative sequences of GGX, GPGGX 

(MaSp2), or poly(Ala), where X can be Ala, Gln, Tyr, or Pro in the case of MaSp2 (Figure 2). 

Glycine and alanine make up approximately 70% of MaSp1 and 65% in MaSp2.13 Apart from the 

well-folded termini in both MaSp1 and MaSp2, the protein is generally disordered and displays 

essentially no secondary structure in the gland before extrusion akin to an Intrinsically Disordered 

Protein (IDP’s).20 After fiber extrusion however, the majority of Ala located in the poly(Ala) repeats 
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as well as Gly and Ser residues flanking these motifs are found within nanocrystalline -sheet 

domains that are dispersed throughout a disordered GGX matrix.21-24 These poly(Ala) -sheet 

domains impart strength to the fiber, where the GGX regions give the fiber extensibility and 

toughness. 

 As another example, AcSp proteins used for prey-wrapping, are believed to exhibit partial 

secondary structure as they are stored in the gland.25 These proteins have iterated repeats of 

approximately 200 amino acids that make up the majority of the AcSp protein (Figure 3).15 Each 

of these iterated repeats have been shown to display loose -helical character at the core of the 

sequence, with disorder mostly occurring in the Gly/Pro-rich tail.25-27 Together, the entire structure 

would look something like “beads-on-a-string” where the folded region is the bead, and the 

disordered linker region is the string. After extrusion from the spider, the final Ac fiber exhibits 

…YGRGGYGQGGAGQGGAGAAAAATAAGAGQGGQGGYG
QGGYGQGGAGQGGAAAAAAAAAGGAGQGGYGRGGAGQ
GGAAAAAAAAAGAGQGGYGGQGAGQGGAGAAAAAAGGA
GQGGQGGYGRGGYGQGGAGQGGAGAAAAAAAAGGAGQ
GGQGGYGQGGYGQGGAGQGGAAAAAAAAAGGAGQGGY
GRGGAGQGGAAAAAGAGQGGYGGQGAGQGGAGA… 

…GGQSGYGPGGAGAAAAAAAGGAGPGRQQEYGPGGSG
AAAAAAAAAGSGPSGYGPGAAGPIGPGGAGAAAAGGSGP
VGYGQGPSGYGASGTGGEQDYGPGGSGAAAAAAAAAGG
AGPGRQQGYGPGGSGAAAAAAAGGPGYGGQQGYGPGG
AGAAAAAAAGGAGPGRQQPYGPGGAGAAAAAAGGSGPG
GYGQGPSGYGASGPGGQQGFGPGGSGAAAAAAAGGAGP
G… 

Figure 2. Partial MaSp1 (top) and MaSp2 (bottom) sequences taken from L. hesperus (black 
widow). Ala is found in long runs in both sequences. Pro occurs frequently in MaSp2, shown 
in bold. 

…LISRVANALSNTSTLRTVLRRGVSQQIASSILRRA
AQTLASTLGVDGNNLSRVALQAISQVPTGSDTSAY
AQAFSSALFNAGVLNASNIDTLGSRVLSAVLNGVS
SAAQGLGINVDTGSVQSDISSSSSFLSTSSSASSFS
SQASASSTSGAGYTGPSGYTGPVGGGAQFGSAS
GQSSFGQTSGLTASSGGQAAFGGTSGASAG… 

Figure 3. Schematic of Argiope AcSp1 prey-wrapping silk. In the A. argentata species, 
there are 20 iterated repeats of the wrapping (“W”) subunit. 
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high -helical character where there is additional evidence that it is partially coiled-coiled.28 It 

should also be noted that, due to the folded nature of the “bead” region of this protein, it has 

greater extensibility and in fact surpasses the toughness of other silks, including dragline silk.8  

Molecular Structure of Silk Proteins and Fibers 

 The structure of silk proteins in fibers continues to be studied by a variety of techniques 

including solid-state NMR, X-ray diffraction, and Raman spectroscopy.29-32 A simplistic model for 

the structure of dragline fibers has been proposed and is widely accepted in the silk community.33 

This model shows that dragline silk is a semi-crystalline biopolymer containing nanocrystalline 

regions dispersed throughout an amorphous or glassy matrix (Figure 4, C). The fiber core is 

surrounded by two layers: an outer lipid layer and an inner layer which maintains the pressure 

exerted by the amorphous region.34, 35 The inner core is made of smaller fibrils oriented along the 

main fiber axis. In Ma fibers, ~82% of the Ala residues in the sequence are in -sheet structures 

Figure 4. Summary of dragline silk formation and fiber models based on previous studies. 
a), model of MaSp1 silk primary sequence. b), these Ma proteins exist as intrinsically 
disordered proteins in the gland and through physiological changes are converted to fibers. 
c), the poly(Ala) regions in the primary sequence come together to form nanocrystalline -
sheet domains (red) where the GGX regions (blue) are generally reported to be disordered. 

+Shear Force 
+H+ 
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as reported by NMR.21 Additionally, Gly and Ser residues flanking the poly(Ala) motifs are also 

found  in -sheets structures. The Gly-Gly-X regions have been reported to adopt a number of 

structures, from random coils, to -turns, to some -sheets but, is generally believed to be 

disordered or amorphous.21, 22, 36 In MaSp2, the proline-rich regions partially exist in elastin-like 

type II -turn structures that are hypothesized to be responsible for some of the extensibility of 

dragline silks.37 

 The structure and dynamics of spider silk proteins prior to spinning has been one of the 

most challenging aspects of spider silk investigations. Prior to spinning, the proteins are housed 

in a storage gland (Figure 5, B) where they remain essentially disordered (random coils) except 

for the helical termini which are well -defined helical bundles in a number of protein types.38, 39 

Because the silk is converted rapidly (less than a second) from soluble dope to fiber, this suggests 

that pre-assembly may be present even in the liquid state. Due to the lack of secondary structure 

reported from our group as well as others on the stored proteins, we suggest this order is probably 

supramolecular – the result of several protein monomers coalescing into disordered assemblies. 

Figure 5. Black widow Ma gland. (a), this is where the fiber spinning dope is created. (b) 
is the storage sac where the spidroins are stored at very high concentration (~25-50 
wt.%). The sac opens to the spinning ducts (c) which leads to the spinnerets. The 
transition from soluble protein to insoluble fiber happens very quickly and occurs through 
the removal of water, exchange of Na+ ions for K+ ions, and continuously decreasing pH 
gradient as the dope moves towards the spinnerets where the fiber is extruded. 

(a) 

(b) 

(c) 
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Since the concentration of spidroin proteins in the gland are extremely high (25-50 wt%),40 this is 

key to understanding how silk is stored and spun on-demand into a fiber. 

 The current understanding of the spinning process is based on several principles which 

originated after studying silkworm silk. In silkworms, the large repetitive core domain of the silk 

protein is dominated by hydrophobic residues while the termini contain hydrophilic ones.41 It was 

hypothesized that the silk proteins form roughly spherical micelle-like assemblies as stored in the 

gland solution.41 This highly concentrated spinning dope has also been described as a type of 

liquid crystal where dope flow through the duct induces an elongated character.42 Interactions 

with solvent are expected to drive the formation of these structures by burying the core domains 

and leaving exposed the termini as an outer shell. The hydropathy plot of L. Hesperus MaSp 

proteins are similar, and show the more hydrophilic residues in the termini and the more 

hydrophobic ones in the core, but the core repeat has a greater distribution of hydrophilic residues 

than silkworms.13 A proposed mechanism for the assembly of silkworm silk, and further extended 

to spider silk, relies heavily on this similarity. As the dope is forced through the narrowing duct 

leading to the spinneret, removal of water, lowered pH, and ion exchange would drive these 

micelle like structure into oblong fiber-like structures (Figure 4).43 Shear force applied during silk 

spinning could cause these larger globules to lose their symmetrical spherical character in favor 

of prolate spheroids which then pack together along a common axis on their way to forming a final 

solid silk fiber.42 The stacking of these structures then would give rise to the final fiber where an 

acidic pH gradient in the duct is thought to induce fibrillization.42-46  

Mechanical Properties of Silk Fibers 

 Understanding the mechanical properties of spider silks and their correlation to the 

underlying atomic, molecular and nanoscale structures of the silk proteins is a critical step to 

generating synthetic spider silk fibers with a range of desired physical and mechanical properties. 

Much of the interest in the material properties of spider silk is founded on testing Ma silk - one of 

the toughest materials known having an incredible strength for a biopolymer fiber compared to 
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man-made materials.47, 48 However, AC silks have both high strength and extensibility making 

them significantly tougher.8, 49 The wide range of spider silk’s mechanical properties makes it a 

highly versatile and tunable biopolymer.43, 50-53 This broad range is compared with other common 

fibers and materials (Table 1).48, 54-56 It may be useful therefore to discuss some of the terms – 

strength, extensibility, Young’s modulus (stiffness), and toughness – commonly used to classify 

these fibers. 

 To test the mechanical properties of a single fiber, an increasing tensile force is applied to 

the fiber while the elongation of the fiber is measured. This is plotted as force per unit area (stress) 

as a function of percent elongation (strain). An example of this stress/strain curve is shown in 

Figure 6. The strength of a material is defined as the stress at fracture. The extensibility of a 

material is defined as the strain at fracture. The stiffness of a material, also called the Young’s 

modulus, is the slope of the initial portion of the curve (Figure 6, arrows). The toughness of the 

Table 1. Mechanical properties of spider dragline silk and other common 
materials.(ref 47, 53-55) 

Material Strength (MPa) Stiffness (GPa) Toughness (MJ m-3) 

Dragline Silk 140-1,600 3-10 16-350 

Bombyx mori 

Silkworm Silk 

500-600 7 70 

Elastin 2 0.00011 1.6 

Tendon Collagen 120 1.2 6 

Wool 200 2-3 60 

Kevlar 3600 130 60 

Nylon 06 750-950 2-3.6 80 

High tensile steel 1650 190-210 6 

Carbon fiber 4000 300 25 

E-glass fiber 2200-3580 63-83 - 
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material is the area under the curve. These material properties for dragline silk change 

substantially if the fibers are wet or in humid conditions.57 When the fibers become wet they 

increase in diameter and shrink in length, a phenomenon referred to as supercontraction where 

the fiber displays enhanced extensibility.58-60  

Recombinant Silk Fibers 

 For decades, the goal of the silk community has been to commercialize processes of 

spinning spider silk-like materials that are similar in mechanical properties to their native 

counterparts. Synthetic production of recombinant spider silk that effectively mimics the 

mechanical properties of its natural counterpart suffers from several key knowledge gaps. These 

gaps lie between the molecular/biochemical level understanding of the protein structure and how 

these translate to the nano- and macroscale material properties. The challenge here lies in the 

fact that we do not fully understand the molecular and physical state of the Sp in the dope and 

the processes involved in the formation of silk as it transitions from a soluble protein solution to a 

nanocrystalline fiber. A fiber that contains a broad range of secondary structures and a 

combination of highly ordered, partially ordered, and disordered domains between the nano- to 

Figure 6. Mechanical stress-strain curves for dragline (major ampullate, MA) silk and 
prey wrap (aciniform, AC) silk collected from different species of spider. The strands were 
tested multiple times to account for variations across different individuals. The yellow and 
brown arrows indicate two examples of the yield point, or end of the linear region which 
defines the Young’s modulus (stiffness). 
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macro-scale lengths. Here we discuss the utility of recombinant silks and notable attempts to 

generate materials that are similar in their mechanical properties to native fibers. 

 Due to the large molecular weight of native silk proteins and their propensity for 

aggregation, several aspects of recombinantly expressing the proteins are met with difficulty. 

First, the DNA plasmid needed for recombinant expression is not available commercially due to 

the repetitive nature of the nucleic acids. These plasmids are generally synthesized in-house, 

using a stepwise approach where the repetitive regions are copied and cloned back into the 

plasmid again and again until reaching the desired number of repeats.61-63 This is a laborious 

process. Several silk types have been recombinantly expressed using this method, including 

cylindrical (Cy), tubuliform (Tu), minor ampullate (Mi), and major ampullate (MaSp1 and MaSp2) 

silks which are low complexity and repeated several times in native sequences.61-64 Other silk 

protein types with a greater complexity have also been expressed using commercially available 

plasmids, including prey-wrapping (aciniform, Ac) silk.39, 65 To convert the silk dope into fibers, a 

general process includes concentrating the recombinant proteins in a solvent or buffer to create 

a dope, and extruding the dope through a small orifice into a coagulation bath. Generally, there 

are two methods to produce these materials. One is to use an organic solvent to dissolve the 

proteins, the other is to use native-like solutions.66 Both have their merits and below we discuss 

some of the benefits and groups utilizing them. 

 Several groups are working on the spider silk problem and have made substantial 

contributions to the understanding of the spinning process itself. The Kaplan group at Tufts 

University, Boston has a number of projects related to silk materials from 3D printed fibers, silk-

derived tools, and silk-based therapeutics.61, 67-72 Although the Kaplan Lab focuses on generating 

silk-based materials, they do not utilize a native-like spinning process. To generate fibers with 

properties that are similar to native fibers, recombinant silk proteins are dissolved into 

hexafluoroisopropanol (HFIP), a strong denaturant, which is then extruded into an aqueous 

coagulation bath containing alcohol.61, 73-75 The benefit of this method is that HFIP can easily 
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dissolve large, aggregate-prone proteins and generate materials that are similar in mechanical 

properties to native silks.61, 71 Of course, HFIP is not part of the mechanism of native silk formation 

and also suffers from being rather expensive, corrosive and toxic. This prevents this process from 

being scalable or green. Together, the Kaplan Lab has explored new frontiers for silk and has 

developed a strong understanding of working with these large proteins, generating materials that 

are silk-based for materials applications and therapeutics. 

 Using an alternative approach, several groups utilize native-like conditions in processing 

silk materials into fibers and other materials.65, 76-80 Because of this, the resulting fibers are able 

to be directly compared to the native fibers. This method precludes the use of expensive, toxic 

solvents making it scalable and green for commercialization. One example is the Scheibel group 

from Bayreuth University in Germany who utilizes a MaSp2-like protein that originates from the 

Araneus diadematus species, dubbed ADF-3, to explore the mechanism of silk fiber formation.63 

The protein itself is made from two modules, A and Q (Figure 7), repeated several times.63 This 

material has been used as the basis for several studies, again using native-like spinning 

conditions, to explore the effects of buffers, extrusion, post-stretching, and repeat length.77, 78, 81, 

82 In one paper, the group simultaneously examines the influence of spinning conditions and 

protein length on mechanical properties where greater toughness is achieved for fibers spun from 

phosphate-containing buffers over Tris/HCl buffers.78 This result is in line with other current work 

examining the effect of phosphate-containing buffers to encourage liquid-liquid phase separation 

which drives protein-protein interactions forming large, hierarchical protein pre-assemblies.42, 82-84 

The Scheibel group has also been successful in commercializing silk fibers through their 

ADF-3 

Module A      Module Q 

GPYGPGASAAAAAAGGYGPGSGQ             GPGQQGPGQQGPGQQGPGQQ 

 

Figure 7. Amino acids sequences of designed silk modules from the Scheibel group. 
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company. AMSilk (www.AMSilk.com). Together, the Holland and Scheibel Labs are both 

interested in exploring pre-assembly as a key mechanism in spider silk formation, as well as the 

molecular structure of the resulting fibers. In Chapter 5 of this dissertation, we explore the 

secondary structure of the recombinant (AQ)12NR3 protein solubilized under native-like 

conditions, as well as the subsequent fibers provided during our collaboration.  

Biophysical Tools for Characterizing Silk Proteins and Fibers 

Introduction to Nuclear Magnetic Resonance Techniques for Proteins  

 Nuclear magnetic resonance (NMR) spectroscopy is a technique that is ubiquitously 

applied throughout all fields of chemistry, structural biology, and material science. It is the only 

technique that provides atomic-level detail of biomolecular systems in solution. Certain atoms on 

the periodic table have a property called “spin”, arising from the quantized nuclear angular 

momentum which gives rise to a nuclear magnetic moment. The proportionality between the 

nuclear angular momentum and the nuclear magnetic moment is called the gyromagnetic ratio. 

When a strong magnetic field is applied to a nuclear spin, it begins to precess at a frequency 

Figure 8. 1H-15N HSQC of uniformly-labeled 13C/15N GB1. GB1 is well-folded 
56 residue protein that serves as a setup sample for solution NMR. With the 
exception of a few amide side-chains, each peak corresponds to an H-N 
bond for each individual amino acid residue of the protein.  
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proportional to the strength of the magnetic field based on their gyromagnetic ratio. This frequency 

from the spin is known as the Larmor frequency. The frequency is proportional to the energy 

associated with the interaction between the nuclear magnetic moments and the magnetic field. 

However, the effective magnetic field felt by each individual nuclei is attenuated by the influence 

of other nearby electronic environments. Because of this, the frequency of these spins vary 

depending on the atomic bonding environment. For example, the connectivity of carbon atoms in 

the molecule ethanol (CH3CH2OH) produces two different resonances; one corresponding to the 

CH2 bound to the –OH group, and the one from the CH3. To record this difference in frequency, 

a second oscillating magnetic field is applied as a “pulse” to the sample which excites the spins 

and promotes them from low to high energy, allowing one to record the frequency of energy given 

off as the spin relaxes from high to low energy. This pulse sequence is repeated several times, 

where the signals are averaged to improve signal-to-noise (S/N). The data are recorded as 

frequency, but with one additional step to account for the strength of the magnetic field. Since the 

precession frequency of nuclei change with magnetic field strength (1H at 600 MHz precesses at 

600 million times/sec vs. 1H at 400 MHz precesses at 400 million times/sec), it is useful to make 

the frequency values obtained relative to the magnetic field so it becomes easier to compare data 

across different field strengths. This is done with the implementation of the “chemical shift”, which 

is in parts per million (ppm) and is calculated by dividing the obtained frequency by the magnetic 

field strength, multiplied by one million. For example, if a 1H frequency is recorded as 1800 Hz on 

a 600 MHz spectrometer, the chemical shift would be 3 ppm (0.001800 MHz * 1e6/600e6 MHz = 

3 ppm). On a 400 MHz instrument, 3 ppm = 1200 Hz (3 ppm * 400e6 MHz/1e6 = 1200 Hz). In the 

case of amino acids, these chemical shifts are helpful in solving protein structure questions. For 

example, the chemical shifts of the atoms (1H/13C/15N) within an amino acid are influenced by its 

phi/psi angles. After obtaining the chemical shifts for each amino acid in a protein, one can 

compare them to a set of published chemical shifts to determine if the amino acid is in a helical, 

random coil, or -sheet structure.85  
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2D NMR and Backbone Assignment Strategies  

 The previous example is of a 1-dimensional experiment where only a single frequency is 

recorded. However, there are modified versions of these experiments allowing us to record two, 

three, or even more nuclei simultaneously in a single experiment. For example, the most common 

two-dimensional (2D) NMR experiment utilized in a number of fields is the heteronuclear single 

quantum coherence (HSQC) experiment (Figure 8).86 In this experiment, 1H nuclei are excited 

and through spin-spin coupling J-transfer their magnetization to 13C nuclei (or any other active 

nuclei) one bond away are also observed. A 1H-13C bond pair is displayed as a single peak, where 

the chemical shifts of the 1H and 13C are on different axis. This experiment is often faster at 

generating data than a direct experiment because of the utilization of 1H magnetization transfer 

making it possible to collect data on natural abundance samples. However, this mapping 

technique is rarely sufficient to confidently assign residues in proteins. Furthermore, sequential 

Figure 9. Graphical representation of the 3D backbone walk strategy. The cube 
contains data collected from an HNCACB experiment. The extracted slice from 
the cube is at a 15N intersection, and correlates the HNCACB experiment (blue) 
with data from the CBCACONH experiment (red).  
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assignments are not possible with only two dimensions. To solve this, there are a variety of triple 

resonance (1H/13C/15N) 3D experiments that pass magnetization along the backbone thus, 

providing chemical shift information from neighboring amino acids. 

 First, a 1H/15N HSQC is generally recorded to map the dispersity of backbone 15N amides. 

This is then followed up with a number of 3D experiments that pass magnetization along the 

backbone to sidechains and provide greater specificity when doing assignments (Figure 10).87 

One example of this is the HNCACB experiment, where magnetization is passed as follows: 1H > 

15N > 13C+ 13C > 15N > 1H (Figure 9).88, 89 The resulting resonances correlate 1H and 15N with 

13C and 13C peaks, including a weak set of resonances that bleed through from the preceding 

(i-1) residue. A second experiment, called the CBCAcoNH, passes magnetization from the amide 

1H through the adjacent CO group to correlate the i-1 C and C resonances. These C and C  

peaks are then matched with the i residue from the HNCACB experiment and used to identify the 

Figure 10. Pulse sequences used for the “backbone walk” strategy to correlate 
sequential peaks for protein sequencing.  
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15N chemical shift of the i+1 amino acid (Figure 10).90, 91 This “backbone walk” is continued until 

the entire protein can be assigned. 

Protein Dynamics 

 Segmental processes occur on a wide timescale for proteins, from aromatic ring flips (ms-

s), to full-body tumbling (s-ns), to the wiggling and jiggling of local bond vectors (ns-ps). These 

motions cover several orders of magnitude and their perturbations can be a diagnostic of protein 

folding, protein-protein and/or protein-ligand interactions. Measuring these in both the liquid and 

solid-state therefore, helps to further reveal atomic information regarding the protein through 

measured local molecular dynamics. Technically in these cases, what is measured is the spins 

returning to equilibrium. Nuclear spin relaxation has two components – spin-lattice relaxation (T1), 

and spin-spin relaxation (T2) – and is perturbed by the aforementioned processes. Measuring the 

rate at which this signal intensity returns to equilibrium, or decays, provides insight into these 

motional processes. Other experiments can exchange nuclear magnetization and are distance 

dependent, like the Nuclear Overhauser Effect (NOE), and can therefore be used to determine 

structural restraints for solving protein structures. Finally, we can measure bulk (Brownian) 

dynamics of particles in solution using pulsed-field gradient diffusion oriented spectroscopy (PFG-

DOSY), giving us clues to protein-protein interactions that occur at the nanoscale.  

Relaxation  

  Typically when spectroscopists refer to NMR relaxation they are referring to T1 and T2 

relaxation (Figure 11). Broadly speaking, the motional processes that occur with T1 report on the 

overall tumbling, or reorientation of the molecule in ps-ns regime. T2 reports on slower, local 

motions such as chemical exchange, side chain rotations or flexible loop motions that occur on 

the s-ms timescale. T1 relaxation is usually measured using the “inversion recovery” method, 

where a 180° pulse is applied to the sample, followed by an incremented delay, then a 90° pulse.92 

The result is that net magnetization grows in the z-direction during the incremented delay that 
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becomes tipped into the plane of detection when the 90° pulse is applied. The signal builds over 

the course of the experiment, reaching a plateau. The data is fit to the equation: 

𝐼 = 𝐼଴(1 − 2𝑒
ି

௧

భ்) 

where t is the incremented time and I0 is the signal intensity at the given time (Figure 11, A). T2 

relaxation is measured using the Carr-Purcell-Meiboom-Gill (CPMG) experiment, where a 90° 

pulse is applied to the spin of interest followed by an array of (delay-180°)n pulses.93, 94 The signal 

decays as a function of (delay-180°)n pulses, and is fit to an exponential decay: 

𝐼 = 𝐼଴(𝑒
ି

௧

మ்) 

where t is the delay time (Figure 11, B). T1 relaxation is most effective (lowest) when molecular 

tumbling is at the Larmor frequency and increases as the sample either becomes more liquid, or 

solid. T2 relaxation is governed by these same motional processes, as well as other more local 

processes and decreases as sample tumbling slows. Together, both of these processes can be 

helpful in determining dynamic changes within proteins and provide information of protein folding, 

protein-protein interactions and ligand-protien interactions. 

Figure 11. Example T1 (A) and T2 (B) curves. T1 is determined using the “inversion-
recovery” method where signal builds over time. T2 is measured using the CPMG 
sequence where signal decreases over time. Both processes follow first-order 
kinetics and can be fit by an exponential.  

A B 
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Diffusion  

 One class of experiments that can be used to extract bulk dynamics are pulsed field 

gradient (PFG) diffusion NMR measurements. These experiments inform on the Brownian 

diffusion of molecules or proteins in solution which through the Stokes-Einstein relationship can 

be directly correlated to the size of these molecules or assembly of molecules. In its simplest 

form, the experiment starts with a standard 90° pulse and then a non-uniform gradient field is 

applied across the sample which spatially encodes the particle’s location within the NMR tube 

(Figure 12). After a delay allowing the particles to move, their location is then decoded and 

compared to their original signal intensity. This experiment is repeated several times with 

increasing gradient strengths where the signal attenuation of each experiment is fit to an 

exponential decay known as the Stejskal-Tanner equation, allowing us to solve for the diffusion 

coefficient (D):  

𝑆 = 𝑆଴exp [−(𝛾𝛿𝑔)ଶ𝐷 ൬𝛥 −
𝛿

3
൰] 

where γ is the gyromagnetic ratio of the nucleus, δ is the length of time the gradient pulse is 

applied, g is the strength of the gradient pulse, Δ is the time in between the two pulses, and D is 

the diffusion coefficient.95 The final diffusion coefficient is used in the Stokes-Einstein equation to 

solve for particle size (Figure 17).96 

Figure 12. PFG-DOSY experiment scheme is displayed on the left. Data taken 
measuring the diffusion of glycerol is displayed on the right. 
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Solid-state NMR 

 While solution NMR is implemented to study silk dope under various native-like conditions, 

we are unable to use this technique to structurally characterize solid fiber samples. This is due to 

the rigid nature of the material causing strong dipolar-coupling between adjacent spins leading to 

rapid signal decay and broad resonances. In order to remove this dipolar-coupling, we use a solid-

state NMR probe equipped to spin the sample at high speeds (5-110 kHz) at an angle of 54.74° 

relative to the B0 field, dubbed magic angle spinning (MAS). In doing so, the dipolar network is 

Figure 13. Typical cross-polarization (CP) pulse sequence scheme. First, a 90° pulse is 
applied to the abundant nuclei to tip the spins into the plane of detection. Then, power is 
applied to both channels to achieve a Hartman-Hahn match, where the spin-lock fields 
(B1

H and B1
C) are adjusted so the splitting for 1H and 13C become equal (H = C). This 

helps increase signal from the less abundant nuclei. During signal acquisition, the 
abundant nuclei is decoupled to prevent its interaction from the collected FID signal. 
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greatly reduced and allows us to collect chemical shift information on the structure of solid 

materials. Some NMR nuclei are 100% abundance and have a high gyromagnetic ratio allowing 

us to collect data with a single direct pulse. However, several nuclei of interest involved with 

proteins (13C, 15N) have not only a low abundance, but also have gyromagnetic ratios that are low 

necessitating more scans resulting in very long experiment times. To increase S/N for low-

gyromagnetic ratio nuclei, a cross-polarization (CP) step is added where magnetization is 

transferred from an abundant nuclei (1H) to the nuclei of interest (13C/15N) over a contact period.97, 

98 This is done by matching the frequency of the two spins by modifying their spin-lock fields with 

an applied magnetic field (B1). The pulse sequence first begins with a 90° pulse on the abundant 

nuclei (1H), followed by the application of frequencies on both channels such that they are spin-

Figure 14. Cross-polarization magic-angle spinning (CP-MAS) results from N. clavipes 
(Golden Orb Weaver) dragline silk enriched with uniformly-labeled 13C/15N-Tyr/Arg. With 
site-specific labeling, we can enrich particular nuclei to boost their signal. After measuring 
the chemical shifts of each major peak, we can compare these with published values to 
determine secondary structure. 
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locked. In practice, this is done by fixing the frequency of one channel and “ramping” the frequency 

of the other in order to excite all nuclei in the frequency range. After this spin exchange, the 

abundant spin is decoupled from the signal being read (Figure 13). Theoretically the signal 

enhancement is proportional to gyromagnetic ratios of the two spins. For example, a 1H-13C CP 

has an enhancement of ~4X since the 13C is approximately ¼ the gyromagnetic ratio of 1H (Figure 

14). In this experiment, we collected 1H-13C and 1H-15N CP MAS data on labelled and unlabeled 

N. Clavipes dragline silk after feeding the spiders with U-13C/15N-Tyr (Figure 14). 

 Because dipolar interactions are distance-dependent, it is possible to obtain distance 

information between nuclei by utilizing certain experiments. The dipolar coupling equation 

describes the relationship between two nuclei: 

    

Where 𝜇଴ is the vacuum permeability, ħ is Plank’s constant divided by 2π, 𝛾௫ are the gyromagnetic 

ratios of each spin, 𝑟௝௞
ଷ  is the internuclear distance between the spins, and 𝜃 is the angle between 

the two spins with respect to the magnetic field. At the magic angle (𝜃 = 54.7°) the angular 

dependence of the dipolar coupling is reduced to zero and signals corresponding to the chemical 

𝜇଴𝛾௝𝛾௞ħ

4𝜋 〈𝑟௝௞
ଷ 〉

(1 − 3𝑐𝑜𝑠ଷ𝜃) 

Figure 15. Dipolar-assisted rotational resonance (DARR) pulse sequence scheme. After 
the CP step, signal is collected for the direct dimension and after the spins are inverted 
where they are recoupled over a mixing period. Then, the signals are reinverted to fall into 
the plane of detection and detected. 
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shift dominate. A popular solid-state experiment that exploits this is the dipolar-assisted rotational 

resonance (DARR) experiment (Figure 15, 16).99, 100 In this experiment, magnetization is 

transferred from 13C to 13C nuclei (or any homonuclear pair), where an adjustable mixing period 

is added to measure magnetization exchange between spins that can be correlated with 

distances. This 13C-13C interaction is assisted with the addition of a recoupling scheme, where 1H-

1H and 1H-13C dipolar coupling is reintroduced to enhance magnetization exchange. Our group 

utilizes this experiment regularly to resolve overlapping resonances in CP-MAS NMR spectra of 

spider silks (Figure 16). Together, both the CP and DARR experiments help to answer a number 

of questions about the overall structure of solid samples and have been utilized throughout 

several projects in this dissertation. 

Dynamic Light Scattering  

 Dynamic light scattering (DLS) is a technique used to measure the size of particles in 

solution and has been applied to numerous materials including polymers and proteins.101 When 

light, usually monochromatic from a laser, is shined on particles in solution they scatter light in 

proportion to their radius.101 Because the particles are undergoing Brownian motion, their distance 

Figure 16. 2D dipolar-assisted rotational resonance (DARR) spectra at 14 kHz MAS of native 
A. argentata prey wrap silk labeled with 13C-Val/Leu/Ala. At a mixing time of 50 ms, short-
range contacts can be established to determine amino acid secondary structure, as well as 
labeling efficiency.  
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to the detector changes over time and produces fluctuations in this scattered light intensity which 

causes constructive or destructive interference producing light or dark spots, respectively, on a 

photodetector.102 These spots are then correlated to the movement of particles in solution through 

an auto-correlation function.103 The data is then deconvoluted to measure the size of particles 

using a cumulant fit analysis, where the changes in intensity over time are used to calculate 

diffusion.104 Finally, using the Stokes-Einstein relationship it is possible to calculate the size of 

particles in solution (Figure 17).96  

 Due to the sensitivity of the detectors implemented in most benchtop DLS systems, it is 

possible to measure the size of particles present at part-per-million levels (Malvern Zetasizer, 

www.malvern-talks.com). However, spider silk proteins are stored at native conditions between 

25-50 wt%.105-107 This is far outside the appropriate range of obtaining quality data, where most 

manufacturers suggest an upper-limit of approximately 1 wt%. If the concentration used is too 

high, the scattered light and particles interact faster than the detector can record which leads to 

erroneous data. It is therefore necessary to first measure the size of these particles at a number 

of concentrations to determine the upper concentration limit.  

 DLS is an easy and convenient method of measuring particle sizes in solution. We have 

successfully utilized DLS to measure the size of spider silk proteins in solutions of 4 M urea, 

observing the pre-assemblies present under native conditions which were also detected by 

diffusion NMR and cryoEM.84, 108 DLS has also been utilized by our group as a screening tool 

Figure 17. Stokes-Einstein relationship equation for measuring the diffusion of particles in 
solution, where k = Boltzmann constant, T = temperature in Kelvin, η = viscosity of solution, 
and R = radius of the particle. If the diffusion is known, the equation can be algebraically 
rearranged to solve for R. 
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before cryogenic - transmission electron microscopy (cryo-TEM), where we are interested in 

obtaining images of these pre-assemblies. 

Molecular Dynamics 

 Molecular dynamics (MD) is a computational tool used to observe and analyze the 

movement of atoms and molecules. Velocities are first assigned to the atoms according to the 

Boltzmann distribution at an initial temperature.109, 110 Once the simulation begins, restrains are 

removed and the atoms are allowed to freely move. Their movement is controlled by solving 

Newton’s equations of motions for each atom over the course of the simulation (Figure 18).111 

The number of equations used during these calculations, also based on the type of system 

(proteins, organic molecules, metals, etc.) and solvent are combined into a force field. For 

example, in the popular AMBER force field, there are different terms used for simulations with 

small organic molecules, protein-organic molecule docking, and proteins.112 The simulation is 

divided into equal time steps, where between each step the atoms are allowed to move based on 

their previous energy, then stopped and recalculated, which provide new energies, velocities and 

trajectories for the atoms for the next step. This iterative process is usually repeated using millions 

of steps bringing the total simulation time to the ps – ms range.113 The number of steps chosen 

and therefore the length of time for each simulation is dependent on the timescale of the 

phenomena of interest. For example, protein folding continues to be of great interest to the 

Figure 18. Equation used to calculate the total energy for a single atom in an MD 
simulations. Terms are added for each type of energy potential and include the 
oscillation of bonds, changes of angles between bonds, dihedral rotations, and 
Lennard-Jones type non-bonded potentials.118 
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scientific community since several well-known diseases arise from misfolded proteins.114-117 MD 

has been utilized to understand energies associated with native and misfolded versions of the 

proteins, thus providing differences to the structures where a therapeutic weakness could 

potentially be exploited. MD has been utilized to study the folding and subsequent aggregation of 

amyloid--42 peptides which are found in plaques in the brain of patients with Alzheimer’s dis 

ease.118 In a recent work, the amyloid--42 peptide was put into a box of water and simulated for 

structural changes 10 times. The authors found that the appearance of a transient structure 

occurring periodically throughout the simulation was a trigger for fibril formation, in good 

agreement with a similar transient structure proposed from solution NMR.118 The data provided 

throughout a trajectory can also be informative in the protein folding context, and is often used to 

generate energy funnels or contact maps for establishing the relationship between free energy 

and protein folding (Figure 19). 

 For larger systems as well as systems where the phenomena of interest occurs on a larger 

timescale, fully-atomistic models require exorbitant computational amounts of time to generate 

meaningful data. Coupled with the fact that these simulations also need to be repeated, the length 

Figure 19. Example of a protein folding funnel showing the possible trajectories of a 
protein. For a well-folded protein, there is only one low-energy structure (shown here). 
For an aggregate-prone protein, there may be several low-energy structures (multiple 
wells).  
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of time needed to run a simulation could take months. There are some time-saving measures that 

can be employed, however. For example, when dealing with a large system it’s possible to use 

an implicit-solvent model where the dielectric of the solvent, rather than the solvent molecules 

themselves, are used.119 Of course you can only use this if you are not interested in the solvent’s 

interaction with your molecule. This dramatically reduces the time needed for simulations since 

the force field is only used for the molecule of interest and not the solvent molecules. Additionally, 

it is possible to use a coarse-grained (CG) MD approach where groups of atoms are abbreviated 

by a single point.120, 121 Most CG systems are used as a “drop-in” replacement for all-atom 

systems, and work seamlessly with the most popular force fields, including AMBER. This 

approach has been used to study the nature of, for example, lipid-protein interactions as well as 

a number of other systems.121, 122 In Chapter 3 of this dissertation, we simulate native-sized 

MaSp1 and MaSp2 proteins to understand their putative structure. 

Solid-phase Peptide Synthesis 

 Peptide synthesis is utilized to make a number of significant commercial and 

pharmaceutical products such as the sugar substitute aspartame, the clinical hormone oxytocin, 

the adrenocorticotropic hormone, and stapled therapeutic peptides with enhanced specificity over 

small molecule drugs.123, 124 Solid-phase peptide synthesis (SPPS) begun in the early 1960’s after 

the synthesis of a tetrapeptide synthesized on the surface of a styrene bead and has since 

become a streamlined and robust way to generate small segments of proteins.125 The next major 

advancement for SPPS occurred in the early 2000s with the addition of microwave-assisted 

Figure 20. Mechanism of Fmoc deprotection. 
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synthesis which decreases time and helps to prevent peptide aggregation.126 Current 

advancements include improved resin chemistries, efficient coupling schemes for growth, and 

optimization of activator/activator bases which work to improve purity and yield.127 There are 

several competing peptide synthesizer manufacturers including CEM Corporation, Gyros Protein, 

AAPPTEC, and CSBIO to name a few. All utilize similar FMOC chemistry; adding amino acids, 

one by one, to a growing peptide chain. The general steps of SPPS have been relatively 

unchanged over the last decades, however modifications are made when problems arise that 

stem from the primary sequence, like resin choice and coupling schemes.128, 129  

 SPPS first begins with the selection of resin, or bead, from which the peptide will be grown. 

The resin is a small (100s m) polystyrene sphere with linkers that decorate the surface.123, 125 

Peptides are synthesized in the C-to-N direction, where the type of linker bound to the resin 

determines what group will be present at the C-terminal of the final peptide. For example, if a 

carboxylic acid is desired at the C-terminus of the final peptide, a Wang resin would be used.130 

The linkers come protected and the first step in SPPS is to deprotect the linker in order to add the 

first amino acid. The protecting group chosen for the linker, as well as for the N-terminal amines 

Figure 21. Carbonyl activation of the next amino acid and formation of the peptide bond. 
The incoming amino acid is reacted with diisopyopylcarbodiimide (DIC) and 
subsequently 1-hydroxy-benzotriazole (HOBt) leading to peptide bond formation. 
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of the amino acids, is usually the base-labile molecule 9-fluorenylmethoxycarbonyl (Fmoc).131 This 

protecting group Fmoc is removed by the addition of a strong organic base such as piperdine or 

piperazine.128 The acidic proton on the five member ring of the Fmoc group (Figure 20) is remove 

by the base causing a bond rearrangement exposing the N-terminal of the linker/amino acid. The 

incoming amino acid is reacted with the activator base diisopyopylcarbodiimide (DIC), a good 

leaving group, which subsequently prepares it for the attack from the activator 1-hydroxy-

benzotriazole (HOBt), creating a highly reactive species that is attacked by the exposed N-

terminal (Figure 21), creating a peptide bond. The reaction vessel where this takes place is 

washed to remove excess reagent, and the process repeats; the Fmoc group of the recently 

added amino acid is removed followed by the addition of the next amino acid, activator, and 

activator base which covalently attach it to the growing peptide chain (Figure 22). After the last 

amino acid is added, a final cleavage step removes the peptide from the resin. The cleavage 

cocktail is a mixture of acid and scavengers whose additional role is to remove the protecting 

Figure 22. Overall scheme of solid-phase peptide synthesis coupling. The resin is 
deprotected allowing the first amino acid to be attached. The first amino acid is then 
deprotected to allow the incoming activated amino acid to form a peptide bond. The cycle 
is then repeated – deprotection, activation, coupling – until the peptide is complete. 
Cleavage is the last step in synthesis which removed the peptide from the solid support. 
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groups covalently linked to the side chains of amino acids containing N or O atoms.132, 133 

Generally, cleavage cocktails contain > 80% trifluoroacetic acid with water and triisopropylsilane 

as scavengers.127, 134 Depending on the primary sequence, it may be necessary to include 

reducing agents for Cys residues.  

 In practice, there are usually some modifications that are needed to optimize the 

synthesis. For example, our group uses SPPS for synthesizing silk-like peptides that are 

aggregate prone. One early modification in our SPPS work was to use a low-loading resin, which 

has fewer linker sites to prevent aggregation during synthesis. Additionally, some of the amino 

acids which contain large protecting groups, like Fmoc-Arg-Pbf, need to utilize a double-coupling 

scheme.134 No deprotection occurs between each step; first the Arg is added and reacted, washed 

away, then a second aliquot of Arg is added without a deprotection step. The makeup of cleavage 

cocktail as well as the time necessary to cleave and deprotect the peptide is also dependent on 

the primary sequence. With large protecting groups, longer times are required for more than one 

or two instances of the amino acid. Together, SPPS has become an effective way to generate 

silk-like materials our group uses to study fundamental aspects of the spider silk spinning process. 

In Chapter 4, we synthesize silk peptide mimics to study the native pre-assembly structure of 

native silk proteins. 
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Chapter 2: Investigating the Atomic and Mesoscale Interactions that Facilitate Spider Silk Protein 

Pre-assembly 

Abstract 

Black widow spider dragline silk is one of nature’s high-performance biological polymers, 

exceeding the strength and toughness of most man-made materials including high tensile steel 

and Kevlar®. Major ampullate (Ma), or dragline silk, is primarily comprised of two spidroin proteins 

(Sp) stored within the Ma gland. In the native gland environment, the MaSp1 and MaSp2 proteins 

self-associate to form hierarchical 200-300 nm superstructures despite being intrinsically 

disordered proteins (IDP’s). Here, dynamic light scattering (DLS), three-dimensional (3D) triple 

resonance solution NMR and diffusion NMR is utilized to probe MaSp size, molecular structure 

and dynamics of these protein pre-assemblies diluted in 4M urea and identify specific regions of 

the proteins important for silk protein pre-assembly. 3D NMR indicates that the Gly-Ala-Ala and 

Ala-Ala-Gly motifs flanking the poly(Ala) runs, which comprise the -sheet forming domains in 

fibers, are perturbed by urea, suggesting that these regions may be important for silk protein pre-

assembly stabilization.  

Introduction 

 Spider silks have evolved to be one of Nature’s most versatile biopolymers, exhibiting a 

broad range of mechanical properties – strength, toughness, and extensibility – that surpasses 

both steel and Kevlar®.1-7 Each of these unique fibers is synthesized by a specialized gland within 

the spider’s abdomen before being used to create webs, wrap prey and construct egg cases. This 

adaptable biomaterial has been sought after for a range of uses including defense, biomedical 

and textile applications.8-11 Major ampullate (Ma), or dragline silk, is the strongest and most well-

characterized of the spider silks and is primarily constructed from two Spidroin proteins (Sp) which 

are stored in the Ma gland, coined MaSp1 and MaSp2.12 These high molecular weight proteins 

(>250 kDa, >2800 residues) exhibit a highly repetitive core containing alternating poly(Ala) runs 
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and either Gly-Gly-X for MaSp1 or Gly-Pro-Gly-X-X for MaSp2 (where X is Gln, Tyr, Ser or Arg) 

motifs flanked by non-repetitive N- and C-termini.12, 13 Using a variety of protein solution NMR 

structural and dynamic methods, the repetitive core regions of these spidroins have been shown 

to be primarily intrinsically disordered random coils as stored in the Ma glands.7, 14-16  

 Despite knowing the full protein sequence of several spidroins, it is still unclear how these 

aggregation prone proteins are solubilized and stored in the Ma gland at very high concentrations 

(25-50 wt.%) before being converted into solid fibers.14, 17 The native MaSp structure is particularly 

difficult to probe with solution NMR because of its highly repetitive sequence, random coil nature, 

and propensity for aggregation. To circumvent these challenges, many studies have focused on 

recombinant proteins that are more readily studied as they are often soluble in water and have a 

considerably lower molecular weight.18-20 Previously we have avoided these issues altogether by 

analyzing intact glands with solution NMR and have found that the native MaSp proteins are 

stored predominantly in an unfolded, random coil state that is highly dynamic.7 Further, these 

MaSp proteins are not individually dissolved, but form large nanoscale (~250 nm) hierarchical 

pre-assemblies comprised of 100’s of proteins which are the precursors to fiber formation.21 Using 

cryo-electron tomography (cryo-ET) as well as DLS on MaSp proteins solubilized in 4 M urea, we 

discovered that these structures continue to exist even under dilute conditions.21 We believe these 

larger pre-assemblies are crucial for proper assembly of silk fibers since they bridge the 

mesoscale gap between the protein monomers (nm) and final fibers (micron). The formation of 

these pre-assemblies has drawn the attention of groups generating synthetic silk fibers due to 

their potential role in achieving native-like mechanical properties.22-24  

 A clear understanding of the atomic and molecular level details leading to protein pre-

assemblies and the impact of the physiochemical spinning conditions on these superstructures is 

a significant knowledge gap. Native fiber formation is a highly controlled process involving 

changes in pH, the removal of salt and water, and the application of shear force along the 

narrowing spinning duct. 18, 25-28 Understanding the impact of these factors on the atomic and 
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molecular level structure of the MaSp proteins is key to devising a spinning system that accurately 

mimics the spiders’ evolutionarily optimized spinning system. It is critical then, to understand how 

the individual amino acid residues interact with each other and assemble into these mesoscale 

protein superstructures, and furthermore, how these structures are altered when exposed to the 

changing physiochemical conditions in the duct prior to fiber extrusion at the spider’s spinneret. 

 Here, we use dynamic light scattering (DLS) and solution NMR to further probe the impact 

of denaturant on spidroin pre-assembly size and the intermolecular interactions that are 

responsible for stabilizing these large, mesoscale complexes. Intentional denaturation is often 

used for purification of recombinantly produced spidroins.29, 30 To date, only a few studies have 

looked at the structure and dynamics of spidroins under denaturing conditions.15, 31 By intentionally 

disrupting the spidroin superstructures in denaturant, we are able to probe the subtle but crucial 

molecular interactions that facilitate their stabilization by comparing samples at near native 

conditions (intact glands) and following incubation in 4M urea. In the present work, we 

characterize the MaSp proteins by dissolving them in 4 M urea and analyzing their size using 

dynamic light scattering (DLS) and pulsed field gradient (PFG) diffusion NMR and atomic-level 

interactions and dynamics using two- and three-dimensional (3D) solution NMR of isotopically-

enriched samples. 

Materials and Methods 

Sample preparation 

 Black widow spiders (L. hesperus) were fed a saturated solution of U-[13C, 15N]-alanine 

once every other day for two weeks to label the spidroins for solution NMR studies. Spiders were 

forcibly silked to collect Ma silk during these feedings to drive metabolic turnover in the silk 

proteins and direct incorporation of isotope labeled amino acids into the Ma spidroins. Previous 

work has shown that this labeling scheme gives significant labeling for Ala, Gly and Gln 

residues.32, 33 Ala and Gly make up over 60% of the MaSp1 and MaSp2 amino acid sequences. 

At the end of two weeks spiders were anesthetized with CO2, sacrificed and Ma glands were 



41 

 

dissected and removed. The outer membrane of the Ma glands was carefully peeled away, and 

the dope was solubilized in a solution of 4 M urea and 90:10 H2O:D2O, with 0.5 mM DSS for use 

as an internal NMR reference. UV-vis measurements at 260 and 280 nm were used to determine 

the protein concentration. For diffusion NMR, samples were prepared at different protein 

concentrations. Solutions prepared for DLS were at lower concentrations as discussed below.  

Dynamic Light Scattering  

 Samples were freshly prepared as described above and then sent overnight to U. Mass. 

for analysis. Samples arrived within 24 hrs. and were run immediately. DLS measures the 

intensity- time correlation function g2(q,t) by means of a multi-channel digital correlator, and 

relates it to the normalized electric field correlation function g1(q, t) through the Siegert relation,  

𝑔ଶ(𝑞, 𝑡) − 1 =
〈𝐽(0)𝐼(𝑡)〉

〈𝐼〉ଶ
− 1 = β|𝑔ଵ(𝑞, 𝑡)|

ଶ 

where β is the instrument coherent factor, t is the decay time and I(t) is the scattered intensity. 

g1(q, t) can be expressed as, 

𝑔ଵ(𝑞, 𝑡) = 𝐴଴ +෍𝐴௜𝑒
(ି୻೔௧) 

where A0 is the baseline, and Ai is the intensity weighting fraction of ith mode, each having a 

characteristic decay rate Γi. From the slope of Γ = Dq2 across all q, the diffusion coefficient D can 

be obtained. Both multiple exponential fitting method and CONTIN method were used to analyze 

the data and yielded similar results. Examples of fitting results can be found in the Figure 30. 

Solution NMR 

 Solution NMR experiments were conducted with a Bruker 600 MHz spectrometer using a 

TXI probe with temperature control. All spectra were collected at pH ~9.0 in 4 M urea and 23° C. 

1H/15N-HSQC experiments were collected with non-uniform sampling out to 4096 points by 256 

slices with 16 scans averaged per slice. Spectra were processed out to 8192 points with the 

balance used to zero-fill. Bruker Topspin 3.6.1 software package was used to baseline correct, 

phase and process 2D spectra. 1H/13C-HSQC spectra were collected using 1024 points and 128 
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slices, averaging 32 scans per slice. 3-dimensional (3D) experiments were collected on 

individually prepared samples; separate samples were used for the structural experiments and 

dynamic measurements (T1, T2, and NOE). Sample concentrations were kept similar for all 

samples through the addition of 4 M urea solvent. HNCACB experiments were collected with 2048 

points and non-uniformly sampled across 128 and 80 slices for the two indirect dimensions. 

Processing and NUS reconstruction was done in Topspin and peak picking and assignments were 

made using NMRFAM-Sparky.34 Dynamics measurements were collected as pseudo-3D 

experiments using similar parameters for the spectroscopic dimensions (1H and 15N) and 16 delay 

increments for the T1 and T2 measurements ranging from 10 ms to 5000 ms. Aqueous spider silk 

dope solutions are notoriously prone to aggregation. For this reason NMR data acquisition was 

completed within 48 hours of sacrificing spiders. Fitting of relaxation parameters was done in the 

Dynamics package of TopSpin using one and two-component exponential decay functions with 

error estimation done by Monte Carlo simulation.  

Diffusion NMR 

 NMR diffusion experiments were conducted as previously described21 using an 800 MHz 

Varian VNMR spectrometer equipped with a Doty diffusion probe using an stimulated echo (STE) 

pulse sequence with bipolar pulse-field gradient pulses optimized for each set of experiments 

lasting approximately 2-5 ms (δ) with a 50-400 ms (Δ) diffusion delay using 12 points for each 

decay. 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. Experiments generally had a spectral width of 12 ppm, 

32 scans, 10 s recycle delay, 2.45 s acquisition time and a gradient strength between 34-1363 

Gauss/cm. The probe gradients were calibrated using an anhydrous glycerol sample at 20 °C 

where the diffusion value is known to be 1.37 x 10-8 cm2/s. 35 Protein samples were equilibrated 

in 4 M urea for two hours before analysis, and temperature equilibrated in the probe for five 

minutes before the start of each experiment. 
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Results and Discussion 

Dynamic Light Scattering 

 Dynamic light scattering measures the scattering of light by particles in solution and can 

be used to determine the size of individual protein monomers and larger structures such as protein 

assemblies or superstructures. Previously we have shown by routine DLS that dilute solutions of 

native silk dope dissolved in denaturant contain both a spidroin monomer with a hydrodynamic 

Figure 23. Hydrodynamic radius (Rh) determined from DLS data for native Ma silk proteins in 
4 M urea as a function of dilution (top) and time (bottom). Both monomers and large protein 
assemblies (aggregates) are observed. A decrease in the size of the larger assemblies 
appears to stabilize after a few days. Monomer sizes remain roughly the same during the 
entire time. Dilution times correlate directly to the values of wt% reported in Table 1, namely 
0.1, 0.05, 0.025, 0.0013. Samples measured over time had an initial concentration of 0.1 wt%. 
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radius (Rh) ~19 nm and larger protein assemblies on the order of 200-300 nm.21  We now show 

that multi-angle DLS can detect these assemblies at different concentrations and in much higher 

detail as a function of concentration (Table 2, Figure 23). While DLS cannot probe the fine details 

of residue-specific structures, it provides an excellent measure of the dynamics and size of the 

larger-scale spidroin assembly. Furthermore, it is extremely sensitive at protein concentrations 

well below the levels that can be observed by NMR. We observe a decrease in the size of the 

larger assemblies as a function of both time and concentration (Figure 23). Stability is reached 

after a few days, which suggests that some fraction of the larger assemblies is long lived even in 

4M denaturant albeit a smaller spidroin micelle superstructure that decreases in size from Rh > 

200 nm to a Rh < 150 nm following a 4 day incubation period. These results indicate that the silk 

protein superstructures are disrupted by dissolution in the 4M urea as evidenced by a decrease 

in superstructure size as a function of both time and concentration in denaturant. Therefore, by 

comparing NMR spectra (below) at near native conditions (intact glands) and following incubation 

in denaturant, insight into the atomic and molecular interactions that stabilize the larger silk protein 

superstructures can be inferred. 

Table 2. DLS Results for Ma Spider Silk Proteins Diluted in 4M Urea 

Dilution Factor D1(cm2/s) Rh1 (nm) D2 (cm2/s) Rh2 (nm) 

0.100 %wt (9.26 ± 0.88) E-8 22.0 ± 2.3 (9.42 ± 0.22) E-9 216.0 ± 5.2 

0.050 %wt (7.81 ± 0.46) E-8 26.0 ± 3.1 (1.09 ± 0.22) E-8 186.5 ± 31.3 

0.025 %wt (8.12 ± 0.13) E-8 25.1 ± 0.5 (1.51 ± 0.07) E-8 135.0 ± 6.6 

0.013 %wt (8.02 ± 0.59) E-8 25.4 ± 2.1 (1.48 ± 0.11) E-8 137.4 ± 11.0 

 

3D NMR Assignments 
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 Spiders fed U-13C/15N-Ala solutions displayed isotope enrichments for Ala, Gly and Gln 

similar to previous observations permitting 2D and 3D solution NMR experiments.36 In the 1H/15N-

HSQC spectrum, we observe 12 resonances which correspond to three separate regions: Gly-

rich, Gln-rich and Ala-rich (Figure 24). These same 12 resonances were previously observed in 

solution NMR spectra of intact L. hesperus Ma glands and direct comparisons can be made.7 

Similar to intact glands, very narrow chemical shift (<0.5 ppm) dispersion in the 1H dimension is 

observed, indicative of unstructured, random coil proteins, reminiscent of intrinsically disordered 

proteins (IDPs).37-40 The very long chain length, sequence redundancy and poor chemical shift 

dispersion due to random coil protein structures make unique amino acid assignment for each of 

the thousands of amino acid residues challenging; nevertheless, by using 3D solution NMR 

experiments it is possible to resolve several short repetitive motifs. In order to partially assign the 

chemical shifts of all 12 resonances, we followed the standard assignment strategy of using 

HNCACB and CBCAcoNH triple-resonance experiments (Figure 25). This strategy initially 

permits two-residue assignments for each resonance, which agree very well with the correlated 

Figure 24. 1H/15N-HSQC NMR spectrum collected at 600 MHz for native L. hesperus Ma 
silk proteins dissolved in 4 M urea (~1 wt%). The 3- and 6-residue assignments shown 
are possible with the use of 3D experiments shown in Figure 25. 
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assignment in the intact Ma glands from previous work (Table 3) indicating primarily random coil 

proteins.7 

Table 3. NMR Isotropic Chemical Shifts (ppm) for Ma Spider Silk Proteins in 4 M Ureaa 

Literature (Lit.) isotropic chemical shifts are for native L. hesperus Ma spider silk proteins from 
reference 1. 

*The range in chemical shifts is shown for each amino acid observed in the solution NMR spectra. 

 

  

* Cα Cß NH N 
  

Ala 52.67±1.28 19.03±1.27 8.11±0.68 132.52±3.51 
  

Gln 55.94±1.83 28.67±1.73 8.25±0.75 119.73±3.85 
  

Gly 45.34±1.17 - 8.34±0.83 109.94±4.09 
  

  Cα Lit. difference Cß Lit.  difference 
GAA 53.06 52.93 0.13 19.52 18.77 0.75 
AAA 52.81 52.99 0.18 19.27 19.11 0.16 
AAG 53.81 53.03 0.78 19.27 19.12 0.15 
GQGGAG 52.81 52.95 0.14 19.52 19.36 0.16 
GQG 56.34 56.09 0.25 29.61 29.51 0.10 
GQGGAG 56.09 56.04 0.05 29.61 29.50 0.11 
GG 45.50 45.50 0.00 - - - 
QGG 45.50 45.50 0.00 - - - 
GG 45.50 0 n.a. - - - 
GQGGAG 45.50 45.41 0.09 - - - 
AG 45.50 45.41 0.09 - - - 
AG 45.50 45.37 0.13 - - - 
  NH Lit. difference N Lit.   
GAA 8.11 8.10 0.01 123.9 123.99 0.1 
GQGGAG 8.28 8.27 0.01 123.6 123.75 0.2 
AAG 8.25 8.25 0.00 123.1 122.75 -0.3 
AAA 8.14 8.10 0.04 122.9 122.62 -0.3 
GQG 8.36 8.35 0.01 119.8 119.72 -0.1 
GQGGAG 8.27 8.26 0.01 119.8 119.68 -0.1 
GG 8.40 8.40 0.00 110.8 110.68 -0.1 
QGG 8.52 8.51 0.01 109.9 109.85 -0.1 
GG 8.28 n.a. n.a. 108.7 n.a.   
GQGGAG 8.21 8.19 0.02 108.6 108.49 -0.1 
AG 8.43 8.44 0.01 108.2 108.08 -0.1 
AG 8.28 8.24 0.04 107.9 107.62 -0.3 
  Hα Lit. difference Hß Lit.   
Ala 4.26 4.23 0.03 1.41 1.38 -0.03 
Ala 4.33 4.30 0.03 1.39 1.38 -0.01 
Gln 4.36 4.35 0.01 1.98 1.97 -0.01 
Gln 3.97 3.95 0.02 2.16 2.14 -0.02 
Gly 3.89 3.95 0.06  - - - 
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In the HNCACB experiment shown in Figure 25, green resonances correspond to the 

negatively phased 13 Cβ resonances while red resonances represent positively phased 13Cα. 

Strong resonances correspond to 13Cα/β resonances from those directly bound to the residue (i) 

and weak resonances correspond to the preceding (i-1) residue 13Cα/β.  In the CBCAcoNH 

experiment, the 13Cα/β pairs correlate only to the i-1 residue. The use of both experiments allowed 

us to expand our assignments to three residues. Triple-residue assignments were made by 

correlating pairs of strips from both 3D experiments to each other (Figure 25). Each pair of strips 

from the CBCAcoNH and HNCACB experiments correlates to an identical 15N slice from the 1H/15N 

Figure 25. Strip plots from 3D NMR experiments collected at 600 MHz for 13C/15N-Ala-labeled 
native Ma spider silk proteins from the glands of L. hesperus spiders, HNCACB and CBCAcoNH 
give 2-residue correlations (top). Each pair of strips shows the same plane of the 15N dimension 
for both experiments and gives a two-residue assignment. The majority of repeating motifs in 
the silk sequences are three-residues in length. Co-incident peaks between strips tie two amide 
planes together to a common set of carbon resonances giving 3- and in some cases 6- residue 
fragments represented by the bottom graphic for the GQG motif. It is important to note that 
these are not unique residues, but rather a collection of repeating motifs that have the same 3- 
or 6- residue pattern (see Figure 31). 



48 

 

HSQC which provides the initial i-1 to i two-residue assignment. For several peaks in the Gly-rich 

region, considerable overlap exists making it challenging to confidently make more than these 

two-residue assignments. However, in a few cases, unique 13Cα/β pairs of resonances for a single 

15N chemical shift can be found in both spectra, allowing for three residue assignments (Figure 

24).  

 From the three residue assignments, tentative 6-residue assignments can be made by 

increasing the tolerances for matching 13C peaks between the two 3D spectra. The assignment 

GQGGAG is made based on the highest tolerance levels that result in unique matches. This 6-

residue sequence occurs exclusively in MaSp1 and not in MaSp2 and provides an excellent point 

of reference for structural studies on future samples. Certain other motifs that include poorly or 

completely unlabeled amino acids (e.g. Tyr, Ser, Arg, etc.) may be further deconvoluted from 

these overlapping peaks by different isotope labeling strategies that are in process.  

 The NMR chemical shifts of all identified residues correlate closely to those of random 

coils, but in a few cases, we observed significant perturbations between the intact gland and 4 M 

urea NMR spectra.7 The perturbations from the chemical shifts observed for native Ma silk glands 

are shown in Table 3 and summarized in Figure 26. Because the most common motifs in the 

repetitive core of the spidroins are three residues long, this permits characterization of the 

backbone structure and dynamics more deeply than previous studies. For example, the GQG 

motif is very common in the sequence of MaSp1 and MaSp2. By applying typical 1H-detected 2D 

and 3D protein solution NMR strategies to silk protein solutions, assignments were made for up 

to three consecutive residues for all of the regions observed in the 1H/15N HSQC spectrum.41, 42 

In fact, three assignments covers ~82% of the full sequence for MaSp1 and ~50% for MaSp2 

(Figure 31). This is a tremendous step towards the complete NMR structural and dynamic 

characterization of the primary Ma spider silk proteins and opens the door to continuing 

investigations under various biochemical conditions (pH, salts, and denaturants). 

Chemical Shift Perturbations in 4M Urea from 2D and 3D NMR 
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 While most of the NMR chemical shifts are nearly identical to those of intact glands, we 

have identified regions of the proteins that do show significant (near 1 ppm) perturbations in the 

13C dimension following dilution in 4 M urea while other chemical shifts exhibit only minor or 

negligible perturbations (Figure 26 and Figure 27). These motifs that exhibit the largest chemical 

shift variability following dilution in 4M urea include the Gly-Ala-Ala and Ala-Ala-Gly that flank the 

poly(Ala) domains which form the nanocrystalline -sheet core in Ma silk fibers.43-45 Ma  spider 

silk fibers are semi-crystalline biopolymers with small nanoscale β-sheet domains interspersed 

throughout an otherwise non-crystalline, disordered matrix.46, 47 The β-sheet domains in solidified 

fibers consist of poly(Ala) runs of varying length and also include the flanking Gly-Ala regions.43-

45, 48 The poly(Ala) is thought to form the core of the -sheet while, the flanking Gly-Ala are the 

interphase component that bridges the non- -sheet, disordered Gly-Gly-X regions to the -sheet 

component. We rationalize the large chemical shift changes at these Gly-containing -sheet edge 

regions are due to some disruption of intermolecular contacts due to the presence of denaturant 

that could contribute to the shrinking superstructures over time in denaturant and further unfolding 

Figure 26. NMR chemical shift perturbations (Δ ppm) observed between the native 
intact Ma glands from L. hesperus spiders (~35 wt%) and diluted (~1 wt%) dope in 
4M urea. The chart is arranged in the typical direction from the C- to N-terminus 
Gly-rich regions come before the poly(Ala) domains. 
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of the monomer. This is further supported by the DLS measurements that exhibit a decreasing Rh 

with time in denaturant (Figure 23). The current hypothesis is that the more hydrophilic Gln-rich 

Gly-Gly-X domains are solvent exposed at native concentration and exhibit no change in chemical 

environment due to denaturant (minimal chemical shift perturbation), while the flanking, -sheet 

intermediate Gly-Ala-Ala and Ala-Ala-Gly regions that bridge the poly(Ala) and Gly-Gly-X (where 

is a large R-group amino acid) are perturbed. Due to the more hydrophobic nature of the poly(Ala) 

motif, we expect it to be preferentially buried and away from the protein surface and likely remains 

buried and stabilizes the smaller protein superstructures that persist for at least 2 weeks in 4 M 

urea (Figure 23).  

Figure 27. The 1H/15N HSQC NMR spectra collected at 600 MHz for 13C/15N-Ala-labeled 
native Ma spider silk proteins from the glands of L. hesperus spiders. The Gly and Ala 
region of the spectrum are expanded in the top and bottom spectrum, respectively. The 
silk dope within intact Ma glands at native concentration (~35 wt%) is shown in red and 
Ma dope dissolved in 4 M urea (~1 wt% protein) in blue. MaSp1 backbone chain is shown 
to the right. The two samples yield very similar HSQC spectra with minor (AAA) or 
negligible chemical shift perturbations. Large 13C chemical shift perturbations are 
observed in the 3D spectra for GAA and AAG (circled) with negligible shift changes for Q-
containing regions (oval, see Figure 26). 
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 Denaturation might cause the flanking Gly-Ala regions to be more exposed to solvent and 

therefore unable to form native contacts, which also helps to explain the solubility of these large 

aggregation-prone proteins where the superstructures are stabilized by the amphipathic nature of 

the MaSp proteins. It is interesting to note that the large chemical shift perturbations are observed 

for the C of GAA and the C of AAG pointing to disruption of hydrophobic interactions compared 

to hydrogen-bonding interactions where perturbations would be expected for the 15N or NH group. 

This is not to say that the denaturant does not disrupt hydrogen bonds (this is likely) but, rather 

the chemical shift perturbations indicate the effects are larger for groups involved in hydrophobic 

interactions (Ala CH3 and Ala CH) rather than hydrogen-bonding interactions (Ala NH). The 

poly(Ala) does exhibit non-negligible (~0.3 ppm) 15N perturbations indicating some degree of 

hydrogen-bond disruption in this region following dilution in 4M urea. The monomer also exhibits 

some degree of unfolding with a larger Rh observed after incubation in 4M urea. Again lack of 

chemical shift perturbations to the poly(Ala) indicates that they may remain buried with possible 

minor hydrogen-bonding effects while, the flanking Ala-Ala-Gly and Gly-Gly-Ala become more 

solvent exposed leading to large (~0.8 ppm) chemical shift perturbations that could lead to the 

more unfolded nature and larger Rh observed for the monomer in 4M urea. 

Dynamics from NMR Relaxation Measurements  

 In order to get information about the motif-specific dynamics, we measured the Ma silk 

spidroin backbone relaxation parameters T1, T2, and heteronuclear NOEs for the amide MaSp 

proteins amides following dilution in 4 M urea. These values report on changes in local backbone 

dynamics and serve as an indicator of the level of order along the protein backbone. Not all 12 

resonances in the 1H/15N HSQC were sufficiently observed in the relaxation measurements to be 

adequately fit to a decay curve. Comparing published values of T1 and T2 for intact glands there 

is significant increase in the dynamics of the MaSp proteins suggesting they exhibit an extended 

disordered random coil state in 4 M urea that becomes more unfolded (more dynamic). The T1 

and T2 parameters are extracted from a decaying exponential fitting function which can contain 
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one or multiple components. The T2 times fit to a single decaying exponential (as measured by 

Monte Carlo simulations to estimate error to a 95% confidence level). On the other hand, T1 times 

fit more confidently to a two-component decaying curve (Figure 32). Thus, a fast and slow 

component for the T1 relaxation times is reported in Figure 28.  This data clearly shows that the 

bulk relaxation profiles of spidroins in 4 M urea are very different from their native state within 

intact Ma glands but, as expected, show an increase in dynamics at lower protein concentration 

Figure 28. The T2 (transverse) and T1 (longitudinal) relaxation times measured by 1H/15N 
HSQC NMR at 600 MHz  for 13C/15N-Ala-labeled native Ma spider silk proteins from the glands 
of L. hesperus spiders following dilution in 4M urea (~1 wt%). T1 relaxation times were fit to 
two components (see Figure 32.) 
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(1 wt%) in the presence of denaturant and exhibit two T1 components that can ascribed to the 

monomer and protein pre-assembled environment.  

 Heteronuclear NOE values are another valuable indicator of protein dynamics (Figure 33). 

Values for all resolvable resonances are negative, including the AAA resonance, which is slightly 

below zero. Long relaxation and negative NOE values demonstrate that the spidroins are highly 

flexible at dilute protein concentration analogous to the Ma proteins at native concentration albeit 

with even faster dynamics. The AAA resonance is the least dynamic which is consistent with it 

being buried furthest from the solvent and presence in the core of the micelle-like protein pre-

assemblies. 

Dynamics and Critical Protein Micelle Concentration from Diffusion NMR 

 Figure 29 summarizes the PFG NMR diffusion measurements for MaSp proteins diluted 

in 4 M urea. Diffusion values decrease with increasing concentration as expected (Figure 29A). 

By calculating the MSD as a function of Δ time (Figure 29B) during the measurement and plotting 

the MSD slopes as a function of MaSp protein concentration (Figure 29C), we can determine the 

point at which the particles transition from freely-diffusing monomeric proteins to forming larger 

hierarchical protein assemblies. This approach is analogous to the approach done to routinely 

determine the critical micelle concentration for surfactants.49 Figure 29C clearly shows an abrupt 

change in MaSp protein diffusion occurring between 4-5 wt%, indicating that hierarchical 

structures dominate above this concentration in 4 M urea.  

 In order to properly attribute changes in structure and dynamics to either the dissolved 

MaSp protein monomers or the pre-assemblies, we first needed to determine the protein 

concentration at which these pre-assemblies dissolve. Due to the high protein concentration DLS 

cannot be employed as the upper limit is ~1wt %. Instead by using diffusion NMR to monitor the 

disappearance of restricted diffusion as a function of concentration in 4 M urea the critical 

concentration for pre-assembled protein structures can be determined. Previously, we have used 

diffusion NMR to determine that the MaSp proteins are restricted in the gland to a volume space 
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of ~ 250 nm after observing a diffusion dependence on Δ and subsequently taking the MSD to 

approximate the size of the pre-assembled protein superstructures. Additionally, we calculated 

the size of a single MaSp monomer using dilutions between 0.1-1 wt%, where there is no 

dependence on Δ, and thus free diffusion occurs, and extrapolated to infinite dilution. Modifying 

this approach slightly, here we measure the diffusion of MaSp proteins at concentrations between 

Figure 29. A, Diffusion coefficient measurements from PFG-STE NMR conducted at 800 MHz 
for native L. hesperus MaSp proteins as a function of concentration in 4M urea. B, MSD of 
MaSp proteins from A. C, Slopes of MSD from B plotted against concentration.  Below ~5 wt%, 
MaSp proteins exist primarily as monomers in 4 M urea. Above 5 wt%, micelle-like protein pre-
assemblies are present. 
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native (35-50 wt%) and dilute (1 wt%) conditions, calculating the mean-squared displacement 

(MSD) and inspecting the MSDs for an abrupt change in slope corresponding to faster 

(unrestricted) diffusion. At native concentrations, MaSp proteins are restricted in the gland (Figure 

29A) and the MSD is plateaued at ~300 nm (Figure 29B). This agrees well with our previously 

published data showing that in the native gland environment the MaSp proteins are found in pre-

assembled, micelle-like structures in the ~300 nm regime.21 As we begin to dilute the protein in 4 

M urea, we see that the MSD increases slightly at 5.5 wt%, and abruptly between 1-2 wt% (Figure 

29B). By plotting each slope from the calculated MSD at each concentration, we see a clear 

inflection between 4-5 wt% (Figure 29C), corresponding to the critical concentration of pre-

assembled protein superstructures. 

Discussion 

 Multi-angle DLS data confirms that a small population of the larger protein assemblies is 

maintained even in highly dilute, 4M urea protein solutions (Figure 23). Two peaks roughly 

matching the predicted sizes of both the monomeric proteins and larger assemblies were 

observed. The larger sized particles have previously been imaged by cryo-TEM.21 The changes 

that occur over time imply that the larger assemblies are not stable upon dilution in denaturant, 

but may reach a stable equilibrium with the monomer population after several days. The 

disturbance from equilibrium may contribute to the increased dynamics observed from the NMR 

relaxation experiments. In order to better understand the structure of both larger assemblies and 

the monomers, further sequence specific information must be collected to add to the NMR 

assignment in Figure 31. Nonetheless, large chemical shift perturbations are observed for the 

Gly-Ala-Ala and Ala-Ala-Gly regions that flank the poly(Ala) runs. In the spun fibers the poly(Ala) 

comprises the core of the nanocrystalline -sheet structures and the flanking Gly-Ala regions are 

also incorporated in the -sheet but, viewed as the interphase that links the poly(Ala) to the non-

-sheet, disordered Gly-Gly-X regions. Because this observation is made following dilution and 
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incubation in 4M urea, it suggests that these poly(Ala) flanking regions that contain Gly may be 

important for protein pre-assembly stabilization into larger superstructures.  

 Dynamic experiments show that dilute solutions in 4 M urea have increased T1, and T2 

times, corresponding to highly flexible unfolded random coils with increased chain dynamics. The 

increased dynamics can be readily explained by both the presence of denaturant and lower 

concentration of the sample, which agrees with diffusion data shown in Figure 29. Heteronuclear 

NOE values also indicate increased dynamics in samples dissolved in 4M urea. Based on the 

combination of results presented here in dilute (~1 wt%) solutions it appears to be primarily the 

monomer that is probed. However, the T1 relaxation data clearly indicates that relaxation 

parameters are better fit to two-component exponential decay functions compared to one-

component suggesting that the monomer and pre-assemblies could influence T1. Further analysis 

of concentration dependence and variable temperature is required in order to truly understand 

this relationship and is the subject of future studies. Because the usable lifetime of these samples 

is roughly 48 hours, experimental parameters must be constrained to finish acquisition within this 

time limit. The goal of further investigation will build on this research to stabilize the protein 

structures and trap them in their intermediate, hierarchical states for longer periods of time to 

allow greater resolution and longer experiments on subtle changes to the protein dope structure 

and dynamics.  

Conclusions 

 Understanding the nature of spider silk proteins in the dope solution, prior to fiber 

formation, is crucial to elucidating the spinning process, which in turn is a requirement for 

successfully producing synthetic spider silk fibers with native properties. Solution NMR is a 

powerful tool for probing the atomic- and molecular-level interactions both in terms of structure 

and dynamics. Recent work by our group has shown that spidroins assemble into hierarchical 

superstructures within the Ma glands at native concentration yet, they are surprisingly absent of 

virtually all secondary structure in the repetitive core. Here we have laid the groundwork for 
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beginning to understand the intermolecular interactions responsible for facilitating these large silk 

protein assemblies that point to the Gly-containing regions that terminate the poly(Ala) runs as 

potential sites for intermolecular interactions in pre-assembled superstructures. This was 

accomplished by intentionally diluting Ma silk protein dope in 4M urea, destabilizing the silk protein 

superstructures as evidenced by DLS and diffusion NMR, and observing NMR spectroscopic 

perturbations that are suggestive of interactions that stabilize these structures at native 

concentration. Diffusion NMR allowed for the determination of a critical concentration of ~5 wt% 

above which protein pre-assemblies occur, while monomers are expected to dominate at lower 

concentrations. Isotope labeling of the sparser amino acids such as Tyr, Ser and Arg will allow 

for further structural elucidation of MaSp proteins by solution NMR to expand the NMR 

assignment and delve deeper into the intermolecular interactions that stabilize these protein 

superstructures. This work is currently ongoing in our lab. 
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Figure 30. Representative example of fitting curves for DLS experiments. Results for Ma 
spider silk sample at a concentration 0.100 wt% in 4 M urea.  
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MASP1 
MTWSTRLALSFLFVLCTQSLYALAQANTPWSSKANADAFINSFISAASNTGSFSQDQMEDMSLIGNTLMAAMDNMGGRITPSKLQALDMAFASSVAEIAASEGGDLG
VTTNAIADALTSAFYQTTGWNSRFISEIRSLIGMFAQASANDVYASAGSSGGGGYGASSASAASASAAAPSGVAYQAPAQAQISFTLRGQQPVSYGQGGAGPGGAGA
AAAAAAAAGGAGQGGQGGYGQGGYGQGGAGQGGSGAAAAAAAAGGTGQGGAGQGGAGAAAAAAAAGGAGQGGQGGYGQGGYGQGGTGQGGAGAAAAAAAAGGAGQGG
QGGYGQGGYGQGGYGQGGSGAAAAAAAAAGGAGQGGQGGYGQGGYGQGGAGQGGAGAAAAAAGGAGQGGYGRGGAGQGGAAAAAAAAAGAGQGGYGGQGAGQGGSGA
AAAAAAAGGAGQGGQGGYGQGGYGQGGSGAAAAAAAAGGAGQGGQGGYGQGGYGQGGAGQGGAGAAAAAAAAGGAGQGGQGGYGQGGYGQGGAGQGGAGAAAAAAAA
GGAGQGGQGGYGQGGYGQGGAGQGGAGAAAAAAAAGAGQGGQGGYGQGGYGQGGAGQGGAAAAAAAAAGGAGQGGYGRGGAGQGGAAAAAGAGQGGYGGQGAGQGGA
GAAAAAAAAGGAGQGGQGGYGRGGYGQGGAGQGGAGAAAAAAAAGGAGQGGQGGYGQGGYGQGGAGQGGAAAAAAAAGGAGQGGYGRGGAGQGGAAAAAAAAAGAGQ
GGYGGQGAGQGGAGAAAAAAAAGGAGQGGQGDYGRGGYGQGGAGQGGAGAAAAAAAAGAGQGGQGGYGQGGYGQGGAGQGGAAAAASAAAGGAGQGGYGRGGAGQGG
AAAAAGAGQGGYGGQGAGQGGAGAAAAAAAAGGAGQGGQGGYGRGGYGQGGAGQGGAGAAAAATAAGAGQGGQGGYGQGGYGQGGAGQGGAAAAAAAAAGGAGQGGY
GRGGAGQGGAAAAAAAAAGAGQGGYGGQGAGQGGAGAAAAAAGGAGQGGQGGYGRGGYGQGGAGQGGAGAAAAAAAAGGAGQGGQGGYGQGGYGQGGAGQGGAAAAA
AAAAGGAGQGGYGRGGAGQGGAAAAAGAGQGGYGGQGAGQGGAGAAAAASRGAGQGGQGGYGRGGYGQGGAGQGGAGAAAAAAAAGAGQGGQGGYGQGGYGQGGAGQ
GGAAAAAAAAGGAGQGGYGRGGAGQGGAAAAAGAGQGGYGGQGAGQGGAGAAAAAAAAGGAGQGGQGGYGRGGYGQGGAGQGGAGAAAAAAAAGAGQGGQGGYGQGG
YGQGGAGQGGAAAAAAAAAGGAGQGGYGRGGAGQGGAAAAAAAAAGSGQGGYGGQGAGQGGAGAAAAAAAAGGAGQGGQGGYGRGGYGQGGAGQGGAGAAAAAAAAG
GAGQGGQGGYGQGGYGQGGAGQGGAAAAAAAAAAGGAGQGGYGRGGAGQGGAAAAAGAGQGGYGGQGAGQGGAGAAAAAAAAGGAGQGGQGGYGRGGYGQGGAGQGG
AGTAAAAAAAGGAGQGGQGGYGQGGYGQGGAGQGGAAAAAAAAAGGAGQGGYGRGGAGQGGAAAAAAAAAGAGQGGYGGQGAGQGGAGAAAAAAAAGGAGQGGQGGY
GRGGYGQGGAGQGGAGAAAAAAAAGASQGGQGGYGQGDYGQGGAGQGGAAAAAAAAGGAGQGGYGRGGAGQGGAAAAAGAGQGGYGGQGAGQGGAGAAAAAAAAGGA
GRGGQGGYGRGGYGQGGAGQGGAGAAAAAAAAGGAGQGGQGGYGQGGYGQGGTGQGGAAAAAAAAAGGAGQGGYGRGGAGQGGAAAAAAAAAGAGQGGYGGQGAGQG
GAGAAAAAAAAGGAGQGGQGGYGRGGYGQGGAGQGGAGAAAAAAAAGAGQGGQGGYGQGGYGQGGYGQGGAGQGGAAAAAAAAGGAGQGGYGRGGAGQGGAAAAAGA
GQGGYGGQGAGQGGAGAAAAGGAGQGGQGGYGRGGYGQGGAGQGGAGAAAAAAAAGAGQGGQGGYGQGGYGQGGAGQGGAAAAAAAAAGGAGQGGYGRGGAGQGGAA
AAAAAAAGSGQGGYGGQGAGQGGAGAAAAAAAAGGAGQGGQGGYGRGGYGQGGAGQGGAGAAAAAAAAGGAGQGGQGGYGQGGYGQGGYGQGGAGQGGAAAAAAARG
GAGQGGYGRGGAGQGGAAAAAGAGQGGYGGQGAGQGGAGAAAAAAAAGGAGQGGQGGYGRGGYGQGGAGQGGAGAAAAAAAAGAGQGGQGGYGQGGNGQGGAGQGGA
AAAAAAAGGAGQGGYGRGGAGQGGAAAAAAAAAGAGQGGYGGQGAGQGGAGAAAAAAAAGGAGQGGQGGYGRGGYGQGGAGQGGAGAAAAAAAAGGASQGGQGGYGQ
GDYGQGGAGQGGAAAAAAAAGGAGQGGYGRGGAGQGGAAAAAGAGQGGYGGQGAGQGGAGAAAAAAAAGGAGRGGQGGYGRGGYGQGGAGQGGAGAAAAAAAAGGAG
QGGQGGYGQGGYGQGGAGQGGAAAAAAAAAGGAGQGGYGRGGAGQGGAAAAAGAGQGGYGGQGAGQGGAGAAAAAAAAGGAGRGGQGGYGRGGYGQGGAGQGGAGAA
AAAAAAGAGQGGQGGYGQGGYGQGGAGQGGAAAAAAAAVGGAGQGGYGRGGAGQGGAAAAAAAAAGSGQGGYGGQGAGQGGAGAAAAAAAAGGAGQGGQGGYGGGGY
GQGGAGQGGAGAAAAAAAAGAGQGGQGGYGQGGYGQGGAGQGGAAAAAAAAAGGAGQGGYGRGGAGQGGAAAATGAGQGGYGGQGAGQGGAGAAAAAAAAGGAGQGG
QGGYGRGGYGQGGAGQGGAGAAAAAAAAGGAGQGGQGGYGQGGYGQGGAGQGGAAAAAAAAGGAGQGGYGRGGAGQGGAAAAAAAAAAGQGGYGGQGAGQGGAGAAA
AAAAAGGAGQGGQGGYGRGGYGQGGAGQGGAGAAAAGAGQGGQGGYGQGGYGQGGAGQGGAAAAAAAAAAGGAGQGGYGGYGQQGGAGAAAAAASGPGQIYYGPQSV
AAPAAAAASALAAPATSARISSHASALLSNGPTNPASISNVISNAVSQISSSNPGASACDVLVQALLELVTALLTIIGSSNIGSVNYDSSGQYAQVVTQSVQNAFA 

MASP2 
MTTMNWSTRLVLSILVVLCTQSLCALGQANTPWSSKENADAFIGAFMNAASQSGAFSSDQIDDMSVISNTLMAAMDNMGGRITQSKLQALDMAFASSVAEIAVADGQ
NVGAATNAISDALRSAFYQTTGVVNNQFITGISSLIGMFAQVSGNEVSYSSAGSSSAAASEAVSAGQGPAAQPVYAPSGASAAAAAASGAAPAIQQAYERGGSGSAA
AAAGSGPSGYGQGAGGPGGAGAAAGAAAAGGSGPGGYGQGPAAYGPSGPSGQQGYGPGGSGAAAAAAAAAGSGPSGYGPGAGGPGGAGAAAAAAAAGGSGPGGYGQG
QASYGPSGPSGQQGYGPGGSGAAAAAAAAAGSGPSGYGPGAAAAAAAGSAGPGTQQGYGPGGSGAAAAAGSGPRGYGPRGPGGAGAAATAARGSGPGGYGQGPAGYG
TSGPSRQQGYGPGGSGAAAAAAAAAGGAGPGRQQGYGPGGSGAAAATAAGGPGYVGQQRYGPGGAGAAAAAAAGSAGPSRQQAYGPGGSGPAAATAAAGSGPSGYGP
GASGPVGADAAAAAATGSAGPGRQQAYGPGESGAAAAAASGAGPGRQLGYGPGGSGAAAAAAAGGPGYGGQQGYGPGGAGAAAAAAAGGAGPGRQQTYGPGGSGAAA
TAAGGSGPGGYGQGPSGYGPSGPGGQQGYGPGGSGAAAAAAAGEAGPGRQQGYGPRGSGAAAAAAAGGPGYGGQSGYGPGGAGAAAAAAAGGAGPGRQQEYGPGGSG
AAAAAAAAAGSGPSGYGPGAAGPIGPGGAGAAAAGGSGPVGYGQGPSGYGASGTGGEQDYGPGGSGAAAAAAAAAGGAGPGRQQGYGPGGSGAAAAAAAGGPGYGGQ
QGYGPGGAGAAAAAAAGGAGPGRQQPYGPGGAGAAAAAAGGSGPGGYGQGPSGYGASGPGGQQGFGPGGSGAAAAAAAGGAGPGRQQGYGPGGSGAAAAAGGTGYGG
QQGYGPGGAGAAAAAAAAGAGPGRQQEYGPGGTGAAAAAAAAAGSGPSGYGQGAAGPSGPGGEGTAAAAAAAGGSGPGGYGQGPSGYSASGPGGQQGYGPGGSGLAA
AAAAAAGGAGTGRQQGYGPGGSGAAAAAAAVGPGYGGQQGYGPGGAGAAAAAAAGGAGPGRQQAYGPGGSGATAAAAVAGSGPSGYGPGGAGAAAAAAAGGAGPGRQ
QAYGPGGSGAAAAAASGAGPGRQQVYGPGGSGAAAAAAAGGPGYGGQQGYGPGGAGAAAAAAAGGAGQGTRQAYGPGGSGAAAAAAGPGPSGYGPGAAGPSGPGLAG
AAAAAAAGGSGPGGNGQRPSGYGQSGTGGQQGYGPGGSGAAAAAAAAAGGAGPGRQQGYGPGSSGAAAAAAAGGPGYGGQQGYGPGGAGAAAAAAAGGAGPGTQQAY
GPGGSGAAAAAAAAAGGAGPGRQQGYGPGSSGAAAAAAAGGPGYGGQQGYGPGGAGAAAAAAAGGAGAGRQQAYGPGGSGAAAAGSGPSGYEPGAAGPGGAGAAAAA
AAVGAGPGRQQAYGQGGSGAVAAAAAGGPGYGGQQGYEQGGAGAASAAAAGGEGPARQQAYGPGGSGAAAAAAGGAGPGRQQGYGPGSSGAAAAAAAGGPGYGGQQG
YGPGGAGAAAAAAAGGAGPGRQQAYGPGGSGAAAAAAAGTGPSGYGPGAAGPGGAGAAAAAAAGSAGPGRQQAYGPGGSGAAAAAAAGGPGYGGQQGYGPGGAGAAA
AAAAGGAGPGTQQAYGPGGSGAAAAAAAAAGGAGPDRQQGYGPGSSGAAAAAAAGGPGYGGQQGYGPGGAGAAAAAAAAAGPGPSGYGPGGAGAAAAAAAAGGSGPG
GYGQGPSGYSASGPGGQQGYGPGGSGLAAAAAAAAGGAGTGRQQGYGPGGSGAAAAAAAVGPGYGGQQGYGPGGAGAAAAAAAGGAGPGRQQAYGPGGSGATAAAAA
AGSGPSGYGPGGAGAAAAAAAGGAGPGRQQAYGPGGSGAAAAAASGAGPGRQQVYGPVGSGAAAAAAAGGPGYGGQQGYGPGGAGAAAAAAAGGAGQGTRQAYGPGG
SGAAAAAAGPGPSGYGPGAAGPSGPGLAGAAAAAAAGGSGPGGNGQRPSGYGQSGPGGQQGYGPGGSGAAAAAAAAAGGAGPGRQQGYGPGSSGAAAAAAAGGPGYG
GQQGYGPGGAGAAAAAAAGGAGPGTQQAYGPGGSGAAAAAAAAAGGAGPGRQQGYGPGSSGAAAAAAAGGPGYGGQQGYGPGGAGAAAAAAAGGAGAGRQQAYGPGG
SGAAAAGSGPSGYESGAAGPGGAGAAAAAAAVGAGPGRQQAYGQGGSGAVAAAAAGGPGYGGQQGYEQGGAGAASAAAAGGEGPARQQAYGPGGSGAAAAAAGGAGP
GRQQGYGPGSSGAAAAAAAGGPGYGGQQGYGPGGAGAAAAAAAGGAGPGRQQAYGPGGSGAAAAAAAGTGPSGYGPGAAGPGGAGAAAAAAAGGAGPGRQQAYGPGG
SGAAAAAAAGGPGYGGQQGYGPGGAGAAAAAAAGGAGPGTQQAYGPGGSGAAAAAAAAAGGAGPDRQQGYGPGSSGAAAAAAAGGPGYGGQQGYGPGGAGAAAAAAA
AAGPGPSGYGPGGAGAAAAAAAAGGSGPGGYGQGPSGYGPSGPGGQQGNGPGGSGAAAAAAAAAGGAGPGRQQGYGPGGAAAAAAAGGPGYGGQQGYGPGGAGAAAA
AAAGGAGPGRQQAYGPGGAGAAAAAAAAAGPGPSGYGPGASGPSGTGGAGAAAAAAAAGGSGPGGYGQGASGYGPSGPGGQQGYGPGGSGAAAAAAAAAGGAGPGRQ
QGYGPGSSGAAAAAAAGGPGYGGPQGYGPGGAGAAAAAAAGGAGPGRQQAYGPGGSGAAAAAAGSGPSGYGPGAAGPGGTGAAAVAAAGGAGPGRQQAYGPGGSGAA
AAAAAGGPGYGGQQGYGPGGAGAAAAAAAGGAGPGTQQLYGPGGSGAAAAAAAAAGSGPSGYGPGAAGPSGPGGAGAAAAAASAGGSGPGGYGQGPSGYGPTGPVGQ
QGYGPGGSGAAAAAAAAAGGAGPGRQQGYGPGSSGAAAAAAAGGPGYGGQQGYGPGGAGAAAAVAAGGAGPGRQQGYGPGSSGAAAAAAAGGPGYGGQQGYGPGGAG
AAAAVAAGGAGPGRQQGYGPGSSGAAAAAAAGGPGYGGQQGYGLGVAGAAAAVAAGGAGPGRQQAYGPGGSGAAAAAAAGSGRSGYGPGAAGTGGAGAAAAAAAGGA
GSGRQQAYGPGGSGAAAASAAGGPGYGGQQGYGPGGAGAAAAAAAGGAGPGTQQAYGPGGSGAAAAAAAASGPGPSGYEPGAAGPSGPAGAGAAAAAAAAGGSGPGG
YGQGPSGYGPSGPGGQQGYGPGGSGAAAAAAAAAGGAGPGRQQGYGQGSSGAAAAAAAGGPGYGGQQVYGPGGAGAAAAVAAGGAGPGRQQAYGPGGSGAAAGSGPS
GYGPGAAAAAAAGGAGPGRQQAYGPGGSGAAAAAAAGGPGYGGQQGYGPGGAGAAAAAAAGGSGPGGYGQGPSGYGPSGSGGQGYGQGGSGAAAAAAGGAGPGRQQG
YGPGSSGAAAAAAAGGPGFGGQQGYGPGGSGAAAAAAAGGAGPGRQQAYGPGGSGAAAAAAAAAGSGPSGYGPSAAGPSGPGGSGAAGGSGPGGFGQGPAGYGPSGP
GGQQGYGPGASGAAAAAAASGSGGYGPSQYVPSSVASSAASAASALSSPTTHARISSHASTLLSSGPTNAAALSNVISNAVSQVSASNPGSSSCDVLVQALLEIITA
LISILDSSSVGQVNYGSSGQYAQIVGQSMQQAMG 

Figure 31: Underlined residues are three-letter motifs assigned by 3D solution NMR with six-
letter motif assignments highlighted in yellow. The remaining letters highlighted in red are two-
residue assignments from Figure 2 that could not be assigned to 3- or 6-residue repeat units.  
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Figure 32. Comparison of one and two-component fit to the T1 decay curves showing a 
statistically improved fit when two components are utilized. The fits are shown for resonances 
8, GQGGAG (top) and 12, AG (bottom) from the 1H/15N HSQC, Figure 2 in the manuscript. 
 



61 

 

 

Acknowledgements 

D.O. is the primary author and wrote the manuscript. Co-contributors to this work are D.S., 

H.R.J., J.D., S.T., A.S., M.M., who all provided various data included in the figures and text and 

GPH who organized and led the project. All authors commented and edited the final version of 

the manuscript. M.M. thanks the National Science Foundation (DMR-1905730) and DOD-AFOSR 

Grant FA9550-20-1-0142 for financial support. G.P.H. acknowledges financial support from DOD-

AFOSR under award number FA9550-17-1-0282 and FA9550-20-1-0103. 

Chapter 2 is a full reprint of “Investigating the Atomic and Mesoscale Interactions That 

Facilitate Spider Silk Protein Pre-Assembly” published in Biomacromolecules 2021. Onofrei, D.; 

Stengel, D.; Jia, D.; Johnson, H. R.; Trescott, S.; Soni, A.; Addison, B.; Muthukumar, M.; Holland, 

G. P. David Onofrei was the primary author of this paper.. 

 

 

 

-0.35

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0

G
A

1

G
A

2

A
A

G
3

A
A

A
4

G
Q

G
5

G
Q

G
6

G
G

7

Q
G

G
8

G
G

9

G
G

1
0

A
G

11

A
G

12
N

O
E

C

Figure 33. Heteronuclear NOE values are negative for all assigned resonances including AAA. 
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Chapter 3. Molecular Dynamics Simulations on Native Sized Major Ampullate Spider Silk 

Proteins  

Introduction 

 Molecular dynamics (MD) simulations in recent years have helped to improve upon the 

silk fiber model as well as provide atomistic detail of mechanical characteristics of fibers under 

stress.1-6 Most, if not all, of these simulations have been used to study the structure and 

mechanical properties of the amorphous Gly-Gly-X or poly(Ala) domains within dragline silk. In 

conjunction with other techniques such as NMR, these simulations can be utilized to study 

secondary, tertiary and higher order structure in order to improve upon the fiber architecture 

model. To date, there have been no investigations into the structure of the native glandular 

proteins using MD. In one paper from our group, coarse-grain (CG) modelling was used to 

illustrate the hierarchical assembly of several silk proteins as they exist in the gland.7 We believe 

this pre-assembly of silk proteins in the gland is a crucial step in fiber formation, helping to 

establish protein-protein contacts which help to increase -sheet character and generate a 

tougher silk. The first step in understanding this pre-assembly process is to first understand how 

a single MaSp protein is structured under native conditions. From this, we can identify peripheral 

residues on the surface which may be involved in facilitating protein-protein interactions, leading 

to the larger assemblies. Unfortunately, the secondary structure information we obtain from NMR 

does not directly provide a holistic illustration of a single protein since most of the chemical shifts 

are reported to be disordered, thus spanning a wide variety of phi-psi angles leading to a multitude 

of possible structures. Even with improved isotopic labeling and direct-detect experiments, the 

repetitiveness of the primary sequence and similarities in structure make it difficult to provide a 

consistent structure. In reality, multiple structures are most likely to occur for a single protein. To 

overcome this, we utilized molecular dynamics simulations to guide us in understanding how a 

protein with polymer-like characteristics could organize itself in the native state. For proteins, MD 

is usually implemented to understand a catalytic function, dynamics, small molecule binding, or 
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protein folding.8-12 When the simulations become large, it is necessary to move to a coarse-

grained approach, where groups of atoms are abbreviated by a single point which greatly reduces 

the time needed for simulations. This has been successfully implemented to study the dynamics 

and organization of large (>100s kDa) protein systems.13 Here, we utilized MD for a similar 

purpose; to simulate the MaSp1 and MaSp2 proteins from extended to collapsed conformation to 

study their structure.  

Methods 

 MD simulations were run in-house on a system assembled by Exxact Corporation. The 

VWS-264615-GRO mid-tower computer was built using two, NVIDIA GeForce GTX 1080 Ti, 

Pascal 11GB GDDR5X GPUs, with 8GB DDR4 of memory and a Core i7 processor. The Linux 

platform CentOS 7 operating system was used. Our general process of running a simulation with 

MaSp proteins was: 

1. Generate a fully-atomistic model of the protein 

2. Convert the model to coarse grain (CG) 

3. Put it in a box, add water, counter ions, then equilibrate 

4. Run the simulation until the radius of gyration plateaus  

5. Export the final frame and convert it from CG to all-atom  

6. Analyze the structure  

In our process, we generated a fully-atomistic model of the repetitive core of MaSp1 and 

MaSp2, without termini, taken from previously published work.14 The termini were added to the 

MaSp1 simulations after finishing. We chose to omit the termini because we know that 1) the 

termini are well-folded in the native environment and 2) although the N- and C-termini form dimers 

at certain stages of fiber formation, these are not on the timescale of our simulation.15, 16 The 

randomly structured, fully-atomistic model was generated using PROFASI (protein folding and 

aggregation simulator) on the cluster at SDSU.17 The run file contained only 1000 steps, a short 
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but ample amount of time to generate an initial extended structure. It is worth noting that these 

extended structures have an approximate radius of gyration between 18-26 nm (Figure 34), in 

excellent agreement with diffusion NMR data which reported the size to be 22 nm in 4 M urea.7 

The output pdb file was then converted to coarse grain (CG). The decision to utilize CG was 

necessary because of the exorbitant amount of time the simulation would require (5-6 months for 

a single run) if it was fully-atomistic (protein and water). Additionally, we anticipated running this 

simulation dozens of times in order to compare structures making the use of fully-atomistic models 

unnecessary for the level of detail we needed. Conversion to CG was done using the Martini force 

field in GROMACS.18, 19 GROMACS also pilots the simulations, including adding water, counter 

ions, and equilibrating. The radius of gyration was monitored as a function of simulation time since 

this value reports on the size of the protein throughout the simulation. Generally, the simulations 

required 40 to 60 million steps with 0.025 nanoseconds for each step, bringing the total simulation 

time to 1-1.5 microseconds. Each run took approximately two weeks to complete.  

Results and Discussion  

Figure 34. PROFASI-generated structure of MaSp1. The core of the protein (black) was 
randomly generated in PROFASI and the N- (blue) and C-termini (red) were added after 
with the Chimera program.  
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Several structures of MaSp1 and MaSp2 were generated using this method and compared 

to identify patterns in their structure. We acknowledge that there was no energy minimization 

implemented throughout the simulations and that the structures generated are not the lowest 

energy conformation. These models generated are our first attempt at understanding how native, 

MaSp proteins are structured. The first thing we noted was the presence of a tubular-like structure 

throughout the entire length of the protein (Figure 35). Runs of 8-12 residues folded back and 

forth in a “switchback” like fashion and was present in all of the simulations (Figure 35, A-C). This 

seemed to prevent the full collapse of the protein in several of the simulations, leaving several 

structures stuck in an extended noodle-like conformation (Figure X, A and B). The short loop 

structures force the protein to interact with itself only in the immediate vicinity, an evolutionary 

trait possibly to prevent the protein from tangling on itself. During our analysis, we did not see a 

consistent pattern in these switchbacks nor consistent residues throughout the turns. Next, we 

compared the phi/psi angles of each residue in the simulations to published values for the 
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Figure 35. Final structures of MaSp1 simulations. The termini were added after the 
simulations were completed. In all structures, there is the presence of a tubular-like structure. 
In some cases (A and B) this prevented the complete collapse of the structure (C). The 
changes in radius of gyration as a function of time are plotted in D for four simulations.  
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structure of native silks (Figure 36).20 Each phi/psi angle for Ala, Gly, Gln, Arg and Tyr were pulled 

from the final structures and used to determine the relative levels of -helical, RC, and -sheet 

secondary structure (Figure 36, B). Typical phi/psi angles for -helical structures are near -60°/-

50°. However, this was expanded to a practical range of possible -helical phi/psi angles of phi = 

-89° to -39° and psi = -66 to -14. In the final structures, the total -helical content is 15 ± 7% and 

Finish Start 

Figure 36. Secondary structure results for MaSp1 and MaSp2. A, Ramachandran plot 
comparing the starting and final simulation structures for MaSp1, which looks identical to 
MaSp2. B, relative secondary structure of several residues found in MaSp proteins. 
Overall, several key amino acids in both MaSp1 and MaSp2 are random coil, with the 
exception of Tyr, which agree with previous NMR structure work. 

A 

B MaSp1, N = 6
Residue α-helix Random Coil ß-sheet

ALA 16 46 38
GLY 11 51 38
GLN 12 47 41
ARG 15 48 38
TYR 18 41 41

MaSp2, N = 4
ALA 13 45 42
GLY 8 52 40
GLN 13 44 43
ARG 17 46 36
TYR 13 40 47
PRO 16 54 30
* MaSp2 did not have termini in this analysis

Secondary Structure Prediction from ϕ/ψ Angles (%)
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in good agreement with the proposed structure of spider silk proteins where the N- and C-termini 

are a well-folded -helical bundle and contain approximately 10% of all residues in the primary 

structure.14 It is possible that, upon the collapse of the structure, that some residues in the 

simulation fall within this phi/psi range for -helices. Our analysis only considers residues with 

phi/psi angles that match an -helix, and does not take into account multiple sequential residues 

(i.e. i – i+4) generally used in determining whether an amino acid truly adopts that structure. This 

is okay, given our routine NMR analysis of MaSp secondary structure also precludes this 

specificity. Similarly, the range for -sheet structures which are typically near phi/psi angles of -

140°/130° was expanded to phi = -180 to -45 and  psi = 45 to 180. Random coil structures were 

A B 

Figure 37. -turn structures within MaSp1 and MaSp2 simulations. A, a type-I -turn 
structure in MaSp1 (GGQG). B, a type-I -turn structure in MaSp2 (GGYG). C, tabulated 
type I and type II -turn structures in MD simulations using an angle of ±10° from phi/psi 
= -60/120.  No type-II structures were found in any structure. D, tabulated type I and type 
II -turn structures in MD simulations using an angle of ±30° from phi/psi = -60/120. After 
expanding the range, a few type II turns occur. Type I -turns still appears to be the 
dominant turn type. 

Simulation 1 2 3 4
MaSp1

Type I 1 5 3 2
Type II 0 0 0 0

MaSp2
Type I 2 3 0 3

Type II 0 0 0 0

C 

Simulation 1 2 3 4
MaSp1

Type I 80 92 73 79
Type II 3 2 1 0

MaSp2
Type I 43 57 53 57

Type II 3 0 0 0

D 
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assumed to be all amino acids that did not fall within this range (helical – sheet = RC). The 

secondary structure we report for the amino acids in our simulation agree with previously 

published data that shows Ala, Gly, and Gln are random coil in the native glandular environment 

(Figure 36, B).20 

Additionally, we analyzed both MaSp1 and MaSp2 simulations for -turn-like structures. 

Type I and type II -turns, which are the most common types of turns, form hydrogen bonds 

between the i and i+3 residues and are differentiated by the phi and psi angles of the residues at 

the i+1 and i+2 positions.21, 22 In type I -turns, the i+1 and i+2 residues have phi/psi angles of 

approximately -64°/-27° and -90°/7°, respectively.23 In type II -turns, the i+1 and i+2 residues 

Figure 38. Representative images generated in Pymol for GPGG sequences taken 
from MaSp2 simulations. Although Pro facilitates turn-like behavior, there were few 
examples of this in the simulations. In most cases, the i+3 Gly was too far to form 
hydrogen bonds with the i Gly (> 7Å; a defining feature for both type I and type II -
turns. 
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have phi/psi angles of approximately -60°/131° and 84°/1°, respectively.23 Verification of the i 

residue in a type II -turn using only a single set  of psi/psi angles alone is difficult, as was recently 

Figure 39. A, calculated solvent-exposed residues in MaSp1 and MaSp2 simulations. B, final 
partial frame of MaSp1 simulation highlighting the solvent-exposed Tyr residues (yellow). C, 
final frame of MaSp2 simulation highlighting Tyr (red) and Pro (blue) residues. MaSp2 
simulations did not have termini.  

A 

B 

MaSp1 Number Exposed Total Residue % Exposed (N=6)
Surface AA 1527 3131 49 ± 7
TYR 129 151 85 ± 8
GLN 290 357 81 ± 5
GLY 535 1329 40 ± 8
ALA 369 1019 36 ± 7
ARG 48 51 95 ± 5

MaSp2 % Exposed (N=4)
Surface AA 1849 3777 49 ± 4
TYR 160 197 81 ± 1
GLN 221 261 85 ± 5
GLY 452 1266 36 ± 12
ALA 410 1176 35 ± 3
ARG 64 68 94 ± 0
PRO 264 324 81 ± 6

C 
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discussed in a paper using spin-diffusion NMR experiments to calculate phi/psi angles for a 

residue known to be in the i position in a type II -turn.24 For both type I and type II analysis, we 

expanded this range to ±10°, and again to ±30°, from the listed values. For example, we searched 

for type I turns buy setting the i+1 residue psi = -74 to -54 as the first criteria, and so on. This 

range of angles was taken from three previous studies analyzing secondary structures from PDB 

deposits,23 X-ray diffraction and solid-state NMR investigations into the peptide (GA)15,25 as well 

as solid-state NMR investigations calculating the torsion angles of (GPGGA)6-G peptides.26 Only 

residues which met both criteria (e.g. both residues i+1 and i+2 fall within this range) were 

tabulated.  

Using a narrow range of ±10°, we were only able to identify a few instances of type I -

turns, and none for type II (Figure 37). Several of these type I -turns occurred in the well-folded 

N- or C-termini. Only simulation two for MaSp1, which had five occurrences of type I -turns, had 

three within the disordered region of the protein (Figure 37, A and B). Interestingly, there were 

no type-II -turns found for MaSp2 which contains a number of GPGGX motifs, amenable to 

forming type-II -turns since it contains Pro in the i+1 position and whose phi/psi angles are locked 

to approximately 60° and facilitates -turn character.23 Using a less stringent range of ±30° for 

each set of criteria, we were able to identify several type I turns, and a few type II (Figure 37, D). 

This value of ±30° was chosen based on the allowable range of phi/psi angles for -turns.27, 28 

Even after expanding the range, type I -turns appear to be the predominant turn type in our 

simulations. Upon closer inspection of the GPGG motifs, we see that the i+3 Gly residue is too 

far to form hydrogen bonds with the i Gly residue in most cases (Figure 38).28 This prohibits the 

i+2 Gly from adopting the correct backbone conformation for a true turn, where the GPGG motifs 

are straight and not bent. These results differ from work investigating the structure of solid fibers, 

where type II -turns were found throughout silkworm fibers,25, 29, 30 in MD studies on N. clavipes,5 

and black widow dragline fibers.31 One caveat to investigating this turn-like behavior is that these 
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structures are not energy minimized and only stopped once the radius of gyration plateaus. It is 

possible that the structure has not reached a minimum, and that it is still possible to adopt turn-

like character. Still, it is interesting that type I -turns are more common than type II, considering 

the abundance of Pro in MaSp2. 

As we continued our structural analysis, we noted that several residues were consistently 

located on the periphery of the final structures. Using a tool within the Pymol program to select 

solvent-exposed residues (findSurfaceResidues), we tabulated the number of residues that were 

on the surface and averaged them across all simulations (Figure 39). In both MaSp1 and MaSp2 

simulations, >80% of Tyr, Gln, and Arg were found on the surface, in addition to Pro for MaSp2 

(Figure 39, A). Ala and Gly were only 35-40% exposed in both structures. This makes sense give 

that Ala is commonly found in poly(Ala) motifs in the primary sequence, which is hydrophobic and 

would prefer not to be in contact with water. Interestingly, we also find Tyr residues residue on 

the surface of the protein, which are considered to be hydrophobic and would want to limit their 

interaction with water (Figure 39, B and C). However, Tyr sits somewhere in the middle of the 

hydropathy index among all amino acids.32 Tyr decorations on the surface of the MaSp proteins 
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Figure 40. Ramachandran plot of Ala (left) and Gln (right) in GQGGAG for four simulations. 
Each structure used to generate the plot has 68 instances of the peptide GQGGAG, leading 
to 272 sets of phi/psi angles for each residue. Both Ala and Gln seem to adopt a wide range 
of phi/psi angles. 
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could function as sites for pi-pi or cation-pi interactions between proteins and may be involved in 

facilitating the larger pre-assemblies that have recently been observed and characterized.7 The 

same could also be said for Gln and is currently the subject of our NMR investigations.  

Recently, our group has investigated the atomic and mesoscale interactions that facilitate 

spider silk protein pre-assembly and discovered that peripheral regions near the ends of the 

poly(Ala) motifs show the greatest change in chemical shift between native and proteins dissolved 

in 4 M urea.33 Additionally, using advanced 3D NMR assignment strategies we were able to 

sequence a hexapeptide repeat (GQGGAG) found exclusively within the MaSp1 sequence. 

Together, we utilized our MD computations and NMR analysis to guide us in enriching the model 

of glandular spider silk protein organization. First, we scanned the MaSp1 protein for the 

sequence GQGGAG and found 68 instances.33 All of which are located in the repetitive core of 

the protein - not in either termini. We then tabulated the phi/psi angles for each instance across 

all four of our MaSp1 simulations giving us a total of 272 sequences to analyze. Ideally, our 

analysis would reveal that the amino acids in GQGGAG have a defined set of phi/psi angles thus 

providing clues to their structural role. Instead, we find that all residues occupy a wide range of 

phi/psi angles, including the unique residues Ala and Gln (Figure 40), which are predominantly 

found in a random coil conformation on average, in agreement with published work.33  

Conclusions 

 Understanding the nature of spider silk proteins in the dope solution prior to fiber formation 

is crucial for understanding the spinning process, which in turn is a requirement for successfully 

producing synthetic spider silk fibers with native mechanical properties. One of the outstanding 

questions of this process is how the preliminary organization of these glandular proteins help to 

create this wonder material. Using both MD and NMR, we are currently laying the groundwork to 

identify key areas of the MaSp proteins that help to drive self-assembly. In this work, we utilized 

MD to understand how a single MaSp protein folds. Using several CG simulations for MaSp1 and 

MaSp2, we find that 1) both proteins have a tubular-like structure created from the looping of 8-



 

77 
 

12 residues, 2) the secondary structure of the repetitive core of the protein is primarily random 

coil, 3) Arg, Tyr, Gln and Pro (MaSp2) were predominantly found on the surface of the structures. 

We suggest that the loops formed at the core of the structure are to prevent the protein from 

tangling with itself, allowing the protein to be easily extended as it travels down the duct. Because 

the tubular-like structure of the protein prevents some of the structures from fully collapsing, 

techniques that measure the anisotropy (SAXS, fluorescence anisotropy) can be utilized to 

corroborate what we see in MD. The exposed residues provide us clues as to what amino acids 

may be responsible for driving the pre-assemblies. The work to obtain atomic-level resolution of 

the structure of these proteins is currently ongoing in our group. 

References 

1. Keten, S.; Buehler, M. J., Nanostructure and molecular mechanics of spider dragline silk 
protein assemblies. J R Soc Interface 2010, 7 (53), 1709-21. 

2. Bratzel, G.; Buehler, M. J., Molecular mechanics of silk nanostructures under varied 
mechanical loading. Biopolymers 2012, 97 (6), 408-17. 

3. Giesa, T.;  Perry, C. C.; Buehler, M. J., Secondary Structure Transition and Critical Stress 
for a Model of Spider Silk Assembly. Biomacromolecules 2016, 17 (2), 427-36. 

4. Asakura, T.;  Matsuda, H.;  Aoki, A.;  Kataoka, N.; Imai, A., Conformational change of 13C-
labeled 47-mer model peptides of Nephila clavipes dragline silk in poly(vinyl alcohol) film by 
stretching studied by 13C solid-state NMR and molecular dynamics simulation. Int J Biol Macromol 
2019, 131, 654-665. 

5. Gray, G. M.;  van der Vaart, A.;  Guo, C.;  Jones, J.;  Onofrei, D.;  Cherry, B. R.;  Lewis, 
R. V.;  Yarger, J. L.; Holland, G. P., Secondary Structure Adopted by the Gly-Gly-X Repetitive 
Regions of Dragline Spider Silk. Int J Mol Sci 2016, 17 (12). 

6. Keten, S.;  Xu, Z.;  Ihle, B.; Buehler, M. J., Nanoconfinement controls stiffness, strength 
and mechanical toughness of beta-sheet crystals in silk. Nat Mater 2010, 9 (4), 359-67. 

7. Parent, L. R.;  Onofrei, D.;  Xu, D.;  Stengel, D.;  Roehling, J. D.;  Addison, J. B.;  Forman, 
C.;  Amin, S. A.;  Cherry, B. R.;  Yarger, J. L.;  Gianneschi, N. C.; Holland, G. P., Hierarchical 
spidroin micellar nanoparticles as the fundamental precursors of spider silks. Proc Natl Acad Sci 
U S A 2018, 115 (45), 11507-11512. 

8. Adcock, S. A.; McCammon, J. A., Molecular Dynamics: Survey of Methods for Simulating 
the Activity of Proteins. Chem Rev 2006, 106, 1589−1615. 



 

78 
 

9. Karplus, M.; Kuriyan, J., Molecular dynamics and protein function. Proc Natl Acad Sci U 
S A 2005, 102 (19), 6679-6685. 

10. Durrant, J. D.; McCammon, J. A., Molecular dynamics simulations and drug discovery. 
BMC Biology 2011, 9 (71). 

11. Scheraga, H. A.;  Khalili, M.; Liwo, A., Protein-folding dynamics: overview of molecular 
simulation techniques. Annu Rev Phys Chem 2007, 58, 57-83. 

12. Karplus, M.; McCammon, J. A., Molecular dynamics simulations of biomolecules. Nature 
Structural Biology 2002, 9 (9), 646-652. 

13. Perilla, J. R.;  Goh, B. C.;  Cassidy, C. K.;  Liu, B.;  Bernardi, R. C.;  Rudack, T.;  Yu, H.;  
Wu, Z.; Schulten, K., Molecular dynamics simulations of large macromolecular complexes. Curr 
Opin Struct Biol 2015, 31, 64-74. 

14. Ayoub, N. A.;  Garb, J. E.;  Tinghitella, R. M.;  Collin, M. A.; Hayashi, C. Y., Blueprint for a 
high-performance biomaterial: full-length spider dragline silk genes. PLoS One 2007, 2 (6), e514. 

15. Hagn, F.;  Eisoldt, L.;  Hardy, J. G.;  Vendrely, C.;  Coles, M.;  Scheibel, T.; Kessler, H., A 
conserved spider silk domain acts as a molecular switch that controls fibre assembly. Nature 
2010, 465 (7295), 239-42. 

16. Bauer, J.;  Schaal, D.;  Eisoldt, L.;  Schweimer, K.;  Schwarzinger, S.; Scheibel, T., Acidic 
Residues Control the Dimerization of the N-terminal Domain of Black Widow Spiders' Major 
Ampullate Spidroin 1. Sci Rep 2016, 6, 34442. 

17. Irback, A.; Mohanty, S., PROFASI: A Monte Carlo simulation package for protein folding 
and aggregation. J Comput Chem 2006, 27 (13), 1548-55. 

18. Monticelli, L.;  Kandasamy, S. K.;  Periole, X.;  Larson, R. G.;  Tieleman, D. P.; Marrink, 
S. J., The MARTINI Coarse-Grained Force Field: Extension to Proteins. J Chem Theory Comput 
2008, 4 (5), 819-34. 

19. Berendsen, H. J. C.;  Spoel, D. v. d.; Drunen, R. v., GROMACS: A message-passing 
parallel molecular dynamics implementation. Computer Physics Communications 1995, 91. 

20. Xu, D.;  Yarger, J. L.; Holland, G. P., Exploring the backbone dynamics of native spider 
silk proteins in Black Widow silk glands with solution-state NMR spectroscopy. Polymer 2014, 55 
(16), 3879-85. 

21. Venkatachalam, C. M., Stereochemical Criteria for Polypeptides and Proteins. V. 
Conformation of a System of Three Linked Peptide Units. Biopolymers 1968, 6. 

22. Crawford, J. L.;  Lipscomb, W. N.; Schellman, C. G., The Reverse Turn as a Polypeptide 
Conformation in Globular Proteins. Proc Natl Acad Sci U S A 1973, 70 (2), 538-42. 

23. Hutchinson, E. G.; Thornton, J. M., A revised set of potentials for ß-turn formation in 
proteins. Protein Sci 1994, 3. 



 

79 
 

24. Asakura, T., Structure of Silk I (Bombyx mori Silk Fibroin before Spinning) -Type II β-Turn, 
Not α-Helix-. Molecules 2021, 6. 

25. Suzuki, Y.;  Yamazaki, T.;  Aoki, A.;  Shindo, H.; Asakura, T., NMR study of the structures 
of repeated sequences, GAGXGA (X = S, Y, V), in Bombyx mori liquid silk. Biomacromolecules 
2014, 15 (1), 104-12. 

26. Ohgo, K.;  Kawase, T.;  Ashida, J.; Asakura, T., Solid-state NMR analysis of a peptide 
(Gly-Pro-Gly-Gly-Ala)6-Gly derived from a flagelliform silk sequence of Nephi. 
Biomacromolecules 2006, 7. 

27. Richardson, J. S., The Anatomy and Taxonomy of Protein Structure. In Advances in 
Protein Chemistry Volume 34, 1981; pp 167-339. 

28. Brevern, A. G. d., Extension of the Classical Classification of b-turns. Sci Rep 2016, 6, 
33191. 

29. Asakura, T.;  Ashida, J.;  Yamane, T.;  Kameda, T.;  Nakazawa, Y.;  Ohgo, K.; Komatsu, 
K., A repeated beta-turn structure in poly(Ala-Gly) as a model for silk I of Bombyx mori silk fibroin 
studied with two-dimensional spin-diffusion NMR under off magic angle spinning and rotational 
echo double resonance. J Mol Biol 2001, 306 (2), 291-305. 

30. Asakura, T.;  Suita, K.;  Kameda, T.;  Afonin, S.; Ulrich, A. S., Structural role of tyrosine in 
Bombyx mori silk fibroin, studied by solid-state NMR and molecular mechanics on a model peptide 
prepared as silk I and II. Magn Reson Chem 2004, 42 (2), 258-66. 

31. Jenkins, J. E.;  Creager, M. S.;  Butler, E. B.;  Lewis, R. V.;  Yarger, J. L.; Holland, G. P., 
Solid-state NMR evidence for elastin-like beta-turn structure in spider dragline silk. Chem 
Commun (Camb) 2010, 46 (36), 6714-6. 

32. Kyte, J.; Doolittle, R. F., A Simple Method for Displaying the Hydropathic Character of a 
Protein. Journal of Molecular Biology 1982, 157, 105-132. 

33. Onofrei, D.;  Stengel, D.;  Jia, D.;  Johnson, H. R.;  Trescott, S.;  Soni, A.;  Addison, B.;  
Muthukumar, M.; Holland, G. P., Investigating the Atomic and Mesoscale Interactions that 
Facilitate Spider Silk Protein Pre-Assembly. Biomacromolecules 2021. 

 



80 
 

Chapter 4. Using Peptide Mimics to Study the Pre-assembly of Native Spider Silk Proteins 

Introduction  

Due to the intrinsic disorder and repetitive sequence structure of native silk proteins, it 

remains challenging  to determine their secondary structure and probe the silk protein hierarchical 

organization which exists in the gland prior to fiber formation. To solve this problem in part, we 

utilize high-efficiency solid-phase peptide synthesis (HE-SPPS) to generate short peptide 

sequences taken from the native primary silk sequence in order to study their structure under 

various native conditions.1 Peptide mimics have been used ubiquitously to study the structure of 

liquid dopes and solid silk fibers.2-8 However, none have utilized spider silk-like peptides to explore 

the mechanism of pre-assembly formation that native silks adopt which directly precede fiber 

formation. These native structures are 200-400 nanometers in diameter and comprise hundreds 

…AAAAAAAAGGAGQGGQGGYGRGGYGQGGAGQGGAGAAAAAAAAGGAGQGGQGGYGQGGYGQGGAGQGGAAAAAAAAGGAG
QGGYGRGGAGQGGAAAAAAAAAGAGQGGYGGQGAGQGGAGAAAAAAAAGGAGQGGQGDYGRGGYGQGGAGQGGAGAAAAAA
AAGGAGQGGQGGYGQGGYGQGGAGQGGAAAAASAAAAGGAGQGGYGRGGAGQGGAAAAAGAGQGGYGGQGAGQGGAGAAAA
AAAAGGAGQGGQGGYGRGGYGQGGAGQGGAGAAAAATAAGGAGQGGQGGYGQGGYGQGGAGQGGAAAAAAAAAGGAGQGGY
GRGGAGQGGAAAAAAAAAGAGQGGYGGQGAGQGGAGAAAAAAGGAGQGGQGGYGRGGYGQGGAGQGGAGAAAAAAAAGGAG
QGGQGGYGQGGYGQGGAGQGGAAAAAAAAAGGAGQGGYGRGGAGQGGAAAAAGAGQGGYGGQGAGQGGAGAAAAASRGAGQ
GGQGGYGRGGYGQGGAGQGGAGAAAAAAAAGGAGQGGQGGYGQGGYGQGGAGQGGAAAAAAAAGGAGQGGYGRGGAGQGGA
AAAAGAGQGGYGGQGAGQGGAGAAAAAAAAGGAGQGGQGGYGRGGYGQGGAGQGGAGAAAAAAAAGGAGQGGQGGYGQGGY
GQGGAGQGGAAAAAAAAAGGAGQGGYGRGGAGQGGAAAAAAAAAGSGQGGYGGQGAGQGGAGAAAAAAAAGGAGQGGQGGY
GRGGYGQGGAGQGGAGAAAAAAAAGGAGQGGQGGYGQGGYGQGGAGQGGAAAAAAAAAAGGAGQGGYGRGGAGQGGAAAAA
GAGQGGYGGQGAGQGGAGAAAAAAAAGGAGQGGQGGYGRGGYGQGGAGQGGAGTAAAAAAAGGAGQGGQGGYGQGGYGQGG
AGQGGAAAAAAAAAGGAGQGGYGRGGAGQGGAAAAAAAAAGAGQGGYGGQGAGQGGAGAAAAAAAAGGAGQGGQGGYGRGG
YGQGGAGQGGAGAAAAAAAAGGASQGGQGGYGQGDYGQGGAGQGGAAAAAAAAGGAGQGGYGRGGAGQGGAAAAAGAGQGG
YGGQGAGQGGAGAAAAAAAAGGAGRGGQGGYGRGGYGQGGAGQGGAGAAAAAAAAGGAGQGGQGGYGQGGYGQGGTGQGGA
AAAAAAAAGGAGQGGYGRGGAGQGGAAAAAAAAAGAGQGGYGGQGAGQGGAGAAAAAAAAGGAGQGGQGGYGRGGYGQGGA
GQGGAGAAAAAAAAGGAGQGGQGGYGQGGYGQGGYGQGGAGQGGAAAAAAAAGGAGQGGYGRGGAGQGGAAAAAGAGQGGY
GGQGAGQGGAGAAAAAAAAGGAGQGGQGGYGRGGYGQGGAGQGGAGAAAAAAAAGGAGQGGQGGYGQGGYGQGGAGQGGAA
AAAAAAAGGAGQGGYGRGGAGQGGAAAAAAAAAGSGQGGYGGQGAGQGGAGAAAAAAAAGGAGQGGQGGYGRGGYGQGGAG
QGGAGAAAAAAAAGGAGQGGQGGYGQGGYGQGGYGQGGAGQGGAAAAAAAAAAGGAGQGGYGRGGAGQGGAAAAAGAGQGG
YGGQGAGQGGAGAAAAAAAAGGAGQGGQGGYGRGGYGQGGAGQGGAGAAAAAAAAGGAGQGGQGGYGQGGNGQGGAGQGGA
AAAAAAAGGAGQGGYGRGGAGQGGAAAAAAAAAGAGQGGYGGQGAGQGGAGAAAAAAAAGGAGQGGQGGYGRGGYGQGGAG
QGGAGAAAAAAAAGGASQGGQGGYGQGDYGQGGAGQGGAAAAAAAAGGAGQGGYGRGGAGQGGAAAAAGAGQGGYGGQGAG
QGGAGAAAAAAAAGGAGRGGQGGYGRGGYGQGGAGQGGAGAAAAAAAAGGAGQGGQGGYGQGGYGQGGAGQGGAAAAAAAA
AGGAGQGGYGRGGAGQGGAAAAAGAGQGGYGGQGAGQGGAGAAAAAAAAGGAGRGGQGGYGRGGYGQGGAGQGGAGAAAAA
AAAGGAGQGGQGGYGQGGYGQGGAGQGGAAAAAAAAVGGAGQGGYGRGGAGQGGAAAAAAAAAAGSGQGGYGGQGAGQGGA
GAAAAAAAAGGAGQGGQGGYGGGGYGQGGAGQGGAGAAAAAAAAGGAGQGGQGGYGQGGYGQGGAGQGGAAAAAAAAAGGA
GQGGYGRGGAGQGGAAAATGAGQGGYGGQGAGQGGAGAAAAAAAAGGAGQGGQGGYGRGGYGQGGAGQGGAGAAAAAAAAG
GAGQGGQGGYGQGGYGQGGAGQGGAAAAAAAAGGAGQGGYGRGGAGQGGAAAAAAAAAGAGQGGYGGQGAGQGGAGAAAAA
AAAGGAGQGGQGGYGRGGYGQGGAGQGGAGAAAA… 

Figure 41. Partial primary sequence of MaSp1 from L. Hesperus highlighting the location 
of our MaSp1 peptide chosen for study. 
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of silk protein monomers which serve as the fundamental precursors to silk formation.9, 10 In the 

native glands, the balance of salts and pH help to drive their formation.11-13 When these 

preassemblies begin to travel down the duct during the fiber spinning process, the exchange  of 

monovalent ions for phosphate is part of the spinning process, where the kosmotropic nature of 

the phosphate ions helps to concentrate the native proteins in liquid dense droplets through a 

liquid-liquid phase separation (LLPS) mechanism .12, 14-16 The protein-protein interactions that 

form during this pre-assembly process and how they change with the addition of phosphate ions 

are unknown. Here, we utilize HE-SPPS to generate silk-like peptides to understand the pre-

assembly process that occurs in native silk dopes. Using NMR, TEM, and DLS we discover an 

interplay between pH, concentration, and multivalent ions that trigger pre-assembly formation. 

Methods 

Peptide Synthesis  

Figure 42. One-dimensional 1H-15N HSQC spectra for MaSp1 peptide in water at 5 wt% 
(red) and 10 wt% (blue) showing differences in signal intensity. 
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The peptide, H3N+-GGAGQGGQGGYGRGGYGQGGAGQGGAG-NH2, was synthesized 

on a Liberty Blue Peptide Synthesizer from CEM Corporation (CEM Matthews, North Carolina) 

using an Fmoc setup, low-loading rink amide resin and amino acids purchased from CEM Corp. 

Synthesis was improved (+5-10% yield) by double-coupling all Gln residues and cleaving for 15 

min longer on the bench after the microwave step. After cleavage, the crude peptide was 

solubilized in water and injected onto a Biotage Sfar 100 g C18 column and each fraction 

subsequently tested with MS to identify the correct mass. The peptide was lyophilized and kept 

at room temperature. Isotopically-labeled amino acids were purchased from Cambridge Isotope 

Labs (Cambridge, MA). The peptide was sparely-labeled by mixing unlabeled and labeled amino 

acids in an approximate 1:1 ratio during synthesis. For example, if the recipe called for 1 g of Ala, 

500 mg of labeled and 500 mg of unlabeled Ala were mixed. This was the case for all amino acids 

except for Gly, which was mixed in a ratio of 1:3, labeled: unlabeled.  

NMR Spectroscopy 

Solution NMR experiments were conducted with a Bruker 600 MHz Avance III 

spectrometer using a TXI probe with temperature control. All spectra were collected at 25 °C. 1H-

15N and 1H-13C HSQC experiments were collected with non-uniform sampling out to 4096 points 

with 256 slices and 256 scans averaged per slice and a 2 s recycle delay. Spectra were processed 

out to 8192 points with the balance used to zero-fill. The Bruker Topspin 3.6.1 software package 

was used to baseline correct, phase, and process 2D spectra. Three-dimensional (3D) HNCACB 

experiments were collected with 2048 points, 96 scans, and were non-uniformly sampled across 

64 slices for the two indirect dimensions. Processing and NUS reconstruction was done in 

Topspin. Peak picking and assignments were made using NMRFAM-Sparky.17 

Dynamic Light Scattering 

Dynamic light scattering (DLS) was done using a Malvern Instruments Zetasizer Nano-

ZS. All measurements were conducted at 25 °C with a backscatter angle of 173°. The 
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manufacturer’s suggested refractive index of protein, 1.450, was used. The data were fit using 

the general processing model. 

Transmission Electron Miscroscopy 

Negative staining transmission electron microscopy (NS-TEM) images were collected 

using a Tecnai T12 operating at 120 kV, spot size, 1 with a side-mounted CCD camera. For 1 

wt% no phosphate samples, 20 L was spotted onto a 400 mesh lacey carbon grid that was not 

glow discharged using a boroscillate Pasteur pipette to minimize shearing. The samples sat on 

the grids for five minutes and then stained with 2% uranyl acetate twice for 15-20 seconds each. 

Samples were dried on filter paper face-down for at least 15 minutes before imaging. The 5 wt% 

no phosphate, 5 wt% phosphate supernatant, 5 wt% phosphate precipitate, and 1 wt% no 

phosphate samples were spotted onto a 400 mesh pure carbon grid which was not glow 

discharged and then stained with 2% ammonium molybdate for 15 seconds each. 

Results and Discussion 

The sequence chosen, H3N+-GGAGQGGQGGYGRGGYGQGGAGQGGAG-NH2, is from 

the L. Hesperus MaSp1 sequence where it appears 14 times (Figure 41). A sequence without a 

poly(Ala) run was chosen because preliminary work with peptides having this sequence were 

insoluble and difficult to recover. This specific sequence was chosen because it contained a 

similar proportion of all amino acids found throughout the disordered Gly-Gly-X sequence of the 

MaSp1 protein, namely X = Tyr and Arg. The peptide is readily soluble in water up to 

approximately 20 wt%, where gentle heating is necessary near the saturation limit. Preliminary 

NMR experiments indicated that highly concentrated (10-20 wt%) solutions produced lower signal 

intensity than less-concentration (<5 wt%) samples (Figure 42). All experiments thereafter were 

done with 5 wt% unless otherwise stated. 

1H experiments on unlabeled peptide show a significant difference in amide signal intensity 

between water and added sodium phosphate buffer at pH 7.2 (Figure 43). The most likely 
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explanation is that the higher pH buffer allows 1H-15N exchange on the backbone. For the peptide 

in water sample, the 1H-15N HSQC had 23 resolvable peaks, nearly as many as the primary 

sequence of 27. It was therefore possible to assign several of the peaks to specific residues in 

the primary sequence using HNCACB experiments. The 15N HSQC spectral assignments look 

similar to others collected on both intact glands and silk proteins dissolved in 4 M urea where 

Figure 43. 1H spectra (NOESYPR1D) comparing MaSp1 peptide in water and with 
added sodium phosphate buffer. Several amide peaks can be resolved in the water 
spectra which disappear once buffer is added. 
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there are three regions near 110 ppm, 120 ppm, and 123 ppm that roughly correlate to Gly, 

Tyr/Gln/Arg and Ala residues, respectively (Figure 44, black).18, 19 The i amino acid is bolded for 

emphasis in the dipeptide assignments with the HNCACB experiment. For the first time, we are 

able to assign Arg and Tyr which occur at approximately 3 and 7 %, respectively, in the native 

sequence.20 Tyr is well resolved in both the YG and GY regions, being furthest downfield in the 

Gly region’s 15N dimension, and furthest up field in the Tyr/Gln/Arg region’s 1H dimension. The 

15N, 13C and 1H chemical shifts for Tyr assign it to a random coil (RC) structure in water (Table 

4). Arg is buried under a GQ peak in the 120 ppm region (Figure 44). Although Arg has a similar 

Figure 44. 1H-15N HSQC of 13C/15N-labeled MaSp1-like peptide in water, pH 5 (black) 
or in phosphate buffer, pH 7.2 (red). There are 22 resolvable peaks in the black 
spectra, and only 13 in the red. Several of the peaks shift or disappear after 
phosphate buffer is added. 
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15N chemical shift to Gln which appears several times throughout the sequence, it was possible 

to identify Arg by the differences in C, C and 1H amide chemical shifts (Figure 45). Arg C 

and C have chemical shifts downfield from Gln, in addition the 1H amide peak is slightly more up 

field than Gln, in agreement with published chemical shifts for Gln and Arg in a random coil.21 

When the peptide was dissolved in phosphate buffer, this correlated to a shift and/or 

complete disappearance of a number of peaks (Figure 44, red). In the Gly region near 108 ppm, 

the GG dipeptide pair near 8.55 ppm (1H) appears to move downfield in the 15N dimension, taking 

Figure 45. Slice taken from the NHCACB experiment at the 15N chemical shift of Arg. In 
this experiment, the C are shown as blue and C green. Arg shows a slight downfield 
chemical shift in the carbon dimension, and a slightly upfield chemical shift in the 1H 
dimension. The preceding amino acid is Gly at ~ 45 ppm. 
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the place of the QG peak previously assigned in water. This QG peak appears to have shifted up 

field in both the 1H and 15N dimension, taking the place of a previous AG assignment. In the up 

field GG region, two of the three peaks appear to coalesce to form only two peaks. In the GX 

region, several of the GQ pairs disappear in favor of only two GQ peaks in the phosphate sample 

(Figure 44, ~ 120 ppm). This is the same in the Ala region, where several GA peaks disappear 

in favor of only two GA peaks (Figure 44, ~ 123 ppm). For the first time, Arg becomes well-

resolved and has its own peak, with a slight downfield shift in both the 1H and 15N dimensions 

from water, giving it a more -helical character in phosphate buffer (Tables 4 and 5). Both the 

GY and YG assignments look identical between each sample, suggesting that both GYG 

sequences in the peptide are similar, and do not change after phosphate is added. Overall, the 

Figure 46. 1H-13C HSQC of 13C/15N-labeled MaSp1-like peptide in water, pH 5 (blue) or in 
phosphate buffer, pH 7.2 (red). Overall, the peaks look similar between each sample including 
in the aromatic region where Tyr is. 
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peaks appear broader for the phosphate sample than in water. The 1H-13C HSQC shows little 

difference between each sample, including in the aromatic region (Figure 46). 

These changes in chemical shift are correlated with a change in phase properties of the 

material to a more gel-like state. Using dynamic light scattering (DLS), we compared our MaSp1-

like peptide at 1 and 5 wt%, with and without added phosphate buffer (Figure 47). All samples 

were centrifuged before analysis. In all samples was the presence of a peak near 1 nm which 

roughly corresponds to our monomeric MaSp1 peptide. In the 5 wt% water sample, there are 

structures in the 300 – 1000 nm diameter range that disappear when phosphate is added. Upon 

closer inspection, the phosphate buffer induced a phase change to the material resulting in a gel 

after centrifugation (not shown). This result is in line that phosphate buffer may help to facilitate 

protein-protein interactions that are not present in water even at low pH, and that centrifuging the 

sample removed them from solution. In the 1 wt% sample, the assembly structures are somewhat 

smaller, and between 100-300 nm in diameter. The addition of phosphate to this sample does not 

A B 

C D 

Figure 47. Dynamic light scattering (DLS) analysis of MaSp1-like peptide in various solutions. 
The concentration is 5 wt% for A and B, 1 wt% for C and D. In A and C, the sample is dissolved 
in water, pH 5. In B and D, the sample is dissolved in phosphate buffer pH 7.2. All samples 
were centrifuged prior to DLS. Each experiment was repeated three times and overlaid in 
green, blue and red.  
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remove the assemblies, but instead creates a homogenous population that are between 300-600 

nm in diameter that persists even with centrifugation. The mostly likely explanation for the 

Figure 48. Negative staining transmission electron microscopy (NS-TEM) images of 
MaSp1-like peptide in different solutions. Fibrils appear to form at 5 wt% (A-C) and when 
the peptide is in phosphate buffer at 1 wt%, E. Pre-assemblies appear in all images and 
are between 50 – 200 nm. 
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differences between samples are that we are at the critical concentration in the 5 wt% sample 

with the addition of phosphate, whereas the protein concentration is too low in the 1 wt% sample 

and the addition of phosphate does not encourage larger assemblies. This result is in line with 

our recent findings that the critical aggregation concentration of native MaSp silk proteins in 4 M 

urea is approximately 4 wt%.19 This is the first evidence that the Gly-Gly-X regions of spider silk 

proteins may be responsible for facilitating the large pre-assemblies found within the native gland. 

NS-TEM images of 1 wt% MaSp1 peptide samples with and without phosphate buffer help to 

corroborate what was seen with DLS. At 5 wt%, there are spherical structures and fibrils in both 

the water and phosphate added samples (Figure 48, A-C). In the 5 wt% water sample, the pre-

assemblies appear to be between 50-150 nm. The fibrils are joined and form a web-like structure 

found throughout the TEM grids. When phosphate buffer is used and the sample is centrifuged, 

the precipitate again shows both these fibril structures as well as the spherical pre-assemblies. In 

the 1 wt% sample, the fibers are absent but appear after phosphate is added. The occurrence of 

both fibrils and assemblies have been seen previously in samples of bovine insulin which 

coalesce to form spherulites and subsequently sonicated producing fibrils.22 This demonstrates 

that the fibrils can be produced either with phosphate, or high concentration of protein, and may 

reflect a critical aggregation limit for this peptide.  

Conclusions 

 Understanding the nature of the hierarchical assembly of silk proteins in the gland is critical 

in making synthetic versions of this impressive material. The transitions in silk protein structure 

that occur at this mesoscale regime (100’s of nanometers) are poorly understood, due in part to 

the multitude of rapid physiological changes that occur to convert an intrinsically-disordered, 

water-soluble protein to fiber. For the first time, we are able to use silk peptide mimics to study 

the assembly of these proteins and found that they behaved similarly to native-sized proteins. 

DLS and NS-TEM revealed the presence of large assemblies at 5 wt%, which form a gel network 

when phosphate is added. NMR at low pH reveals almost twice as many peaks than at high pH, 
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indicative of backbone hydrogen bonding. Together, the data show that when high pH phosphate 

buffer is added, aggregates occur but remain dynamic. Without phosphate and at lower pH, the 

proteins form assemblies but are smaller than samples with phosphate. Our group will continue 

to explore using peptides to understand the structural changes that may occur in native silks 

during the spinning process, and is the current focus of our work. 
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Chapter 5. Structure and Hierarchical Organization of Recombinant Spider Silk Proteins and 

Fibers 

Introduction 

Spider dragline silk exhibits extraordinary mechanical properties combining a moderate 

strength with good extensibility resulting in a toughness exceeding that of all other natural or 

synthetic fibers.1-3 Although spider silk has been the focus of research for decades, the 

mechanical properties of reconstituted man-made fibers have never reached those of natural 

spider silk. These properties are based on the underlying spider silk proteins, their self-assembly 

within the gland, and the highly-controlled subsequent spinning process. Currently, there are 

several groups trying to understand the spinning process from soluble proteins to fibers using 

recombinant proteins. However, none have provided a detailed and holistic view of the structure 

of the soluble proteins and the true hierarchical structure of the fibers that result. Here, we utilize 

both liquid- and solid-state NMR, dynamic light scattering (DLS) and light microscopy to study the 

differences in a recombinant Masp2-like spider silk dope reconstituted under native and non-

native conditions as well as the subsequent fibers produced after extrusion. Our goal is to provide 

GPYGPGASAAAAAAGGYGPGSGQQGPGQQGPGQQGPGQQGPGQQ 
GPYGPGASAAAAAAGGYGPGSGQQGPGQQGPGQQGPGQQGPGQQ 
GPYGPGASAAAAAAGGYGPGSGQQGPGQQGPGQQGPGQQGPGQQ 
GPYGPGASAAAAAAGGYGPGSGQQGPGQQGPGQQGPGQQGPGQQ 
GPYGPGASAAAAAAGGYGPGSGQQGPGQQGPGQQGPGQQGPGQQ 
GPYGPGASAAAAAAGGYGPGSGQQGPGQQGPGQQGPGQQGPGQQ 
GPYGPGASAAAAAAGGYGPGSGQQGPGQQGPGQQGPGQQGPGQQ 
GPYGPGASAAAAAAGGYGPGSGQQGPGQQGPGQQGPGQQGPGQQ 
GPYGPGASAAAAAAGGYGPGSGQQGPGQQGPGQQGPGQQGPGQQ 
GPYGPGASAAAAAAGGYGPGSGQQGPGQQGPGQQGPGQQGPGQQ 
GPYGPGASAAAAAAGGYGPGSGQQGPGQQGPGQQGPGQQGPGQQ 
GPYGPGASAAAAAAGGYGPGSGQQGPGQQGPGQQGPGQQGPGQQ 
GAASAAVSVGGYGPQSSSAPVASAAASRLSSPAASSRVSSAVSSLVS
SGPTNQAALSNTISSVVSQVSASNPGLSGCDVLVQALLEVVSALVSILG
SSSIGQINYGASAQYTQMetVGQSVAQALAG 

Figure 49. Full sequence of (AQ)12NR3 used throughout this chapter to study the structure 
and hierarchical organization of silk proteins. The last three lines correspond to the C-
terminus.  
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a full picture, from starting protein dope to final fiber, of how the differences in silk protein 

preparation dictate the downstream mechanical properties of fibers. 

Producing recombinant spider silk that has the same mechanical properties as its natural 

counterpart suffers from several key knowledge gaps. These gaps partially lie in understanding 

the atomic-to-mesoscale regime (10s-100s nm) of protein structure and how these translate to 

macroscale material properties. These interactions occur while the protein is still in the soluble 

state and are influenced by the salt content, pH, and concentration which change as the proteins 

travel down the duct during the spinning process.4 Several groups have worked toward a complete 

understanding of  this process although none have provided a dramatic improvement to the silk 

community.5 Again, the mesoscale regime where silk pre-assemblies are converted to fibers 

within the duct is poorly understood. This is in part due to the lack of resolution afforded by 

techniques common to studying transitions in protein structure, the nature of silk proteins to 

aggregate, and the repetitiveness of the protein making it difficult to isolate a region that could be 

responsible for this transition. To overcome this limitation, we use NMR to investigate the 

structural changes that occur on a recombinant silk protein in dope form which has been 

previously shown to produce fibers that rival native materials.6 

In the ideal case, we would want to mimic what Mother Nature has already done; use an 

aqueous-based native-like spinning apparatus to form synthetic fibers. Fortunately, there is 

another group working to solve the spider silk problem in Bayreuth, Germany who has optimized 

a process for generating and processing recombinant silk materials. The Scheibel group in 

Germany has worked for decades to understand the silk spinning process and uses recombinant 

proteins in order to make biomimetic spider silk.7 They have published several papers detailing 

the silk assembly process and have investigated the differences in buffer, pH and various salts 

on the mechanical properties of spun recombinant fibers.6 Together, we have built on previous 

work using MaSp2-inspired protein to study the fiber-spinning process. The recombinant protein, 

(AQ)12NR3, has been studied in a variety of iterations since it can be readily modified to include 
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an N-terminus, additional (AQ) repeats, as well as no C-terminus.6, 7 (AQ)12NR3 is comprised of 

44 residue blocks repeated 12 times, followed by a non-repetitive C-terminus bringing the 

molecular weight to ~ 59 kDa (Figure 49).7 It has been previously shown that the C-terminus 

facilitates pH-dependent dimerization during the dope reconstitution protocol, creating a protein 

with a molecular weight of approximately 120 kDa.7 This sequence is inspired from MaSp2, having 

shorter poly(Ala)6 runs compared to lengths of… found in MaSp1, juxtaposed Gln-Gln dipeptide 

repeats, and a number of Pro residues, the hallmark of MaSp2.7  

During our collaboration, we would receive lyophilized (AQ)12NR3 protein and reconstitute 

it into either a biomimetic spinning dope (BSD) or classical spinning dope (CSD) following 

previous published protocols.6 The difference being the type of buffer, where the BSD is spun 

from a phosphate-containing buffer and the CSD a tris-containing buffer. We then investigated 

the differences in the prepared dope morphology and structure, as well as the final fibers that 

were spun in Bayreuth and sent to us. 

Methods 

(AQ)12NR3 Dope Preparation and Labeling  

Two types of labeled protein were used throughout the NMR experiments; proteins 

sparingly labeled with 1-13C-glucose/15NH4Cl, and those fully-labeled with 13C-glucose/15NH4Cl. 

The 13C enrichment content was variable in the sparingly-labeled material, reaching a maximum 

of approximately 30% for specific sites as anticipated.8 Fully-labeled materials were 13C-enriched 

to approximately 85% for several amino acids including Gly, Ala, and Gln. BSD and CSD were 

created from the SOP “Preparation of Biomimetic Spinning Dope” developed by the biomaterials 

group at the University of Bayreuth (Scheibel Lab). Briefly, the protein was first dissolved in 6 M 

GdmSCN for several hours at a concentration between 10 – 25 mg/mL, then loaded into a dialysis 

bag and dialyzed against a 50 mM Tris/HCl + 100 mM NaCl pH 8.0 buffer overnight, then again 

for four hours the following day using fresh buffer which creates classical spinning dope (CSD). 
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After, the dialysis bag is finally dialyzed against a 50 mM sodium phosphate buffer pH 7.2 

overnight. The final solution is then centrifuged to pellet the dope, creating biomimetic spinning 

dope (BSD). 

Liquids NMR Experiments 

1H, preliminary HSQC, and relaxation experiments were conducted at SDSU on a 600 

MHz Bruker AVANCE III spectrometer with a 5 mm TXI HCN solution probe. The temperature 

was 25°C for all experiments. High-resolution 1H-15N HSQC experiments were conducted at 

Arizona State University in the Magnetic Resonance Research Center using a Bruker AVANCE 

III 850 MHz spectrometer with a cryogenic HCN probe. 16 scans with 384 points in the indirect 

dimension were collected with 16 dummy scans and recycle delay of 1.3 s for HSQC experiments. 

The 1H and 15N sweep widths were 10 and 22 ppm, respectively. For 3D HNCACB experiments,9 

64 scans were collected with 64 points in the 13C dimension and 112 points in the 15N dimension 

with 32 dummy scans and a recycle delay of 1 s. The sweep width for the 1H, 13C, and 15N 

dimensions were 10, 22, and 74 ppm, respectively. Both experiments used 50 % non-uniform 

sampling (NUS).  

Figure 50. Light microscopy pictures of BSD and CSD dopes. Regions from II and III are 
enlarged to see the differences between the materials, where the BSD contains large droplets 
indicative of liquid-liquid phase separation. 
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The CSD and BSD materials were only used for a maximum of four days as judged by 1H-

15N HSQC which yielded consistent spectra up to that time. For T2 experiments, the CPMG loops 

were 2, 48, 4, 16, 8, 24, 12, 32 and staggered this way to account for changes in the material of 

the course of the experiment. 128 scans were collected with 32 points in the indirect dimension 

using a recycle delay of 3 s. For T1 experiments, 256 points were collected with a single slice in 

the indirect dimension using a recycle delay of 3 s. Chemical shifts were referenced to DSS for 

1H and 13C, and externally referenced to formamide for 15N. Secondary structure assignments 

were based on work from Jardetsky.10 Approximately 300 L of material was used for all 

experiments. The CSD and BSD concentrations were 11.5 and 13 wt% protein, respectively. 

Solid-state NMR Experiments 

1H-13C CP-MAS solid-state NMR experiments were done at 30 kHz with 16384 scans and 

a recycle delay of 3 s. DARR experiments11, 12 were done at 14 kHz MAS with 256 scans, 256 

points in the indirect dimension and a recycle delay of 2.5 s with continuous wave decoupling 

under a rotary-resonance (r = rf) of 14 kHz. DARR difference experiments13 were collected at 

8-10 kHz MAS with either 4096 or 8192 scans using a recycle delay of 4 s. 1H-13C HETCOR-

FSLG experiments were conducted at 30 kHz MAS with 256 scans and 256 points in the t1 

dimension with a recycle delay of 2.5 s. The contact time for all experiments was 1 ms. 

Approximately 6-8 mg of 1-13C-glucose/15N-labeled (AQ)12NR3 biomimetic and classical fibers 

were loaded separately into 1.9 mm rotors. 

Results and Discussion 

Light microscopy reveals dramatic morphological differences between the CSD and BSD 

dope. With the BSD, there are droplets between 5 – 25 m which are absent in the CSD sample. 

In the CSD sample, the droplets appear to bleed together creating a single phase. The key 
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difference is the choice of buffer, where BSD contains phosphate buffer and CSD tris. Protein 

droplets arising from liquid-liquid phase separation (LLPS) have been shown to be present in the 

native gland of the spider and may help to keep the proteins soluble until ready to be spun and 

could play a critical role in the pre-organization of silk proteins for spinning.14, 15 This type of phase 

separation with phosphate has also been seen recently with recombinant MaSp2 systems where 

the addition of phosphate to recombinant dopes produce a phase separation and subsequent 

fibrillization when the pH is dropped.16  

Although we see evidence of pre-assembly droplets with light microscopy, we know from 

previous work that this behavior also occurs at the mesoscale (100’s of nm) for native systems 

where hierarchical silk protein micelle-like superstructures are observed by cryoEM.14 We 

Figure 51. Dynamic light scattering of CSD and BSD dopes. a, BSD low concentration 
phase (supernatant). Concentrations at 0, 2, 4 and 6 hours were 27, 25, 20 and 16 
mg/mL, respectively. b, BSD dope after diluting to 50 mg/mL. c, CSD. Concentrations at 
0, 2 4 and 6 hrs were 25, 41 106 and 197 mg/mL, respectively.  
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therefore explored the size and population distributions of these proteins in solution at this scale. 

Using DLS (Figure 51), we monitored particle size over time and found that the size and 

population distribution of these pre-as semblies changes depending on buffer type. Typically, 

there are two major populations reported with DLS in the early dope formation process (Figure 

51, A-C). For a protein of this size (~120 kDa) the predicted diameter based on the empirical 

relationship between the number of residues and diameter, would be between approximately 8-

26 nm depending on the degree of denaturation.17 The smaller peak reported from DLS is in line 

with this approximation for CSD (Figure 51, C) and BSD at 0 h (Figure 51, A), but not for the 

other BSD samples (Figure 51, A, B). The larger peak between 100-1000 nm is due to the 

formation of large, hierarchical assemblies and varies with sample and time. Since there are only 

two peaks in the CSD (Figure 51, C) this suggests that during the concentration step of creating 

the dope, the monomers coalesce to form pre-assemblies in one step, whereas in the BSD this 

occurs gradually over time (Figure 51, A). In the final BSD dope (Figure 51, B), there are three 

Figure 52. 1H spectra of BSD at 13-15 wt% (blue) and CSD at 12-14 wt% (red). In the 
amide region (7.8-8.6 ppm) it is possible to see peaks in the BSD spectra which are 
absent in the CSD spectra. The large peak in the CSD spectra at ~ 3.65 ppm is tris. 
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sizes present. The peaks at 20 and 200 nm appear consistent, suggesting that when the dope is 

formed the proteins interact and form a consistent size, driven by the conditions of the buffer. 

These results are in line with what we saw previously with light microscopy (Figure 50), that dopes 

prepared using a phosphate buffer create droplets larger in size than those created in CSD. To 

understand the role of phosphate in creating these pre-assemblies, we use NMR to probe the 

atomic-level interactions that facilitate this behavior.  

Using NMR, we see clear differences in the quality of the BSD and CSD spectra that reveal 

high backbone H-N exchange. In the 1H spectra (Figure 52), resonances corresponding to the H-

N amide re (7.8-8.6 ppm) are present in the BSD sample but absent in the CSD. This suggests 

that, although the CSD can be concentrated to the same wt% as the BSD, 1H exchange is greater 

for proteins in CSD. This has a direct impact on the ability to form backbone hydrogen bonding 

interactions which are necessary to form the pre-assemblies in the dope and the -sheet 

structures in the final fibers that are prevalent and responsible for the toughness in silk fibers.18 

We note that these spectra were collected with water suppression, where fast exchange is not 

recorded during the experiment. Despite this, it was possible to collect HSQC spectra on both 

materials (Figure 53). In the 1H-15N HSQC, we see sharper peaks in the 15N dimension for the 

Figure 53. HSQC spectra of CSD (red) and BSD (blue). A, 1H-15N HSQC. B, 1H-13C 
HSQC. Peaks in the 1H-15N spectra are sharper for BSD than CSD, with some peaks in 
the CSD missing entirely. In the 1H-13C spectra, the chemical shifts are similar including 
in the aromatic region for Tyr (inset). The protein here was sparingly labeled with 13C 
glucose. 

A B 



103 
 

BSD sample as well as greater intensity (Figure 53, A blue). In the CSD spectra, most peaks are 

broad, disappearing entirely for some resonances (Figure 53, A red). This behavior is commonly 

seen when backbone H-N exchange is too high, preventing efficient INEPT signal transfer from 

1H to 15N due to chemical exchange occurring on the timescale of the INEPT delays. In the 1H-

13C HSQC, the chemical shifts appear to be the same including those in the aromatic region 

(Figure 53, B). This was also the case for the material at low (~ 1wt%) concentration – the BSD 

and CSD appear identical in the carbon HSQC (data not shown) which again points to the line 

broadening and disappearance of resonances in the 1H-15N HSQC of CSD to be due to fast 

proton exchange. 

In order to understand what regions of the protein are changing between dope 

preparations, we utilized 3D HNCACB experiments to assign peaks in the 1H-15N HSQC spectra 

Figure 54. 1H-15N HSQC spectra from Figure 53 labeled according to 3D 
HNCACB assignments. This HSQC was assigned using sparingly labeled 
glucose. 
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(Figure 54). In this experiment, we find the 15N chemical shift of the “i” amino and correlate that 

to the C and C resonances of the same amino acid. This experiment also has the benefit of 

revealing the preceding i-1 residue, which helps to further assign longer sequences of the protein. 

Unfortunately, we could not obtain signals for the CSD sample likely due to the long J-transfer 

Figure 55. 1H-15N HSQC spectra on fully-labeled 13C/15N BSD. Several more peaks 
are assigned with higher fidelity from Figure 54.  
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times needed during a 3D experiment which is negatively impacted by the high H-N exchange 

rate previously revealed in the 1H spectra (Figure 52). Using the primary sequence for (AQ)12NR3 

(Figure 49) we were able to assign several dipeptide motifs in the 1H-15N HSQC (Figure 54). The 

bold letter indicates the “i” amino acid which is assigned without ambiguity with corresponding C 

and C shifts when applicable. Overall, this spectra is similar to other 1H-15N HSQCs we have 

collected previously on native MaSp silk dopes, where there are generally four regions residing 

near 15N = 110, 115, 120, and 123,19, 20 corresponding to areas where the “i” amino acid is Gly, 

Ser, X (X = Gln, Tyr, Pro) and Ala, respectively. Shortly after we collected these initial spectra, 

we received fully-labeled 13C material from our collaborators and secured time on a higher-field 

magnet in an effort to obtain more resolution and better assignment quality (Figure 55).  

Chemical shifts are tabulated in Table 6 and assigned several of the amino acids as 

random coil (RC), with a few exceptions of -helices (I would discuss which ones, why??)_. Since 

the poly(Ala) motif has been shown to play a critical role in determining the toughness of spider 

silk fibers,5, 18, 21 we approach our assignment discussion by framing them with respect to this 

motif. GG sequences are found exclusively after the poly(Ala)6 motif and exhibit a random coil 

(RC)  secondary structure, with the exception of the assigned GG furthest up field (Table 6). PG 

sequences are found throughout the entire repeated sequence primarily located in the Gln-rich 

region (Figure 49, 4/5 per repeat). Both report an RC environment for Gly. Also present are two 

peaks corresponding to YG sequences, where the Gly residue is reported as RC. YG appears in 

two places throughout the sequence; as PYG preceding the poly(Ala) motif, or GYG following the 

poly(Ala)6 motif. Both report an RC type environment for Gly. On the other hand, there are several 

PY motifs and one GY motif, which again are found either preceding or following the poly(Ala) 

motif. Two of the three PY sequences assign the 15N chemical shift to an -helix, although looking 

further into the chemical shifts of the C and C we see that they 
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assign the Tyr to RC. This is likely an effect of the preceding Pro residue which is known to form 

turn-like structures with neighboring amino acids causing deviations in “normal” secondary 

structure shifts. Together, this reveals that Tyr residues are most likely RC in (AQ)12NR3 prepared 

as BSD. Gln residues in the repetitive core region are found exclusively as QQ pairs allowing 

either QG or QQ sequences to be assigned using this experiment. Three GQ peaks were 

assigned as RC. Interestingly, only a single QQ peak was found and assigned as RC / -sheet. 

This suggests that overall Gln residues are found as RC in the repetitive region of the protein. Ala 

residues were found to occupy a range of secondary structures. All AA sequences and the GA 

sequence were found to be a-helical / RC. In the Ser region near 115 ppm, we see two peaks 

corresponding to either an AS or GS sequence. AS sequences are predominantly found in the 

repetitive core of the protein with a few in the C-terminal (Figure 49). These are found at the 

beginning of the poly(Ala) motif and are assigned as -helical / RC. AA sequences occur primarily 

in the core repetitive region of the protein within poly(Ala)6 and are assigned as -helical / RC. 

The SA sequence is reported to be -sheet in character. Together, this suggests that the three 

residues of ASA found at the beginning of the poly(Ala)6 motif transition from RC, to a-helical, to 

-sheet as we move into the poly(Ala)6. 

Ser/Ala interactions have been implicated in the transition from soluble protein to solid 

fiber for a number of silks including caddisfly, spider prey-wrapping, and silkworm silks.22-24 

Recently our group showed that SA and AS sequences in spider prey-wrapping silks may play a 

critical role in the -sheet crosslinking of individual fibers upon the addition of water.25 These SA 

and AS pairs are found predominantly in the disordered regions of the protein, or flanking the 

well-folded regions.22, 25 Upon the addition of water, we see a transition from RC to -sheet 

structure from Ala and Ser with a further increase upon the addition of shear force.25 These motifs 

may act as a trigger for the liquid dope, where their structure in the dope may be vital to the pre-



108 
 

assembly process ensuring that the protein transitions from RC-like structure to -sheet during 

fiber formation to create a fiber with maximum toughness. 

 To further understand the differences between the BSD and CSD, we probed the 

dynamics of both using T1 and T2 relaxation. Generally,  T1 relaxation reports on the overall 

tumbling of the molecular system whereas T2 reports on local domain motions.26 As we began the 

experiment, we noticed that it was difficult to obtain enough points to obtain an accurate 

measurement of T1 for CSD (Figure 56) due to the broad nature of these resonances as 

discussed above. We therefore integrated the entire region from 7.7-8.7 ppm to get a general fit 

for the overall T1 time of the backbone for the CSD material. Figure 57 shows the difference in T1 

relaxation times obtained for several sequences within (AQ)12NR3 assigned from Table 8. Both 

CSD and BSD have comparable backbone T1 relaxation times of approximately 0.7 s (Figure 57). 

Analyzing the Gln side chain, we see that the values are slightly different between the two 

materials. Gln is of interest to us because it is found ubiquitously throughout silks and can engage 

in hydrogen bonding which may facilitate protein-protein interactions. The BSD Gln side chains 

can be consistently fit to a single component, with a relaxation time between 0.5-0.7 s. In the CSD 

Figure 56. First slice from the T1 experiment comparing the amide 
region in BSD and CSD. The signal intensity for CSD was increased 
10X. 
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material, we were able to fit the Gln side chains to two populations with vastly different relaxation 

times of 0.05 s and between 0.8-1.0 s. The two different relaxation times can be ascribed to two 

populations of Gln; one experi encing fast tumbling with a T1 of 0.8-1.0 s, and the other 

experiencing slow tumbling with a T1 of 0.05 s. The implication here is that one population of Gln 

may be interacting with other nearby residues through hydrogen-bonding which would slow the 

rotation of the molecule leading to a shorter relaxation time. Overall, these T1 relaxation times 

measured for both BSD and CSD are longer than T1 times in native glands which are between 

0.3-0.5 s.19 This suggests that the tumbling of these recombinant proteins is faster than with native 

systems as expected because of their lower MW. This seems likely considering native protein 

concentrations are between 25-50 wt%,27 whereas the BSD and CSD here are between 10-15 

wt%.  

 T2 times were calculated for several sequences within the BSD (Figure 58). Only a few of 

the same sequences were able to be determined in the CSD material, again due to the fast 

0
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Figure 57. T1 fits for BSD (black) and CSD (blue) assigned from Figure 54. Some of the 
BSD and several of the CSD peaks did not have enough points to be fit. Therefore, the 
CSD amide region was integrated as a whole, between 7.7 – 8.7 ppm. The dashed line 
corresponds this T1 time for CSD. Numbers correspond to dipeptide repeats in Table 8. 
The glutamine side chain consistently fit to two components in the CSD material. 
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exchange leading to short relaxation times. Of the CSD times that were determined, all were 

similar to the BSD material (Figure 58) and between 150-500 ms. Overall, these T2 times are 

similar to those in native glands which are also between 150-500 ms.19 This reveals that the local 

motions – side chain rotations, loop motions – are similar between these recombinant BSD and 

CSD systems and native glands. 

 Together, these data reveal that there is considerable exchange occurring in the CSD 

material, but not the BSD material. The downstream effect of this reduced exchange could 

encourage hydrogen-bonding interactions that form during the spinning process to create solid 

fibers. The role of pH and buffer choice has been explored previously and is correlated to the 

quality of fiber.6, 28 Generally, kosmotropic salts like phosphate encourage the stabilization of 

water, thus creating protein-protein interactions through a “salting-out” effect.6 

 In addition to characterizing recombinant proteins in the liquid state, we also investigated 

differences in secondary structure between sparsely-labeled (AQ)12NR3 proteins spun into fibers. 

Figure 58. Reported T2 values for several residues in (AQ)12NR3 prepared as 
BSD (black) or CSD (blue). Errors were within 1-2 ms for all samples. Because 
of the low signal, several BSD and most CSD times could not be determined. 
Numbers next to dipeptide repeats correspond to Table 8.  
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Previous studies by our collaborators have determined that fibers spun from BSD show superior 

mechanical properties over their CSD counterparts.6 We wanted to follow this by understanding 

the molecular differences between the fiber types and attribute them to differences in mechanical 

properties.  

Using solid-state NMR (SSNMR) we investigated the secondary structure differences 

between BSD fibers, CSD fibers, and the lyophilized protein before fiber spinning. Figure 59 

shows the 1H-13C CP-MAS results for the 13C/15N enriched lyophilized protein, CSD and BSD 

fibers. Several differences can be seen between the lyophilized material and fiber types. In both 

Figure 59. 1H-13C CP-MAS experiments on labeled silks. Each spectra is 
scaled to the Gly peak at approximately 45 ppm.  
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fiber samples, the Ala C resonance near 23 ppm shows a considerably higher amount of -sheet 

structure compared to the lyophilized powder, which is primarily RC near 18 ppm. Both materials, 

BSD and CSD, have the same amount of Ala C in at 77%. This value is approximately 5% lower 

than what is found in native dragline silk.29 The Gln C near 58 ppm also shows a moderate shift 

from a helical environment to RC / -sheet between the fiber samples and powder, respectively. 

With s parse 13C enrichment, we are also able to see several resonances we can attribute to Pro. 

Pro C shows a slight but still identifiable shift from -helical to RC / -sheet type structures. 

Interestingly and perhaps surprisingly, we do not see a substantial difference between the CSD 

and BSD samples even after comparing secondary structures through deconvolution (Figure 60). 

Figure 60. Deconvolutions of BSD (top) and CSD (bottom). Secondary structure 
assignments were done using chemical shifts from the DARR (Figure 61) and DARR 
difference (Figure 63). Once the positions were fixed, the linewidths and amplitudes 
were allowed to adjust freely using a 0.9 ratio for Gaussian/Lorentzian line shape. 
Linewidths greater than 3.5 ppm were fixed at 3.5 ppm. Assignment based on DARR 
is shown in Figure 61. 
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Table 7 lists the secondary structure assignments and the normalized areas of the BSD and CSD 

fibers referenced to DSS.10, 30  

To learn what interactions may be present between strands, we conducted a series of 

though-space 13C-13C correlation spectra at both short (50 ms) and long (500 ms) mixing times 

which helps us to identify both intra- and inter-residue correlations. In the dipolar assisted 

rotational resonance experiment (DARR), signal is passed from one 13C nuclei to others near in 

space over a mixing period. Increasing the mixing period allows us to see further distances 

through-space. Specifically, short mixing times (50 ms) allow us to determine the level of 

Figure 61. Through-space 13C-13C DARR correlation. At the two mixing times of 50 ms 
(top) and 500 ms (bottom) it is possible to accurately determine the chemical shifts for 
several amino acids in the BSD (black) and CSD (red) fibers. Overall, the chemical shifts 
and extracted linewidths look similar in both materials. The extracted linewidths were 
used as a starting place for deconvolutions (figure 59) and for integration (Table 7). 
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enrichment and accu rately assign chemical shifts within amino acids, whereas long mixing times 

(500 ms) answer questions about contacts between amino acids that are close in space.29, 31 

 At the short mixing time of 50 ms, we are able to see a number of sites labeled including 

Ala C/C, Pro C/C/C, Gln C/C/C and Gly Cin both BSD and CSD fibers (Figure 61, 50 

ms). The signal intensity is similar in proportion to the predicted amino acids that would be labeled 

using 1-13C-glucose.8 The chemical shifts of these sites also appear similar in both CSD and BSD 

fibers. At longer mixing times, we can see inter-residue correlations between several residues 

Table 7. Secondary structure assignments of BSD and CSD fibers from DARR (Figure 61) 
as well as relative secondary structure after deconvoluting CP data (Figure 60). Only amino 
acids that could be confidently deconvoluted for each secondary structure are provided. 
Proline was found to be in the same structure as collagen/elastin as measured from the C 
and C chemical shift distance (Figure 62). 

    Classical Fibers Biomimetic Fibers 
Residue Site Chemical Shift (ppm)* Normalized Area (%) Normalized Area (%) 
  -helix RC -sheet -helix RC -sheet -helix RC -sheet 

              
Ala C - - 51.46         
Ala C 18.43 20.4 22.82 19 4 77 21 2 77 
Ala CO   175.1         

            
Pro C 65.40 63.35 62.80 23 65 12 25 58 16 
Pro C 32.05 32.10 32.59         
Pro C** 27.65 27.39 27.14         
Pro C** - 50.06 -         
Pro CO   176.00         

            
Gln C 58.26 55.85 54.35 26 47 27 28 44 28 
Gln C 33.18 33.25 33.11         
Gln C** 29.67 30.68 29.71         
Gln CO   174.70         
            
Gly C 44.8 - -         
Gly CO 173.01           
            
Tyr C - - 40.29         
Tyr C** - 133.61 -         
          
- Signal too low         
* From DSS         
** Unknown 2° assignments listed as RC       
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approximately 0.3-0.5  nm away.31 This has helped us to identify several key amino acids and 

their correlations such as Gln C/Gly, Pro C/Gly C, Pro C/Gln C, and Tyr C+/Pro 

C+(Figure 61, 500 ms). Unfortunately, it was difficult to determine if inter-residue interactions 

(Tyr/Pro, Pro/Gln) were occurring between strands or within the same strand because these 

residues are neighbors in the primary sequence (Figure 49). With improved resolution from the 

2D DARR, we were able to extract slices correlating the Pro C/ /  sites and determined its 

secondary structure (Figure 62). By calculating the difference in chemical shift between the Pro 

C and Cresonances, we were able to determine that Pro in both CSD and BSD fibers adopt a 

collagen/elastin-like turn structure.32 This is similar in to previous reports of Pro in spider dragline 

silk.33 We also see an additional correlation between the Tyr ring and Pro C in the CSD fibers, 

however this peak is on the threshold of noise and further characterization of this interaction is 

most likely due to intra-strand correlations (see below).  

Figure 62. Slice extracted from DARR spectra at Pro C resonance (~63 ppm) for both 
CSD (blue) and BSD (red) fibers. By taking the difference in chemical shift between the 
C and C resonances, it is possible to determine the secondary structure of Pro. Our 
results indicate that Pro in both BSD and CSD fibers have a collagen/elastin-like 
secondary structure. 
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 To more accurately reveal neighboring amino acids in the silk fibers, we utilize an 

experiment developed in our group called DARR difference.13 In this experiment, we first select 

13C peaks in our 1D spectrum and subsequently allow spin-diffusion to occur to nearby nuclei. 

The result is a 1D spectra where each signal corresponds to only nuclei close in space allowing 

for selection of just a single a mino acid site in a typically crowded spectra if one of the amino acid 

sites is resolvable in the spectrum. By changing the mixing time, it is possible to probe further 

Figure 63. DARR difference experimental results for isotopically labeled BSD and CSD fibers. 
The CP spectra for each sample is at the top (blue), followed by each 1D experiment where 
the largest peak was selected for spin-diffusion. Two experiments were collected for the Gln 
C resonance since the chemical shift range is broad (~5 ppm). The asterisks note spinning 
side bands.  
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distances from the peak of interest. This experiment is similar in principle to a 2D DARR, with 

added selectivity for resonances of interest analogous to NOE in a one-dimensional fashion.  

 By targeting a 13C site that is resolvable for each amino acid found in the primary 

sequence, we are able to assign all the chemical shifts for several nuclei within amino acids in 

our structure that would normally not be resolved due to spectral overlap. Figure 63 shows the 

results of this experiment for several nuclei on most amino acids found in the primary sequence 

of the sparsely labeled (AQ)12NR3 protein. Not only do we see nuclei corresponding to intra-

residue contacts, but several inter-residue assignments can be made. For example, when we 

select the Tyr ring (Figure 63, orange) we see that several amino acids are close in space and 

not only those corresponding to Tyr. However, further investigation has revealed that these 

Lyophilized Protein 

Figure 64. Through-space 13C-13C selective correlation experiment designed at SDSU 
called DARR difference. In this experiment, the Tyr sidechain at ~131 ppm is selected by 
the pulse sequence and spin-diffusion occurs within an amino acid and between adjacent 
amino acids. By plotting the signal versus mixing time (from 0.1-1000 ms) we can measure 
distances using Tyr as an internal ruler. From this data, we see that signal builds in 
immediately from Pro C (blue, 0.1 ms), leading us to conclude that Tyr ring – Pro C are 
nearby in space. However, this is also seen in the lyophilized power (right, orange, 500 
ms) suggesting that this interaction is present in the starting material. The buildup rates for 
both BSD and CSD fibers look similar at all sites.  
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interactions are also p resent in the lyophilized powder, suggesting that these are likely due to 

intra-strand contacts along the protein backbone where next nearest neighbor amino acids are 

observed (Figure 64). Overall, we were unable to determine if the signals arising near several 

residues were from neighboring strands. The difficulty is due to the repetitiveness and location of 

the amino acids in the primary sequence. In the future, labeling strategies that only label amino 

acids in high fidelity may be useful here. In this way, we could determine inter-strand distances 

between amino acids between the different materials. 

We further investigated the difference in secondary structure using a heteronuclear 

correlation experiment (1H-13C HETCOR) to correlate 1H nuclei to 13C nuclei close in space. 

Because of the vast dipole-coupling network of 1H in proteins, high spinning speeds are required 

to average out these effects albeit still produce large streaks as well as artifacts due to the LG 

sequence (Figure 65). From our HETCOR experiment, we see two major difference between the 

BSD and CSD materials. First, the region between approximately 50-65 ppm corresponding to 

Figure 65. 1H-13C heteronuclear correlation (HETCOR) experiment. This experiment 
correlates 1H and 13C signals through-space, where the distance is determined by the contact 
time (1 ms here). Slices were extracted at the Tyr sidechain resonance (right) to illustrate 
the differences between the materials. Tyr 1H signals in the BSD fibers are more downfield 
and therefore suggest they are in a more de-shielded (polar) environment. This downfield 1H 
shift in the BSD fibers is also seen in the C region, but not in the aliphatic region. 
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the Ca backbone of the protein appears shifted downfield in the 1H dimension for BSD (red) from 

the CSD material (blue). The same is true for the Tyr ring region at 131 ppm 13C. In fact, the shift 

downfield for the protons on the Tyr ring are more dramatic than those seen in the C backbone 

region. This suggests that the Tyr ring as well as the C resonances in BSD are located in a more 

polar environment shifting their 1H resonances downfield. Tyr is of interest to us because previous 

molecular modeling has shown that Tyr residues in native silk proteins are organized to the 

periphery of the collapsed protein, interacting with water. We believe this organization might help 

to drive liquid-liquid phase separation through pi-pi interactions. It is not immediately clear what 

is causing this shift and how this is correlated to toughness, but we do know that the fibers made 

via BSD show greater toughness than with CSD.6 It might be possible more water trapped within 

the BSD fibers which could produce this effect. The effect of water on the mechanical properties 

of silk fibers has been studied previously, where the addition of water causes supercontraction in 

addition to a marketable differences in extensibility.34, 35 These differences have also been 

characterized with NMR, where there is a clear difference in relaxation time between dry and 

wetted silks.36 In the recombinant system here, it is possible that the post-stretching and 

subsequent drying methods could play a dramatic role in the fiber quality and would account for 

the differences in toughness between BSD and CSD. 

Conclusions 

 The results presented here lay the foundation for a holistic picture for silk fiber formation 

from lyophilized recombinant protein to final fiber. By generating silk fibers spun from native-like 

conditions we can begin to understand what is necessary to produce synthetic silk fibers with 

material properties that rival native systems. In this work, we compared recombinant silk dopes 

prepared in similar conditions to those found in native spider silk glands containing phosphate. 

Light microscopy and DLS reveal that these recombinant silk proteins transition from a low to high 

density phase through two different processes depending on buffer conditions. Protein dopes 
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containing phosphate buffer transition from monomer to pre-assemblies gradually over time and 

ultimately achieve liquid-liquid phase separation in the final highly-concentrated dope. Dopes that 

do not contain phosphate transition from monomer to pre-assemblies but stop short of forming 

large liquid-liquid droplets on the micron scale. Liquid NMR experiments reveal that the backbone 

amide exchange for phosphate-containing dopes is much slower than dopes that do not contain 

phosphate which has a direct impact on the ability to form hydrogen bonds necessary for fiber 

formation. The secondary structure of the protein dopes with and without phosphate generally 

appear disordered with a slight disposition of the leading Ser-Ala amino acids in the poly(Ala) 

motif of the phosphate-containing dopes to be -helical. In the final fibers, the secondary protein 

structure between fibers spun from dope with or without phosphate appeared the same. The only 

difference we were able to identity between the two different fibers was the downfield shift in 1H 

signal in the HETCOR experiment for several resonances including the Tyr sidechain in the fiber 

spun from phosphate-containing dope. This suggests that Tyr may play an important role in 

achieving greater toughness in fibers which we plan to investigate in the future. 

 Although our results are generally inconclusive to what major differences there are 

between these two fibers and how that impacts mechanical properties, there are a few 

outstanding experiments we wish to explore in our future work. For example, the alignment of the 

crystalline -sheet motifs formed by the poly(Ala) motifs has not been explored for this system. 

Alignment of these motifs help to impart greater stiffness to the material which is introduced with 

post-stretching the fibers immediately after extrusion. Another example is the measurement of 

domain sizes within the fiber. That is, measuring the volume of both the crystalline and amorphous 

domains within the fiber. Although we have reported the amount of Ala in a -sheet, the size of 

these crystalline regions is unknown. The size of the -sheet crystallites has a direct impact on 

the quality of the fiber. If the crystallites are too short, the toughness will be attenuated. If the 

crystallites are too large, the material will be too brittle.  
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Figure 66. T1 fits for BSD and CSD. The CSD material does not have resolved amide peaks, 
so the entire amide region was fit for T1 measurements between 7.7-8.7 ppm. Numbers 
correspond to dipeptide repeats in Table 8. 
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Figure 67. T2 fits for BSD and CSD. Some of the BSD and several of the CSD peaks did 
not have enough points to be fit. Numbers correspond to dipeptide repeats in Table 8. 
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Table 8. Chemical shift values and reported structure for residues in (AQ)12NR3 prepared as 
CSD or BSD. Residue assignments were done with 3D datasets and are reported on figure 1. 
Assignments with a similar i residue (bolded) are grouped, and similar sequences are 
numbered. None of the CSD 1H-15N HSQC peaks could be accurately determined with the 3D 
datasets. We therefore assumed the overlapping chemical shifts between CSD and BSD were 
the same residue. 

 
15N 

BSD CSD -helix RC -sheet  
1H 

BSD CSD -helix RC -sheet 
            

GG, 1 107.08 107.20 107.34 109.94 110.19 
 

8.22 8.22 8.23 8.34 8.27 

GG, 2 107.76 107.89 
    

8.11 8.11 
   

PG 108.92 108.91 
    

8.54 8.54 
   

QG, 1 110.25 
     

8.53 
    

QG, 2 109.84 109.82 
    

8.32 8.31 
   

QG, 3 109.69 109.64 
    

8.15 8.16 
   

QG, 4 109.67 109.67 
    

8.05 8.05 
   

            

S, 1 114.41 
 

114.78 115.94 117.44 
 

8.29 
 

8.11 8.26 8.57 

S, 2 115.22 
     

8.21 
    

            

QQ, 1 119.58 
 

118.59 119.73 123.14 
 

8.45 
 

8.11 8.25 8.51 

QQ, 2 120.90 120.84 
    

8.47 8.46 
   

PQ 119.21 118.89 
    

8.19 8.18 
   

            

PY 118.99 119.00 119.67 120.05 122.55 
 

8.09 8.08 8.10 7.90 8.69             

AA 122.12 122.08 121.65 123.52 125.57 
 

8.08 8.08 7.99 8.11 8.59             

Q-NH2, 1 111.93 111.47 
    

7.52 7.51 
   

Q-NH2, 2 111.93 111.47 
    

6.86 6.86 
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Chapter 6. Spider Prey-Wrapping Silk is an α-Helical Coiled-Coil/β-Sheet Hybrid Nanofiber 
 
Abstract 

Solid-State NMR results on 13C-Ala/Ser and 13C-Val enriched Argiope argentata prey-

wrapping silk show that native, freshly spun aciniform silk nanofibers are dominated by -helical 

(~50% total) and random-coil (~35% total) secondary structures, with minor -sheet 

nanocrystalline domains (~15% total). This is the most in-depth study to date characterizing the 

protein structural conformation of the toughest natural biopolymer: aciniform prey-wrapping silks. 

Introduction 

Spiders have evolved to produce up to 7 different types of silk with a wide range of 

impressive mechanical properties.1,2 To date, the vast majority of structural data on as-spun silk 

fibers has been on dragline, or Major Ampulate (MA), silks due to their unmatched strength and 

ease of study. However, through a unique combination of high strength (~700 MPa) and high 

Fig 68.  Scanning Electron Microscopy (SEM) images (a, b) of native A. argentata prey-
wrapping silk bundles. Fibers are roughly 500 nm in diameter. (c) Primary-protein 
sequence for A. argentata AcSp1 repeat unit. Regions determined to be helical in 
solution are bolded and color-underlined based on structure homology between A. 
trifaciata (PDB Code 2MU3) and A. argentata. Val residues are highlighted in yellow and 
proposed -sheet-forming motifs from the linker region are shown with red lettering. 
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extensibility before breaking (~60-80%),3 lesser-studied aciniform silk, utilized for prey-wrapping 

and egg-case lining, is actually the toughest of the spider silks and boasts mechanical properties 

that surpass the toughest man-made materials.1,4 A complete molecular-level understanding of 

native aciniform silk fibroin is lacking, although significant insight into its protein structure can be 

gained from the current consensus model for spider dragline fibers and from solution-NMR work 

conducted on recombinant aciniform spidrion 1 (AcSp1) protein. The high strength and moderate 

extensibility of dragline fibers is largely attributed to common structural motifs arising from short 

repetitive protein units; high fiber strength is thought to arise from aligned nanocrystalline β-sheet 

structures comprised of poly(Ala) and poly(Gly-Ala), while Gly-Gly-X and Gly-Pro-Gly-X-X repeats 

contribute to fiber elasticity in the form of randomly-oriented domains and elastin-like β-turns.1,2,5 

On the other hand, the consensus sequence of AcSp1, identified by Hayeshi et al., is composed 

of a string of ~14 much longer repeats of about 200 amino acids, flanked by non-repetitive C- and 

N-terminal regions.3,6 The AcSp1 sequence contains both Ser-rich and Ala-Ser rich motifs (Figure 

68C, red lettering), but aciniform silks are entirely deficient in the traditional poly(Ala), poly(Gly-

Ala), Gly-Gly-X and Gly-Pro-Gly-X-X repeats.§ It is assumed through crude sequence-based 

structure predictions that AcSp1 repeats are likely to be rich in α-helices, and in 2011 this 

assumption was proven correct when Xu et. al solved the liquids-NMR structure of a single 200-

AA repeat unit for recombinant aciniform spidroin 1 from Argiope trifaciata spiders.7 The authors 

found that in solution the AcSp1 recombinant protein construct indeed is helix-rich, existing as a 

multi-domain “beads on a string” structure composed of a well-defined 5-helix globular domain 

(bead, helices 1-5) and a disordered linker domain (string). A very similar structure was solved by 

the same group in 2012 for the Nephila antipodiana AcSp1 repeat unit, highlighting a high degree 

of similarity across spider species.8 These structures were improved in subsequent studies where 

researchers showed through solution-NMR structural and dynamical data that the serine-rich 

terminal helix of the globular bundle, denoted helix-5 (Figure 68a, green), is more dynamic, and 

thus possibly primed to form β-sheet nanostructures upon fiber aggregation.9,10 While extremely 
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enlightening, these studies were performed on recombinant silk protein in solution, thus probing 

the secondary protein structures of native as-spun aciniform silk fibers is largely lacking. Polarized 

Raman studies do suggest that the silk protein dope in the gland is α-helix rich, while both helical 

and β-sheet structures are observed after fibrillization,11,12  however these Raman data are not 

capable of directly obtaining amino-acid specific structural data nor correlating data to the primary 

protein sequence.   

Methods  

To gain a more detailed view into the molecular structure of native prey-wrap silks we 

utilized solid-state NMR techniques. Argiope argentata (this text) and Argiope aurantia spiders 

were fed ~50 microliters of a saturated solution containing A) 13C-labelled alanine (serine is also 

labelled through metabolism of alanine), and/or B) 13Clabelled valine every few days. Prey-wrap 

silk was collected by simulating prey using vibrating tweezers or a vibrating electric toothbrush. 

These labelling schemes were chosen to highlight the two distinct domains found in the aciniform 

repeat sequence (Figure 68); namely that alanine and serine are found dispersed throughout 

both the globular helical domain and the disordered linker region, while valine (and other 

hydrophobic residues) are found almost exclusively in the helical globular region (bead); notably 

in helices 1, 2, 4 and 5 but not in helix 3 (Figure 72). 

Results  

Alanine: 1H-13C CP-MAS NMR data on 13C Ala-Ser enriched aciniform silk reveals a 

dominant Ala Cβ resonance at 16.3 ppm with a minor α-sheet shoulder at 21.0 ppm. The observed 

Ala Cβ chemical shift is suggestive of helical structure, but differentiating between RC and α-

helical structures is more easily visualized by Cα chemical shifts; one expects a 2-3 ppm downfield 

shift for helical Cα resonances relative to RC.13,14 Spectral overlap in the 1D data inhibits accurate 



131 
 

extraction of chemical shifts, thus we collected two-dimensional (2D) 13C-13C through-space 

correlation experiments using dipolar-assisted rotational resonance (DARR) recoupling (Figure 

69).15,16 From the 2D DARR data we clearly see distinct Ala Cα / Cβ / CO dipolar-coupling cross-

peaks. The dominant Cα / Cβ / CO cross-peaks (16.3 / 53.3 / 176.8 ppm) align with alanine 

adopting α-helical secondary structure. There are additional minor cross peaks at (20.9 / 49.3 / 

172.8 ppm) and (17.5 / 50.5 ppm) representing alanine adopting β-sheet and random-coil 

structures, respectively. While one can visually interpret that the dominant Ala secondary structure 

is α-helical, we were interested in a more quantitative interpretation. Using precise chemical shift 

information extracted from 2D DARR data we could deconvolute the 1D CP-MAS data to estimate 

the percent representations of Alanine adopting helical, β-sheet and RC secondary structures. 

a 

b 

c 

d 

Figure 69. 1H-13C CP-MAS spectra (a, b, 30 kHz MAS) and 2D 13C-13C DARR 
(c, d, 14 kHz MAS, 100 ms DARR mixing time) spectra of freshly-spun Argiope 
argentata aciniform silks that were isotopically enriched with either 13C-Ala (a, 
c) or 13C-Val (b, d). Signal from crystalline 13C-Ala contaminant is indicated with 
an asterisks.  
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For alanine, the Ala Cα resonance is the most well resolved and therefore is most likely to give 

confident fitting results. We find through deconvolution of the Ala Cα resonance that approximately 

39% of all Ala residues adopt α-helical structures, with roughly 29% residing in β-sheet domains 

and the remaining 32% is unstructured (Figure 70). 

Serine: Similar to alanine, serine amino acids are found distributed throughout both the 

globular (bead) domain and the disordered linker in the primary protein sequence of the AcSp1 

repeat unit. Unsurprisingly our NMR data tells a similar story to alanine, namely that 13C chemical 

shifts of the dominant serine resonance in native aciniform silks align with a true α-helical 

secondary structure, with minor β-sheet and RC subdomains present. We note that in the 2D 

DARR data, at the contour level displayed in Figure 42c we do not see any Ser Cα / Cβ cross-

peaks for β-sheet environments. However, if we increase the contour level to just below the noise 

threshold those correlations are observed. Hence, it is clear from a simple visual interpretation of 

the 2D DARR spectra that serine β-sheet content is minimal compared to α-helical. To gain a 

more quantitative picture we peak-fit the seryl resonances. Serine is more difficult to peak fit than 

alanine due to substantial spectral overlap; serine Cα and Cβ resonances in an α-helix, β-sheet, 

and RC conformations all reside between 55 - 65 ppm. However, since the chemical shifts for 

Serine β-sheet structures could be extracted from 13C-13C DARR data, we could at minimum 

estimate β-sheet versus nonβ-sheet structures by deconvoluting the Ser Cβ resonance, which is 

the most downfield and best resolved and therefore most likely to yield accurate results. It is clear 

that for native prey-wrapping silk serine is mostly α-helical (~55%) with minor β-sheet (~30%) and 

RC (~15%) content. More confidently, we can state that roughly 30% of Ser residues exist in β-

sheet structures, while the remaining 70% is either helical (dominant) or unstructured (minor). We 

note that the most dominant seryl side-chain / carbonyl DARR cross-peak is at 174.0 ppm, aligning 

with α-helical secondary structures, further supporting that the dominant Ser environment is α-

helical. 
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Valine: There are 13 total valine residues in the Argiope argentata AcSp1 repeat unit, 12 

of which are found in the globular bead region and only one found in the linker. With alanine and 

serine amino acids well represented in both the bead and string regions, we collected data on 

13C-Val enriched prey-wrapping silk to better understand the divide between the bead and linker 

after fibrillization (Figure 69). Again, we extracted exact 13C chemical shifts for the dominant Val 

Cα, Cβ, and CO resonances, which as anticipated, align very clearly with α-helical secondary 

Figure 70. Spectral deconvolutions of Ala, Ser and Val C resonances from 
1H-13C CPMAS data collected on isotopically-enriched freshly-spun Argiope 
argentata aciniform silks.  

a 

b 

c 
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structure. We utilized the Val Cβ resonance to quantify helical versus non-helical structures 

because it is the most well resolved (Figure 70c). Peak fitting results suggest that at minimum, 

73% (likely 80-90%) of all Val residues adopt an -helical environment, with a minor RC and/or 

-sheet component. We could not confidently assign the likely protein structure of the Val C 

shoulder because no clear DARR correlations with C or CO are observed, thus the minor Val 

environment is assumed to be a combination of random-coil and/or -sheet structures in addition 

to background signal from natural-abundant and partially-labelled signals (Fig. S6). 

To make sense of these results we directly compared our quantifications to the primary 

protein sequence of the A. argentata AcSp1 repeat unit. Solid-state NMR data on silk biopolymers 

has repeatedly been used to quantify secondary structure content at the amino-acid level, and 

also to quantitatively correlate the primary amino acid sequence to said secondary structures.17-

20 Our peak-fitting results, when taken together, point to a protein structural model of native 

aciniform silk in which A) the majority of the silk fibroin exists as fiber-aligned α-helices (~45-50%) 

or loosely structured regions (~35%), B) the helical domains likely form some higher-order coiled-

coil suprahelical structure, C) β-sheet aggregation occurs upon fibrillization, accounting for about 

15% of the total fiber, likely from possible sheet-forming sequences in the linker domain, and D) 

the Poly(Ser) region of helix-5 remains helical or partly unstructured in the native silk. The 

arguments for this proposed model go as follows. To generate a complete model of AcSp1 in its 

final fibrous form we first consider that ~73% of all Val residues adopt true α-helical structures. 

Interestingly, the solution-NMR structure of the AcSp1 W unit identifies 6 Val residues in the 

“bead” region adopting a true helical conformation, 6 additional Val residues in the bead region 

that are on the ends of individual helices and are loosely helical or unstructured, and finally one 

clearly unstructured Val in the linker domain (Figure 68). Considering our 73% observation, it is 
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clear that the loosely structured Val residues on the edges of helices are enticed to adopt well 

defined helices upon fiber formation. We also note that hydrophobic residues Val, Leu and Ile 

exist predominantly in helices 1, 2, 4 and 5, often in patterns expected for coiled-coil suprahelical 

structures,21 while such hydrophobic-rich residues are nearly non-existent in helix 3 and in the 

linker domain (Figure 72). With this data we can hypothesize which specific regions in the AcSp1 

primary protein sequence adopt αhelical structures in the final fiber; we propose that helices 1, 2, 

4 and 5 of the 5-helix bundle (bead) remain in a helical conformation as the fiber is pulled from 

the spider (Figure 44), most likely as a coiled-coil suprahelical structure where hydrophobic 

residues are buried in the coiled-coil core (Figure 72, 73). We fully expect these helices to be 

fiber-aligned, as previously suggested.11,12 In addition to valine information we can map onto the 

protein sequence our fitting results for Ala (~40% helical, 30% β-sheet) and Ser (~55% helical, 

30% β-sheet) residues. From the primary protein sequence of A. argentata prey-wrapping silk 

repeat unit we identified 5 possible short stretches in the linker region and one from helix-5 that 

might be prone to form β-sheets similar to well-known sheet-forming motifs found in other common 

Figure 71. Proposed hierarchical molecular protein structure of aciniform prey-
wrapping silks as a hybrid coiled-coil and nanocrystalline β-sheet fibroin. Helix 1 
and 2 form a helical coil (blue), Helix 3 is unstructured, acting as a possible turn, 
helices 4 and 5 form another single coil (green), and the Ser / Ala-rich regions of 
the linker form pleated β-sheet (red) subunits.  
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silks: SSSASS, ASASS, GSASG, ASSGG, SGASAG, and SSSSS. Indeed, these motifs 

(highlighted with red lettering in Figure 68, red lettering) show a high propensity for β-sheet 

aggregation in our preliminary Monte-Carlo Molecular Dynamics simulations (Figure 75, 76). 

From these regions we can estimate 7 Ala residues out of a total of 28 (25%) might form β-sheet 

nanostructures upon fibrillization, which agrees reasonably well with our experimental data 

(~29%). However, if we expect that all of the possible β-sheet prone serine-rich motifs including 

the Poly(Ser) run in helix-5 indeed form β-sheets, then roughly 40% of all seryl residues should 

be β-sheet, 30% helical and 30% RC (Fig 74). This prediction does not agree with our 

experimental results. We therefore revisited the repeat sequence and proposed multiple iterations 

of how the AcSp1 repeat might exist in its final fiber (Figure 74). A sequence-based structure 

prediction that best agrees with our experimental NMR data is one in which the β-sheet 

aggregation occurs in the linker domain while the poly(Ser) motif in helix-5 remains helical or 

loosely-structured (Figure 71). If we also consider the density of hydrophobic residues Val, Leu 

and Ile in the globular region (found in helices 1, 2, 4, 5 but not in helix 3), and also the location 

of charged residues Arg (higher density in helices 1 and 2) and Asp (higher density in helices 4, 

5),  we can propose an antiparallel coiled-coil motif in which helices 1 and 2 form a single α-helical 

coil, helix 3 is more randomly-oriented, helices 4 and 5 form a second antiparallel coil, and finally, 

the Ser / Ala rich motifs at the beginning and end of the linker domains align to form antiparallel 

pleated sheets. 

Conclusion 

In conclusion, through our Solid-State NMR data we have shown that prey-wrapping silks, 

which are actually the toughest of the spider silks yet are surprisingly understudied, are dominated 

by α-helical secondary structures (~40-50% of total fiber) with only minor β-sheet content (~15% 

total). This is in loose agreement with Raman spectroscopy studies on aciniform fibers (~25% α-

helices, ~30% β-sheets), 9,11,12 although in contrast to the authors conclusions, here we find 



137 
 

that α-helix-to-β-sheet conversion is minimal, and prey-wrapping silk β-sheet content is low 

compared to other spider silks. Spectral deconvolutions of NMR data show that β-sheet nucleation 

indeed occurs during fibrillization, but this is likely from serine- and alanine-rich domains found in 

the linker region while the helical domains remain largely in-tact. True α-helical silks are observed 

in other insect silks, 21 but never before have they been observed in spiders. Aciniform silks are 

capable of extending about twice as far before breaking compared to dragline fibers, a property 

that is most certainly a direct product their high helical content.   
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Figure 72. Primary protein sequence alignment comparing A. argentata and A. trifasciata 
repeat units. 
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Figure 73. Prediction of coiled-coil probabilities of residues 23 – 46 from the AcSp1 repeat 
unit from A. argentata, along with a cartoon structure of the sequence modeled as an ideal 
-helix. Hydrophobic residues Val, Ile, Leu and Ala are shown in yellow, while the rest of 
the sequence is green. Here we can see a clear alternating hydrophobic - polar (HHPP)x 
pattern, resulting in opposing hydrophobic and polar faces. 
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Figure 74. Five sequence-based structure predictions of the A. argentata wrapping 
silk repeat unit after fiber formation (above horizontal line), with solution-NMR 
conformation added for context (below horizontal line, see Figure 68 in main text). 
Residues that are bolded and underlined are helical, while residues in red lettering 
are proposed to form -sheets upon fibrilization. For each variant, tables are shown 
summarizing the total number of Ala, Ser, and Val residues adopting random-coil 
(RC), -helical and -sheet structures, as well as a sum total of all residues. A green 
checkbox or a red cross indicates which predictions agree or disagree with 
experimental NMR data, and the size of those icons loosely indicates our confidence 
in agreement or disagreement. 

After aggregation: PREDICTION 1
Helix1: LISRVANALSNTSTLRTVLRRGVSQQIASSILRRAAQTLASTLG
Helix2: VDGNNLSRVALQAISQV
Helix3: PTGSDTSAYAQAFSSALFNAG
Helix4: VLNASNIDTLGSRVLSAVLNGVSSAAQGLG
Helix5: INVDTGSVQSDISSSSSFL
Linker/String: STSSSASSFSSQASASSTSGAGYTGPSGYTGPVGGGAQFGSASGQSSFGQTSGLTASSGGQAAFGGTSGASAG

After aggregation: PREDICTION 2 
Helix1: LISRVANALSNTSTLRTVLRRGVSQQIASSILRRAAQTLASTLG
Helix2: VDGNNLSRVALQAISQV
Helix3: PTGSDTSAYAQAFSSALFNAG
Helix4: VLNASNIDTLGSRVLSAVLNGVSSAAQGLG
Helix5: INVDTGSVQSDISSSSSFL
Linker/String: STSSSASSFSSQASASSTSGAGYTGPSGYTGPVGGGAQFGSASGQSSFGQTSGLTASSGGQAAFGGTSGASAG

Before Fibrilization, from Solution-NMR Structure
Helix1: LISRVANALSNTSTLRTVLRRGVSQQIASSILRRAAQTLASTLG
Helix2: VDGNNLSRVALQAISQV
Helix3: PTGSDTSAYAQAFSSALFNAG
Helix4: VLNASNIDTLGSRVLSAVLNGVSSAAQGLG
Helix5: INVDTGSVQSDISSSSSFL
Linker/String: STSSSASSFSSQASASSTSGAGYTGPSGYTGPVGGGAQFGSASGQSSFGQTSGLTASSGGQAAFGGTSGASAG

Residue Total % RC % Helical % Sheet
Ala 28 57 43 0
Ser 47 53 47 0
Val 13 54 46 0
All 204 56 44 0

After aggregation: PREDICTION 3
Helix1: LISRVANALSNTSTLRTVLRRGVSQQIASSILRRAAQTLASTLG
Helix2: VDGNNLSRVALQAISQV
Helix3: PTGSDTSAYAQAFSSALFNAG
Helix4: VLNASNIDTLGSRVLSAVLNGVSSAAQGLG
Helix5: INVDTGSVQSDISSSSSFL
Linker/String: STSSSASSFSSQASASSTSGAGYTGPSGYTGPVGGGAQFGSASGQSSFGQTSGLTASSGGQAAFGGTSGASAG

After aggregation: PREDICTION 4
Helix1: LISRVANALSNTSTLRTVLRRGVSQQIASSILRRAAQTLASTLG
Helix2: VDGNNLSRVALQAISQV
Helix3: PTGSDTSAYAQAFSSALFNAG
Helix4: VLNASNIDTLGSRVLSAVLNGVSSAAQGLG
Helix5: INVDTGSVQSDISSSSSFL
Linker/String: STSSSASSFSSQASASSTSGAGYTGPSGYTGPVGGGAQFGSASGQSSFGQTSGLTASSGGQAAFGGTSGASAG

After aggregation: PREDICTION 5
Helix1: LISRVANALSNTSTLRTVLRRGVSQQIASSILRRAAQTLASTLG
Helix2: VDGNNLSRVALQAISQV
Helix3: PTGSDTSAYAQAFSSALFNAG
Helix4: VLNASNIDTLGSRVLSAVLNGVSSAAQGLG
Helix5: INVDTGSVQSDISSSSSFL
Linker/String: STSSSASSFSSQASASSTSGAGYTGPSGYTGPVGGGAQFGSASGQSSFGQTSGLTASSGGQAAFGGTSGASAG

✅

✅

✅

❌

❌

❌

Residue Total % RC % Helical % Sheet
Ala 28 36 43 21
Ser 47 32 32 36
Val 13 23 77 0
All 204 41 46 13

Residue Total % RC % Helical % Sheet
Ala 28 32 43 25
Ser 47 23 47 30
Val 13 23 77 0
All 204 41 46 13
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Figure 75. Preliminary Monte-Carlo Simulation results on possible -sheet forming 
domains from the AcSp1 linker, in this case 8x Acetyl-STSSSASSFSS-NH2 (chain 1) 
and 8x Acetyl-AAFGGTSGASAG-NH2 (chain 2), representing the beginning and 
ending -sheet prone motifs in the linker domain.  Acetyl and NH2 capping groups 
were included to eliminate unwanted charge-induced stabilization. Monte-Carlo 
evolution of the energies (a) and -sheet content (b) are shown.  Red stars indicate 
time points for snapshots in c1 – c6.  In this particular simulation, -sheet nucleation 
occurs between two strands chain 1 and chain 2 (c3), which then seeds larger scale 
aggregation. Monte-Carlo simulations were conducted using the software package 
PROFASI version 1.5, using 16 total chains (see above) in a 60 Angstrom box at 298 
Kelvin. 1,000,000 Monte-Carlo cycles were executed, corresponding to 
1,000,000,000 elementary Monte-Carlo updates. The simulation was performed 
utilizing the San Diego State Computing Cluster. All images were rendered in Pymol 
version 2.1.1.  By no means should these computational results be considered 
conclusive or exhaustive, but they do support our hypothesis that the Ala- and Ser-
rich motifs in the linker domain are responsible for -sheet aggregation upon AcSp1 
fibrilization. 
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Chapter 7: Hydration-Induced β-Sheet Crosslinking of α-Helical-Rich Spider Prey-Wrapping Silk 

Abstract 

 Due to its moderate strength (~700 MPa) and impressive extensibility before breaking 

(~60-80%), orb-weaving spider aciniform (AC) prey-wrapping silks are actually the toughest of 

the spider silks but are remarkably understudied. Our previous results indicate that native AC silk 

fibers are an α-helix rich coiled-coil / β-sheet hybrid nanofiber, and that conversion of disordered 

or helical domains to β-sheet aggregates is surprisingly minimal and overall β-sheet content is 

low (~15%). In this work, we demonstrate through Scanning Electron Microscopy (SEM) that 

native AC silk fibers undergo matted cross-linking upon exposure to moisture that increases silk 

stiffness. The unique molecular mechanism of water-induced cross-linking is revealed with solid-

state NMR (SSNMR) methods; water-induced morphological changes are correlated with an 

increase in AC silk protein β-sheet content, and additionally we observe a minor unfolding of 

coiled-coil regions. Continued and increased β -sheet cross-linking is observed upon application 

of mechanical shear. We determine the size of these β-sheet domains to be 4-6 nm using WISE 

SSNMR. The observation that merely water treatment can be used to convert a protein-based 

material from a flexible/extensible α-helix-rich fiber to a crossed-linked β-sheet mat is a novel 

observation that should provide new avenues in bioinspired materials design. 

Introduction 

The mysteries of spider silks have intrigued researchers and inspired polymer engineers 

for decades due to their impressive and wide ranging mechanical properties, their biodegradability 

and biocompatibility, and the fact that nature’s super fibers are spun on-demand at ambient 

temperature and pressure from an aqueous silk dope.1, 2 It has been proposed that spider silks 

could be a suitable material for protective clothing, parachutes and cables, wound treatment, 

tissue scaffolding, and medical implants.3-5 Spiders are unfortunately territorial creatures and 

therefore domestication and silk harvesting is not a practical strategy to bring the material to 

market. Artificial production and utilization of spidroin-based recombinant proteins are therefore 
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the only alternative. Imperative to attaining this goal is a more complete understanding of the 

molecular structure, function, storage mechanism and spinning process of the native material. Of 

the seven types of silks and glues produced by orb-weaving spiders, Aciniform (AC) prey-

wrapping spider silks, utilized for prey-wrapping and egg-case linings, are the toughest of the 

spider silks, but surprisingly little information exists on their molecular structure and detailed 

structure-function relationship.6-8 Remarkably, AC silks boast mechanical properties that weight 

for weight surpass the toughest natural and man-made materials, including Kevlar®, high-tensile 

steel and even the most studied spider silk, dragline silk.6, 9 Due to their moderate (~700 MPa) 

mean ultimate strength and high (~60-80%) extensibility before breaking, AC silks are reportedly 

50% tougher than the highly-coveted spider dragline fibers.9, 10  

 Generally, silk protein biopolymers are composed of highly repetitive, high molecular 

weight proteins (250 – 500 kDa) rich in small-sidechain amino acids Ala, Gly (~60-75%) and to a 

Figure 77. Schematic of Argiope AcSp1 prey wrapping silk. In the A. argentata species, there 
are 20 iterated repeats of the wrapping (“W”) subunit. The solution NMR structure from a single 
A. trifaciata W subunit (PDB 2MU3) was used to create the theorized “beads-on-a-string” 
model hypothesized to occur in solution and colored to identify each area. The colored 
sequences are for A. argentata AcSp1. 
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variable extent Gln, Ser, Pro, Tyr and Arg.11, 12 The major ampullate (MA) silk proteins that 

comprise dragline silk are highly dynamic, intrinsically disordered proteins (IDPs) as stored in the 

MA silk gland prior to fiber spinning.13 In the final spun fibers, the poly(Ala)n (n = 4-9) and flanking 

(Gly-Ala) repeats assemble into -sheet nanocrystallites (~2-7 nm)14-17 dispersed throughout a 

Gly-Gly-X (X = Gln, Tyr, Pro, Ser and Arg)-rich matrix that is non--sheet and best described as 

a disordered helix that is not -helical.18, 19 Aciniform spidroin 1 (AcSp1), the primary protein 

making up spider wrapping silk, is markedly different than dragline silk and is composed of a string 

of 14-20 identical subunits (depending on species) of about 200 amino acids (called a W unit for 

wrapping), flanked by non-repetitive N- and C-terminal regions (Figure 77).20 Solution-state NMR 

studies on a single recombinantly produced AcSp1 wrapping unit suggest that each 200 amino 

acid W subunit folds into a multi-domain structure composed of a well-defined helix-rich globular 

domain and a glycine/serine-rich disordered linker region.21-24 It was proposed that each W 

subunit forms a “beads on a string” model when the protein is stored in the gland.22 Synthetic 

versions of AC silk fibers have previously been generated from an aqueous dope in order to study 

the mechanical properties imparted by different buffers as well as differences in the number of W 

subunits.25-27 Although recombinant AcSp1 W subunits have been well characterized as 

recombinant protein constructs in a solubilized state, a molecular-level understanding of the 

native AC silk protein after conversion to insoluble fiber is quite minimal. Recently, we applied 

Solid-State Nuclear Magnetic Resonance (SSNMR) techniques to isotopically-enriched native 

prey-wrapping silks and quantitatively correlated the secondary protein structures of Ala, Ser and 

Val residues to the primary protein sequence of the W subunit. We proposed a hybrid -helical 

coiled-coil / -sheet hierarchical model for A. argentata and A. aurantia spider prey-wrapping silk 

fibers, in which 1) the globular helix-rich domains (bead) mostly retain their helical structures in 

the final fiber, 2) where the Ala / Ser-rich motifs from the string / linker region aggregate into -

sheet nanostructures, and 3) a significant fraction of the protein remains disordered.28 We 
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intuitively argued that the high extensibility of AC silk fibers is a direct result of high -helical 

content, while its moderate mean ultimate strength arises from -sheet nanostructures and 

possibly coiled-coil interactions between fiber-aligned helices. 

It is likely that when stored in the AC gland, the silk protein is highly helical with no 

evidence of -sheet secondary structure, but there is clear evidence of a minor population of -

sheet aggregates in the final fiber.28-30 Hence, a structural conversion from either RC and/or -

helical regions into -sheet nanostructures takes place upon fibrilization. There is some debate 

over the precise mechanism. For example, Raman studies suggest that wrapping silks from N. 

clavipes are roughly 50% helical in the gland and 24% helical and 30% -sheet in the fiber,29, 30 

which are in poor agreement with our recent results where we determine the native fiber is ~50% 

helical and ~15% -sheet, albeit from a different spider species.28 Additionally, solution-state NMR 

data on A. trifaciata recombinant W subunits show higher dynamics of the Ser-rich stretch in the 

globular domain, denoted helix 5 (Figure 77), and the authors suggest that the Ser-rich helix 5 

motif is a likely candidate for -helix to -sheet aggregation as a driving event for fibrilization.22, 24 

However, this again conflicts with our SSNMR results, namely that in order for Ala, Val and Ser 

secondary structures to all agree with SSNMR observations, the Ser-rich region in the helix 5 

domain must remain helical or loosely-helical but not -sheet in the fiber.28 Perhaps the true fibril 

protein structure is somewhere in between, existing as heterogeneous structures with incomplete 

conversion of poly(Ser) and poly(Ala-Ser) motifs from RC and/or -helices in the gland to -sheet 

structures in the final fiber. As such, there are clearly regions of the primary protein sequence that 

may be primed to -sheet aggregate if given the appropriate conditions. 

In this work we report further molecular and nanoscale structural insights into native AC 

silk fibers and demonstrate that AC silks exhibit a remarkable -sheet fiber cross-linking property 

when the silk is exposed to water that has not been observed in any other silk to the best of our 

knowledge. Remarkably, single ~500 nm wrapping fibers are visibly cross-linked into fibrous 
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sheets and mats when exposed to water. SSNMR results on native and water-induced cross-

linked fibers illustrate that disordered linker regions and -helical structures decrease with a 

corresponding increase in -sheet content for Ala, Ser, Gly, Gln and Val residues. This suggests 

that the linker/string environments and loosely-structured helices are most sensitive to water-

induced -sheet crosslinking. When mechanical stress is applied to hydrated silks, the data shows 

a further increase in -sheet structures and a corresponding reduction in -helical and random 

coil content. We hypothesize that exposure to moisture provides disordered and semi-stable 

helical regions of the wrapping silk with the necessary degrees of freedom to access lower-energy 

-sheet aggregates. We think this remarkable moisture-induced cross-linking behavior is an 

evolutionarily adapted trait that benefits the spider during Extra-Oral Digestion (EOD) and feeding, 

and should be of great interest to the synthetic biomimetic materials community; converting a 

malleable and extensible fibers into rigid crossed-linked biomaterial simply by hydrating with water 

and drying. 

Results and Discussion 

Freshly-collected AC silk is shown as a dense mesh of fine (~500 nm in diameter) fibers 

(Figure 78C). When we attempted to image silk on a wrapped and consumed prey (cricket), we 

were surprised to observe clear morphological changes to regions of the silk. Dense bundles of 

individual AC fibers remain, but areas of wrapping silk fibers appear to have fused together into 

Figure 78. a), A. argentata spinning a cricket with AC silk. b), the same spider returning to 
eat its prey through EOD. c), SEM images comparing native prey-wrapping AC silk from A. 
argentata following feeding or water treatment where the silk was soaked for 2 hr or 30 s 
and then dried for one day.  
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fibrous sheets or mats, especially in regions where the silk makes direct contact with the cricket. 

Individual fibers clearly have fused together to form larger, uniaxial fibers and fibrous mats. 

Additionally, inter-fiber space appears to have collapsed. To determine the effect of water on AC 

fiber morphology, native prey-wrapping silk was briefly soaked in deionized water for two hours 

without mechanical agitation and dried for 1 day. SEM images of our water-wetted silk bundles 

confirm that this observed cross-linking property is water-induced. The effect of hydration on silk 

structure has been investigated for several silk-based materials including native silk fibers, 

recombinant silk protein films, and peptides.31-34 The effect of water on protein secondary structure 

has been conclusive, and results in an increase in -sheet content of the materials, including 

silkworm silk fibers.31, 33 However, these changes occur within a single fiber, not between adjacent 

strands. After allowing our AC silk fibers to air-dry, the material became noticeably stiffer and was 

no longer malleable like the native silk fiber. It is possible that other factors, such as dissolved 

salts and pH used in the native (wrapped cricket) fibers, may fine tune the local silk fusion and 

aggregation to minimize fluid loss from the prey. The appearance of nearly identical morphological 

structures in both native and water-treated samples, however, leads us to the conclusion that AC 

silk protein-water interactions drive the mechanism for fiber fusion and cross-linking. Lastly, the 

fiber fusion and cross-linking process occurs rapidly with similar observations made for AC silks 

water treated for 2 hr and 30 s (Figure 78c). 

 The mechanical properties of native and hydration-induced cross-linked AC silks were 

determined with Force-displacement AFM (see Figure 83 for AFM topography images). As shown 

Table 9. Nano-indentation mechanical properties of native and water treated AC spider silks.  
 

Native Aciniform 
(as-spun) 

Aciniform wetted  
(1-day dry) 

Aciniform wetted  
(2-day dry) 

Material 
Stiffness 

(GPa) 

Std Dev 
(GPa) 

Material 
Stiffness 

(GPa) 

Std 
Dev 

(GPa) 

Material 
Stiffness (GPa) 

Std Dev 
(GPa) 

4.40 0.28 4.76 0.15 4.11 0.05 
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in the model (see Methods), the resulting material stiffness is dependent on the value of the 

Poisson’s ratio. The Poisson’s ratio is not known explicitly for AC spider silks however, it has been 

determined for a number of dragline (MA) spider silks from a range of species.35 Considering only 

the linear elastic response and assuming the material is isotropic and homogeneous, the 

assumption of Poisson’s ratio of 0.3 is reasonable and consistent with the underpinnings of the 

model, resulting in a material stiffness of 4.40±0.28 GPa (n=29), 4.76±0.15 GPa (n=31), and 

4.11±0.05 GPa (n=17) for native AC, 1-day dehydration, and 2-day dehydration conditions, 

respectively (Table 9).  

 These results illustrate that the stiffness of AC silk following water treatment increases 

and this increase is consistent with the water content of the cross-linked silk. Thermal analysis 

was used to determine the water content (Figure 86, Table 13) and it was found that the native 

AC silk, AC silk water-wetted for 2 hr and dried for 1 or 2 days have water contents of 3.2, 5.8 

Figure 79. 13C CP-MAS SSNMR spectra of A. argentata AC silk. a) AC silk labeled with 13C-
Ala. b) AC silk labeled with 13C-Val. Peaks in a) with asterisks are from crystalline Ala 
contamination. 
 



 

152 
 

and 4.7%, respectively. This correlates with the material stiffness and implicates the role of water 

in impacting fiber cross-linking and the resulting mechanical properties where the 1 day dried (5.8 

wt%) displays a higher stiffness than the 2 day dried (4.7 wt%). Further mechanical 

characterization is ongoing in our labs and will be the subject of future publications. 

 The likely biological reasoning behind the observed phenomenon is that Argiope spiders, 

including the A. argentata species in this study, will first immobilize their prey using wrapping silk 

in an act called "attack wrapping" (Figure 78a), then bite to inject their venom.36, 37 After paralyzing 

their prey, they then engage in EOD, whereby they digest their food outside of their bodies by 

regurgitating digestive fluids into or onto the prey to consume them, during which prey-package 

manipulation is common adding a degree of mechanical stimulation through physical agitation 

and rotation (Figure 78a).38 Therefore, to better understand the structural changes induced by 

both moisture and mechanical agitation, SSNMR data was collected on AC silks after two types 

of sequential treatment. After initial SSNMR analysis on the native fibers (Native, Figure 79, 

black), the AC silk was removed from the NMR rotor and soaked with DI water at room 

temperature for two hours without any mechanical agitation and allowed to air-dry (“Soaked-

Table 10. Summary of conformation dependent 13C isotropic chemical shifts and secondary 
structure populations determined from peak deconvolutions of 13C CP-MAS spectra for AC 
silks (Figure 80). 
 

Residue Chemical Shifta 
(ppm) 

Peak Width (ppm) Normalized Peak Area 
(%) 

Ala C Native SDb WSDc Native SDb WSDc Native SDb WSDc 

-helix 18.2 18.3 18.3 2.7 2.7 2.6 38.0 32.7 26.5 
Random Coil 19.6 19.6 19.5 3.3 3.7 2.9 32.9 26.1 19.9 

-sheet A  22.9 22.9 22.8 3.4 3.2 3.2 24.0 35.6 48.1 

-sheet B 25.8 25.8 25.8 2.8 2.3 2.1 5.1 5.6 5.5 

Val C          

 -helix 31.6 31.6 31.7 1.9 1.9 1.9 62.0 54.4 50.9 

RC / -sheet / 
Background 

34.8 34.8 35.0 3.1 3.1 3.1 38.0 45.6 49.1 

 
a) from DSS 
b) SD, Soaked-dried 
c) WSD: Wet-sheared, dried 
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dried”, Figure 79, blue). After data collection, the AC silk was re-hydrated and loaded into the rotor 

while still wet which allows the spinning rotor to induce physical shear, removed and dried for two 

days, then reloaded. (“Wet-sheared, dried”, Figure 79 red). The changes to the protein secondary 

Figure 80. a), 2D 13C-13C DARR SSNMR spectra collected with a 100 ms mixing time for 
13C-Ala-labeled A. argentata AC silk after different treatments. b), the same as in a) but 
only 13C-Val labeled. c), spectral deconvolutions of 1D 13C CP-MAS data showing 
qualitative changes to the Ala C (left) and Val C (right) resonance after different 
treatments. Peak in c) with an asterisk are from crystalline Ala contamination. The fit 
parameters are summarized in Table 10. 
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structure for several amino acids found throughout the W subunit were monitored throughout this 

process and a summary of these conformational changes (Table 10).  

Several conclusions can be drawn from comparing 1D 1H/13C cross polarization magic 

angle spinning (CP-MAS) spectra between the native and water-treated silk (Figure 79a). When 

scaling the 1D 13C-Ala-labeled CP-MAS spectra based on the Gly C resonance, it becomes clear 

that Ala -sheet content increases moderately upon water wetting (Figure 79a). The reader is 

reminded that this sample was only submerged in water for two hours with no agitation and 

allowed to air-dry prior to data collection, thus these structural changes are truly a result of 

exposure to water and not from shearing or mechanical stress caused by MAS. It is not 

immediately clear if this observed structural transition is due to unfolding of -helical environments 

in favor of -sheets, or if previously disordered regions of the silk protein are enticed to aggregate. 

Insight is gained through spectral deconvolutions of the data. To understand water-induced 

structural changes we first extracted precise chemical shifts from 2D 13C-13C DARR spectra 

(Figure 80a), and then peak-fit the 1D 13C CP-MAS spectra using chemical shifts and estimated 

linewidths extracted from the 2D spectrum (Figure 80c). Two peaks are required to fit the Ala C 

-sheet resonance because of different side-chain packing arrangements that have been 

proposed from studies on silk-like model peptides.39 This procedure, outlined in the supplemental 

section of our prior work, was applied.28 These results show that the -sheet content for Ala 

increases from ~30% for the native silk to ~41% after wetting, and reaches a maximum of ~53% 

after wet-shear and drying (Figure 79a, Table 10). As a comparison, Ala within poly(Ala)-rich 

spider dragline silks show much higher -sheet content at 82%.40 This increase in -sheet content 

for AC silks is mirrored by a decrease of Ala in RC structures, followed by -helical structures 

after shear (Table 10). Ala occupies -helical, RC and -sheet structures in approximately equal 

proportions after wetting. After wet-shearing and drying, Ala adopting -helical and RC structures 

further decreases while -sheet content increases to nearly half. The solution structure of the W 
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subunit shows that  helix 1 contains 11 of the 26 Ala residues, where the linker contains five.20 

Therefore, this data implies Ala conversion likely comes from the partially-coiled helix 1 and linker 

regions.  

 Similar to Ala, there is a clear but minor increase in Ser adopting -sheet structures after 

exposure to water. The relative intensity of the Ser C and C -sheet resonances at 55 and 65 

ppm increase slightly upon exposure to water, and then increase dramatically after wet-shearing 

(Figure 79a). Unfortunately, due to the high spectral overlap in that region, we cannot confidently 

determine if this is from a partial disruption of -helical structures or a collapse of disordered 

regions into -sheet nanostructures. In our previous model of native AC silks, we demonstrated 

that the poly(Ser) motif at the end of helix 5 remains helical in the final fiber.28 This is intriguing, 

since poly(Ser) motifs found in other insect silks have been shown to form -sheet structures.41, 

42 While a partial  to  conversion of this poly(Ser) helix 5 may occur during water-wetting, the 

surprisingly low conversion towards -sheets with only soaking suggests that a full conversion 

does not occur. After wet-shearing and drying, we see a more substantial decrease in Ser -helix 

content in favor of -sheet structures, implying collapse of the poly(Ser) helical motif. 

 1D 13C CP-MAS data for 13C-Val enriched AC silk before and after water-washing suggests 

that Val helical structures partially collapse from 62% to ~51% (Figure 79b, Table 10), where 

broad and weak Val C/C and Val C/C cross-peaks in the 2D DARR become slightly stronger 

(Figure 80b). This qualitative observation is supported by spectral deconvolutions of the Val C 

signal, although we could not confidently separate -sheet and RC structures (Figure 80c, Table 

10). Since Val residues are almost exclusively found in the globular “bead” region and adopt 

coiled-coil like superstructures in the final fiber, it is likely that a minor conversion of Val from 

helical to RC and/or -sheet motifs occurs in this region upon exposure to water. One explanation 

for this conversion is that several of the Val residues in the “bead” region are found as Gly-Val/Val-

Gly pairs. Perhaps the juxtaposition of Gly and Val create a more favorable RC or -sheet 
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environment during water-wetting, since Gly is known to be unstructured in many proteins. 

Indeed, closer inspection of the Gly peak in the Ala-labeled native AC silk (Figure 79a) shows a 

shoulder at ~47 ppm, corresponding to Gly in an -helical environment, which decreases after 

treatment with water and suggests Val in Gly/Val pairs are no longer -helical. This is an 

interesting observation in light of recent work into the silks of aquatic spiders, where Gly-Val motifs 

are common and are suggested to be involved in efficiency of underwater webs.43 Such a 

response to water by Gly-Val motifs could be a common trigger among these silks. After wet-

shearing and drying, a slight collapse in helices occurs from 54% to ~51% favoring RC and/or -

sheets, however the predominant structure for Val still remains -helical. This observation 

strengthens our prior conclusion that Val residues predominantly exist in well-folded highly-stable 

-helical coiled-coil hierarchical structures within spider prey-wrapping silks and conversion to -

sheet due to wetting or wet-shearing is minimal. The high degree of order for Val in -helical 

coiled-coil assemblies is further supported by the linewidth of the Val C resonances that are 

considerably narrower (285 Hz) compared to all other C amino acid linewidths (315-510 Hz) in 

other structures (see Table 10). 

Gln residues are distributed fairly evenly throughout the ”W” subunit, with seven in the 

bead region and two in the linker. In the freshly-spun fibers, 2D DARR data identifies multiple Gln 

environments including -sheets, -helices and disordered structures (Figure 80a). Low signal to 

noise makes it difficult to obtain quantitative measurements, but visual inspection of the 2D 13C-

13C DARR SSNMR spectra seems to suggest a fairly even distribution of structures (Figure 80a, 

black). After water-wetting, Gln cross peaks look fairly similar with perhaps a slight but non-

definitive increase in -sheet (Figure 80a, blue). After wet-shearing however, Gln C/C contacts 

become much more resolved and there is a clear bias for Gln C/C -sheet environments over 

helices (Figure 80a, red). 
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 Several inter-residue cross peaks emerge or become clearer in the 2D 13C-13C SSNMR 

correlation spectra after the native silk is cross-linked with water. First, after water treatment a 

correlation between Ser C (57.4 ppm) and Ala C (51.4 ppm) in a -sheet environment is 

considerably stronger (Figure 80a, blue). These cross correlations must arise from regions in the 

silk where Ala and Ser residues are near in space. The DARR 100 ms mixing period applied in 

these experiments is sufficiently long for 13C-13C contacts to occur within a single amino acid 

residue, and in some cases between neighboring amino acids, but not long enough to diffuse 

between differing domains.44 Thus, we safely assume that these observed inter-residue 

correlations are from amino acid couplets in the primary sequence for AcSp1. Many Ala-Ser/Ser-

Ala pairs exist in the W wrapping repeat and are concentrated in the aforementioned Ala-Ser/Ser-

Ala-rich motifs in the linker domain, but some also are found in the globular helical bead. The 

simplest and most likely explanation for this emerging inter-residue correlation is that a higher 

fraction of Ser/Ala-rich motifs adopt -sheets after the silk is exposed to water. An additional 

correlation between Gly C and Ala C becomes more evident after wetting (Figure 80a, blue). 

Based on the 13C Ala C chemical shift (~52.1 ppm), this most likely represents Ala/Gly pairs in 

disordered structures. Ala/Gly pairs are concentrated in the linker region along with a small 

grouping located in helix 1. Since helix 1 and the linker are continuous in the primary protein 

sequence, we suggest that Ala/Gly intermolecular interactions arise from these regions, possibly 

from different fiber strands. Typically, Gly is found in disordered regions within proteins and does 

not measurably contribute to -helical structures. It may be possible therefore, that upon water 

wetting Gly in the Ala/Gly pairs act as a trigger to unravel from the -helical structures to form 

inter-strand contacts similar to the Gly/Val motifs previously discussed above. Regardless, the 

increase in intensity of this inter-residue correlation after water wetting strongly indicates that 

overall order and rigidity has increased around these Gly/Ala amino acid pairs and spin-diffusion 

data for Gly indicates that it is located on the periphery of the -sheet domains with a more rapid 
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buildup compared to Ala. This also appears to be the case in Black Widow MA silk where narrow 

1H components spin-diffuse more rapidly into the broad Gly components that represent Gly in -

sheet domains (Figure 85 and Table 12).  

Since -sheet formation is the dominant mechanism behind water-induced cross-linking 

of prey-wrapping silk, we next implemented the 2D Wide-Line Separation (WISE) NMR technique 

with 1H spin-diffusion to better understand the domain size and overall water-accessibility of these 

-sheet nanostructures. The concept behind the technique is outlined elsewhere,45-47 but briefly, 

by observing the 13C chemical shift in the direct dimension and measuring the associated 1H 

profile in the indirect dimension, the 2D WISE NMR technique is capable of correlating local 

Figure 81. (a) A 2D 1H/13C WISE spectrum with a 50 ms spin-diffusion time for hydrated A. 
argentata AC silk. (b), deconvoluted fits of 1H slices extracted at the Ala C -sheet resonance 
in the WISE spectrum for AC silk and BW dragline. (c), build-up curves of narrow component 
(red) from deconvolutions for the two silks. The arrows indicate 𝜏௠

∗  for each sample. 
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biopolymer conformational structure with mobility and dynamics. A 1D 1H slice is typically 

extracted from the 2D 1H/13C WISE SSNMR spectrum to reveal the 1H line shape at a specific 13C 

chemical shift where broad 1H line shapes are associated with “rigid” 1H environments, while 

narrow 1H profiles would arise from more "mobile" regions.  

Importantly, if a 1H spin-diffusion period is included in the WISE experiment it is possible 

to observe magnetization from the "mobile" water-plasticized regions diffuse into these water-

inaccessible domains which ultimately allows for domain-size estimates of the rigid structures.45 

Here we apply the WISE technique to both Black Widow (BW) dragline silk fibers and cross-linked 

AC silks and compared the respective -sheet domain sizes and overall fiber rigidity. Work by 

Holland (2004) was followed48; we collected 2D WISE data on D2O-hydrated isotopically-enriched 

silks at a series of increasing mixing times and observed the associated 1H profile of the  Ala C 

-sheet environment.15 D2O was used as the plasticizing solvent over H2O so that the narrow 

component can be properly attributed to silk polymer protons and not water. The extracted 1H 

profiles were fit to both broad and narrow components for each mixing time, and the area of the 

narrow component was plotted against the square root of the spin-diffusion mixing time.45 The 

point (𝜏௠
∗ ) at which the narrow component reaches a plateau implies that diffusion of 

magnetization from the "mobile" domain into the "rigid" domain has reached an equilibrium. Larger 

domains would require more time to reach equilibrium. This technique has successfully been 

applied to determine the domain sizes in a number of heterogeneous materials.15, 45, 49  

WISE experiments were collected on AC silk and BW dragline fibers using spin-diffusion 

times between 0.05-150 ms (Figure 81a). Slices were extracted from WISE experiments at the 

Ala C -sheet resonance and fit to a broad and narrow component (Figure 81b). We found the 

following major conclusions from the WISE buildup data on cross-linked AC silk fibers; 1) a large 

fraction of Ala residues adopting -sheet secondary structures within AC silks are inherently water 

accessible, 2) Gly residues are more dynamic within AC silks compared to BW dragline silks, and 
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3) water-inaccessible -sheet nanodomains are significantly smaller in cross-linked AC silks 

compared to well-characterized BW spider dragline -sheet nanocrystallites. The first conclusion 

is clear from the higher initial intensity of the narrow component for AC relative to dragline silk. 

Even at short (Figure 81b, 50 and 500 s) 1H spin-diffusion times, the 1H profile of Ala C -

sheet environment from PW silk shows a significantly larger mobile component compared to the 

corresponding mobile component of the BW dragline silk. This observation implies that even when 

Ala adopts -sheet secondary structures in water-hydrated AC silks, a larger fraction of these 

structures are inherently water-accessible relative to those within BW dragline fibers. Similarly, 

based on the high initial offset and quick rise to equilibrium, it is clear that Gly residues within AC 

silks are highly mobile even after water-induced crosslinking (Figure 83). Third, analysis of the 

Ala C spin-diffusion buildup curves for water-hydrated AC and BW dragline silks suggest that 

the Ala-rich -sheet domains in cross-linked AC silks are smaller than in BW dragline fibers. We 

determined the 𝜏௠
∗  for AC and BW dragline fibers to be 4.5 and 6.6 ms, respectively (Figure 81c). 

Using the previously-derived equation to calculate domain size, we determine the -sheet 

domains in cross-linked AC silks to be between 4-6 nm (detail in supporting information). 

Figure 82. Proposed model of AC silks after contact with water. Helices 1-5 are blue and green 
cylinders that form -helical coiled-coils. (a), before wetting there is little -sheet content 
(~15%). (b), after water wetting some -helical and RC structures convert to -sheet, illustrated 
as shortened coiled-coils and the multi-colored arrows colored according to their origin from 
RC and/or helix structures.  
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Additionally, we calculated the size of the nanodomains in BW dragline silk to be approximately 

11 nm, somewhat larger than reported by XRD results which show a crystallite size of 3.02 x 4.15 

x 6.71 nm.16 The difference in size could be due to the well-diffracting, truly crystalline areas of 

these nanodomains which may be smaller than the water-inaccessible domains we probe with 

NMR. Obviously, it was not possible to measure the initial domain sizes of native AC silks because 

the technique inherently requires water-hydrating and shearing under MAS. Since overall -sheet 

content increases upon water contact and shearing, the original -sheet nanodomains in freshly-

spun wrapping silks are either smaller than 3 nm and increase in size upon wetting (unlikely), or 

more likely there is an increased abundance of small-sized -sheet domains after water-induced 

crosslinking. 

Conclusion 

In summary, we have shown that prey-wrapping silks from the garden spider A. argentata 

undergo a remarkable cross-linking behavior when exposed to moisture that has not been 

observed in other silks to the best of our knowledge. Upon contact with water, SEM images reveal 

that individual silk fibers fuse together to form cross-linked fibrous sheets and mats. 

Comprehensive solid-state NMR data on 13C-enriched wrapping silks has uncovered the 

molecular mechanism of inter-fiber cross-linking. Orthogonal isotopic enrichment schemes (Ala-

labeling and Val-labeling) were chosen to understand these structural changes for Ala, Ser, Gly, 

and Val residues, shedding light on which regions of the primary protein sequence are most 

susceptible to water-induced -sheet crosslinking. Overall, the data reveals that water-induced 

fiber cross-linking is driven by an increase in -sheet protein secondary structure at the expense 

of disordered and loosely-structured -helical motifs, whereas well-ordered coiled-coil structures 

remain in-tact for the most part. However, helical coiled-coil motifs also undergo partial -to- 

conversion with the addition of mechanical shear. This behavior is also seen in other structural 

protein-based biopolymers. For example, keratin has been shown to convert from -to- when 
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stretched in the presence of moisture.50, 51 Finally, WISE NMR data was used to estimate the -

sheet domain sizes and overall protein dynamics within water-hydrated wrapping silks. Even after 

water-induced crosslinking, -sheet regions within AC silks are smaller (~4-6 nm) than those 

found in BW dragline fibers (~11 nm), suggesting that newly-formed -sheet structures are small 

in size and likely between two or more protein chains and potentially involving multiple fibers. 

Figure 82 shows a proposed model to illustrate the structural changes of AC silks after water 

treatment. This data supports our prior conclusions that at a minimum there are three distinct 

domains in wrapping silks: (1) disordered regions that are easily plasticized by water, (2) rigid -

helices from highly-stable coiled-coil motifs, and (3) Ala and Ser-rich -sheets are present but 

surprisingly minimal. Future work will further divulge the role of water in this process, turning a 

flexible silk fiber into a hardened matted sheet.  

 It is anticipated that the concept of utilizing water treatment to convert protein-based 

biomaterials from flexible and extensible, dominated by -helical coiled-coil hierarchy, to rigid 

crossed-linked -sheet assemblies, should provide new avenues in bioinspired material design. 

The potential for this hydration-induced conformational switching behavior in a biomaterial are 

hypothesized to impact a broad range of fields including defense, biomedical and space 

exploration that all require ever evolving functional materials. In the biomedical space new 

biomaterials for micro, nano and even molecular suturing could be possible for tissue repair while, 

in the defense and space exploration sectors new novel materials based on the aciniform silk 

system could be utilized in advanced textiles for protective clothing, tents, parachutes and the 

repairs of such materials. 

Methods 

 Sample Preparation: A. Argentata spiders were fed aqueous solutions of isotopically 

enriched amino acid containing either U-[13C/15N]-Ala or U-[13C/15N-Val]. Ala labeling also 

isotopically enriches Ser, Gly, Gln through the metabolism of Ala and has the added advantage 
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of labeling these other amino acids for NMR structural characterization.52 These orthogonal 

labeling schemes were chosen because Val is almost exclusively found in the helix-rich globular 

“bead” domain, Ala and Ser residues are dispersed throughout both bead and “linker / string”, Gly 

is heavily represented in the disordered linker / string region, and Gln is fairly evenly distributed. 

 Scanning Electron Microscopy: Spider silk samples were imaged with a FEI Quana 450 

FEG Scanning Electron Microscope (SEM) in the Electron Microscope Facility at San Diego State 

University, using a 10 kV accelerating voltage. Samples were coated with 8 nm of platinum prior 

to imaging using an EMS 150 Sputter Coater. 

 Force-displacement AFM (Nano-indentation): The silk fibers were mounted on glass 

substrates using sodium silicate and interrogated using AFM Workshop TT-2 AFM operated in 

force-displacement mode at various locations along the length of the fiber with a Bruker RTESPA-

525 silicon indenter (k=203 N/m, f0 = 535 kHz). A maximum of 14-20 mN of force was applied at 

each location, while the indentation depth was measured. The collected data was analyzed using 

the Oliver and Pharr model53 according to Equation 1: 

     𝐸 =
ா೔ 

బ.భఴೄమ

೓೘ೌೣೄషഄು೘ೌೣ
 (ଵିఔమ)

ா೔ି
బ.భఴೄమ

೓೘ೌೣೄషഄು೘ೌೣ
 (ଵିఔ೔

మ)
                                     (1) 

where, E୧  is the modulus and ν୧ is the Poisson’s ratio of the indenter, which were taken to be 170 

GPa and 0.27, respectively, E is the modulus of the material and ν is the Poisson’s ratio of the 

material, S is the slope of the load-elastic displacement curve, ε is a constant determined based 

on the geometry of the indenter, and P୫ୟ୶ and h୫ୟ୶ is the maximum load applied and maximum 

indentation depth, respectively. As shown in the model, the resulting material stiffness is 

dependent on the value of the Poisson’s ratio.  

 Solid-state NMR (SSNMR): SSNMR experiments were collected with a 600 MHz Bruker 

AVANCE III HD spectrometer equipped with a 1.9 mm HCN MAS probe. 1D 13C CP-MAS NMR 

experiments were collected at 30 kHz MAS and used a 2.45 s 90° pulse, 24 ms acquisition time 

and 3-5 s recycle delay. In order to correctly assign chemical shifts and choose linewidths for 
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peak fitting of 1D data, we extracted these parameters from 2D dipolar-assisted rotational 

resonance (DARR) experiments. DARR is a 2D homonuclear spin-diffusion technique that 

correlates nearby 13C-13C nuclei.54 The data is presented in 2D, where the off-diagonal peaks 

correspond to through-space 13C-13C interactions. By adjusting the mixing time, one can allow 

spin-diffusion to occur for longer periods and thus probe longer distances. 2D DARR experiments 

were collected at 14 kHz MAS with 256 points in the f1 dimension with 256 scans, a mixing time 

of 100 ms and a recycle delay of 2.5 s. During DARR mixing periods, continuous wave 1H 

irradiation was applied at a rotary-resonance (r = rf) of 14 kHz. 

WISE experiments were collected at 5 kHz MAS with a 300 s CP contact time and 5 s 

recycle delay. All spectra were referenced to DSS at 0.0 ppm by setting the downfield adamantane 

resonance to 40.49 ppm.55 Samples were soaked in D2O before experiments for 2 hrs and center 

packed with Teflon inserts. Equation 2 below is used to calculate the -sheet domain size, 𝑑ௗ௜௦, 

for the silks: 

 

       𝑑ௗ௜௦ =  
ఘಲ

  ಹథಲାఘಳ
  ಹథಳ

థಲథಳ

ඥ஽ಲ஽ಳ

ఘಲ
  ಹඥ஽ಲାఘಳ

  ಹඥ஽ಳ

ସఌథ೏೔ೞ

√గ
 ඥ𝜏௠

∗           (2) 

 

where ρH, ϕdis, D and ε are the proton density of the two domains, volume fraction of the two 

domains, 1H spin-diffusion coefficients for both domains, and dimensionality, respectively.45 A 

summary of the coefficient values used for the calculations (Table 11) and further explanation is 

in the Supporting Information.  

Supplemental Figures 

WISE Calculations for Domain Size. Equation 1 below is used to calculate the -sheet 

domain size, 𝑑ௗ௜௦, for the silks: 

    𝑑ௗ௜௦ =  
ఘಲ

  ಹథಲାఘಳ
  ಹథಳ

థಲథಳ
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  ಹඥ஽ಳ
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where ρH, ϕdis, D and ε are the proton density of the two domains, volume fraction of the two 

domains, 1H spin-diffusion coefficients for both domains, and dimensionality, respectively.46 The 

value of 𝑡௠
∗  for all silks was extracted from the build-up curve of the narrow component of the data 

by fitting the Ala Cα resonance with a broad and narrow component (Figure 84). The linewidths 

in for BW were 47 kHz for the broad, and 5.2 kHz for the narrow. In AC fibers, the linewidths were 

45 kHz for the broad, and 5 kHz for the narrow. We assume the proton densities for AC β-sheets 

are similar to those in BW dragline. The proton densities for β-sheets domains and disordered 

regions in dragline are 0.107 and 0.078 g/cm3, respectively. The spin-diffusion coefficient can be 

determined by the 1H linewidth (𝛥𝑣ଵ/ଶ) and average minimum proton distance (𝑟ுு) with the 

following proportionality: 𝐷 ~ 𝛥𝑣ଵ/ଶ(𝑟ுு)ଶ. 46 The spin-diffusion of PS-PMMA is known to be ~0.8 

nm2/ms with a 1H linewidth of 38 kHz. 46 Using this proportionality, we estimate the spin-diffusion 

coefficients for the dynamic and rigid regions of water-treated AC silks to be 0.11 and 0.95 

nm2/ms, respectively. The crystalline domain volume of BW dragline fibers were recently 

determined by X-ray scattering and reported to be 40%.16 Because there is no XRD data reported 

for AC silk the morphology of the -sheet regions is unknown. However, we assume spin-diffusion 

can occur into the domains predominantly on four faces, giving it a dimensionality of 2 (𝜙ௗ௜௦ = 2) 

Figure 83. AFM topography scans of (a) native prey-wrapping silk and (b) silk water-wetted 
for 2 hr and dried for 2 days.  
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based on the location of the β-sheet regions with respect to the rest of the matrix.(REF) The β-

sheet fraction for native, as-spun AC fibers was determined from SSNMR in our recent work and 

is reported to be ~15%.28 However, we acknowledge that during the WISE experiment the silk 

may become sheared in the presence of D2O which could have an impact on the β-sheet content. 

In the wet-sheared and dried sample, we see an increase in β-sheet from Ala, Val and Ser 

although deconvolution of Ser is difficult because of spectral overlap as discussed in the main 

text. Using an approach similar to our previous work, we use the primary sequence and secondary 

structure for Ala, Val and Ser to roughly assign total β-sheet content,28 and estimate an upper-

limit of the -sheet fraction to be 25% in the wet-sheared and dried material. With this in mind, 

the calculated size of these crystallites using a -sheet fraction between 15-25% produces a 

range of nanocrystallite sizes between 4.4-6.4 nm. Table 11 summarizes the parameters used for 

calculating the domain sizes in both Black Widow (L. hesperus) dragline MA and A. argentata AC 

silks. 
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Table 11. Summary of parameters used to calculate domain size in BW dragline and AC silks. 
 

Parameter Major 
Ampullate 

Aciniform  
(lower limit) 

Aciniform  
(upper limit) 

𝜌஺
  ு (g/cm2) 0.107 0.107 0.107 

𝜌஻
  ு(g/cm2) 0.078 0.078 0.078 

𝜙஺ 0.40 0.15 0.25 
𝜙஻ 0.60 0.85 0.75 

DA (nm2/ms) 0.99 0.95 0.95 
DB (nm2/ms) 0.11 0.11 0.11 
ε 2 2 2 

ඥ𝜏௠
∗  6.6 4.5 4.5 

ඥ𝜏௠
∗  Error ± 0.3 ± 0.5 ± 0.5 

𝑑ௗ௜௦ (nm) 11.0 ± 0.6 4.9 ± 0.5 5.8 ± 0.6 

 
 
 
 
 
 

Figure 84. 1H slice extracted at Ala C -sheet resonance in WISE spectra collected with 50 
ms spin-diffusion mixing times for the two silks. Clearly the AC silks exhibit larger narrow 
component indicating mobile magnetization is able to spin diffuse into Ala sheet domains 
more rapidly because of smaller nanocrystallite dimensions compared to Black Widow (L. 
hesperus) dragline MA fibers. 
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Figure 85. WISE build-up curves for A. argentata AC and Black Widow (L. hesperus) MA silk 
fibers. The first four points of the initial Gly build-up are fit with a dashed line of the corresponding 
color and the reported buildup time (ඥ𝜏௠

∗ ) is listed next to the label. Spin-diffusion occurs rapidly 
into the Ala Cα and Gly Cα areas of AC silks suggesting they are smaller than in the BW silk 
fibers. Table 12 has these values. 
 
Table 12. Summary of parameters used to calculate domain size in L. hesperus MA silks and A. 
argentata AC silks for both Gly C and Ala C. 
 
Parameter MA 

Ala Cα 
AC  
Ala Cα 
(LL) 

AC  
Ala Cα 
(UL) 

MA 
Gly Cα 

AC  
Gly Cα 
(LL) 

AC 
Gly Cα 
(UL) 

𝜌஺
  ு (g/cm2) 0.107 0.107 0.107 0.107 0.107 0.107 

𝜌஻
  ு(g/cm2) 0.078 0.078 0.078 0.078 0.078 0.078 

𝜙஺ 0.40 0.15 0.25 0.40 0.15 0.25 
𝜙஻ 0.60 0.85 0.75 0.60 0.85 0.75 

DA 

(nm2/ms) 
0.99 0.95 0.95 0.99 0.95 0.95 

DB 
(nm2/ms) 

0.11 0.11 0.11 0.11 0.11 0.11 

ε 2 2 2 2 2 2 

ඥ𝜏௠
∗  6.6 4.5 4.5 5.1 2.9 2.9 

ඥ𝜏௠
∗  Error ± 0.3 ± 0.5 ± 0.5 ± 0.5 ± 0.3 ± 0.5 

𝑑ௗ௜௦ (nm) 11.0 ± 0.6 4.9 ± 0.5 5.8 ± 0.6 8.6 ± 0.8 3.1 ± 0.4 3.7 ± 0.6 
LL: Lower limit, UL: Upper-limit 

 

The results presented above illustrate that narrow 1H components (disordered, non--sheet) spin 

diffuse more rapidly into broad components for Gly compared to Ala. This is the case for both AC 
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and MA silks albeit the length scale are shorter for AC silk. In both cases, this implicates that Gly 

is spatially located at the periphery of the -sheet (interphase). For, MA silks the interpretation 

would be that the poly(Ala) is the core of the -sheet and the flanking Gly-Ala units are -sheet 

but located at the -sheet interface thus, mobile regions in the disordered (amorphous) phase are 

closer to Gly than Ala. It appears to be something similar in AC silk where for the most part Ala is 

located in the -sheet core with Gly-containing units closer to the -sheet interface with the more 

disordered or -helical regions. It should be noted that this is speculative for AC silk however, the 

result is consistent with our previous studies for MA silk.15 
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Figure 86. Thermogravimetric analysis (TGA) of A. argentata AC silks. Native silks were collected 
and run within 5 minutes of collection. Water loss is reported in Table 13 from the weight loss 
curve up to 120°C. The data was collected with a TA2910 (TA Instruments Inc.) instrument under 
a steady nitrogen flow (60 mL/min for furnace and 40 mL/min for balance). Prior to analysis, the 
sample was kept under N2 flow for 30 minutes to remove weakly-bound, physiosorbed water and 
obtain a stable baseline. 
 
Table 13.  Calculated water loss for prey-wrapping silk samples from Figure 86, their average 
and standard deviation. Native samples were run within 5 minutes of collection. AC silk samples 
were soaked in DI water for 2 hours and dried at 25°C at a humidity of 30-35% for 1 or 2 days. 
 

Sample Weight Loss (%) Water Content Average ± 
SD 

Native 1 2.359  
3.2 ± 0.6 Native 2 3.778 

Native 3 3.413 
1 Day, 1 5.704 5.76 ± 0.05 
1 Day, 2 5.813 
2 Day, 1 4.729  

4.7 ± 0.7 2 Day, 2 5.645 
2 Day, 3 3.825 
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