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ABSTRACT  

Prey wrapping spider silk’s unique mechanical properties are investigated confirming the 

silk’s high degree of extensibility and superior toughness compared to other types of spider silk. 

For the first time, the pre-spinning dope phase is studied in isotope-enriched intact aciniform 

(AC) silk glands using solution NMR that reveals a combination of -helical domains linked by 

disordered random coil chains consistent with previously proposed “beads-on-a-string” models. 

The model is further refined through the AlphaFold2 protein structure prediction tool that is fed 

native AC silk protein sequences. Finally, extensive magic angle spinning (MAS) solid-state (SS) 
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NMR data for isotopically-enriched fibers is used to refine the structural model for AC silk from 

two species, A. aurantia and A. argentata. The SSNMR data shows that the AC silk fibers are 

highly -helical, coiled-coil in structure but, also exhibit significant -sheet components that can 

be traced back to the Gly-rich disordered linker regions in the pre-spinning dope phase that are 

converted to -sheet structures during fiber formation. This combination of mechanical and 

structural characterization enhances our understanding of AC silk’s liquid-to-solid transition and 

structure-mechanics relationship. These prey wrap silk results and models will provide the basis 

for the design of biomimetic materials inspired by the AC spider silk system. 

1. Introduction 

The most extensively studied spider silk proteins are dragline, or Major Ampullate (MA) 

silk spidroins (MaSp), due to their ease of collection and study.1-4 However, the toughest and 

finest silk amongst the seven different types of silk spiders produce is aciniform (AC) silk that 

spiders utilize to wrap prey, line their egg-

cases and in some cases as web decoration 

(Figure 1).1, 5-7 Although AC silk’s superior 

mechanical properties have been 

demonstrated in a few studies,6, 8  they are 

far from established and still require further 

investigation because of the significant 

challenges associated with measuring the 

mechanical properties of sub-micron scale 

fibers. In addition, the conformational and 

hierarchical structure of this unique 

Figure 1. SEM image of (A) A. aurantia AC silk 

collected by vibration-induced attack wrapping and (B) A. 

argentata AC silk utilized in zig-zag web decoration 

where it is wrapped around MA silk. AC silk is the 

thinnest spider silk with a fiber diameter ~ 0.5 m. 
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biopolymer has only recently begun to be elucidated by our lab using magic angle spinning 

(MAS) Solid-State NMR (SSNMR) and here this structural characterization is further 

developed.9, 10 The mechanical properties of spider silk, as well as their numerous potential 

industrial and biomedical applications, drives most of the research on silk biopolymer fibers. The 

key to unlocking this potential lies in connecting the molecular landscape with the macroscopic 

tensile properties for all types of spider silk, but particularly for AC silk because of its 

exceptional toughness. There is also very limited information available regarding the native AC 

silk protein conformational state prior to fiber formation, as stored within the gland environment. 

This native gland state is further explored in the present work with solution NMR on isotopically 

enriched native AC glands. 

The protein aciniform spidroin 1 (AcSp1) is the primary component of spider prey-

wrapping fibers. A. argentata AcSp1 is made up of 4479 total residues, with 20 iterated, nearly 

identical repeats of the wrapping (W) subunit composed of primarily -helical domains and a β-

sheet forming linker portion flanked by N- and C- terminal regions (Figure S1).9-11 The structure 

of native AcSp1 prior to spinning has been investigated with CD and Raman spectroscopy and 

shown to exhibit -helical content in the gland environment.12-15 This is in stark contrast with 

MaSp proteins that are highly dynamic, predominantly random coil in the MA gland 

environment displaying backbone dynamics analogous to an intrinsically disordered protein 

(IDP).16-21 Solution NMR studies of a small recombinant AcSp “bead” component agree with the 

predominantly -helical conformation for the AcSp in solution.22-24 In the present study, we 

investigate intact isotope-enriched AC silk glands with solution NMR for the first time providing 

new data to understand the native pre-spinning state of AC silk proteins.   
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We have previously shown that A. argentata AcSp1 within freshly-spun AC silk fibers is 

predominantly -helical, exhibiting a coiled-coil conformational structure with a low -sheet 

content (~15%) compared to MA silk.9 The high degree of extensibility of AC fibers is likely a 

result of -helical portions together with contributions from retained random coil regions. In 

addition to its toughness, AC silk fibers undergo matted cross-linking upon exposure to moisture. 

This unique water-induced process converts the extensible α-helix-rich fiber into a rigidified mat 

with increased -sheet content.10  To gain a more complete molecular view of AC silks fiber’s 

conformational structure, and to better understand its unique mechanical properties, we have 

produced several 13C/15N-isotope enriched silks and characterized them with solution and 

SSNMR to determine secondary structure based on chemical shifts both prior to and following 

fibrillization. To build more complete structural models, characterization by NMR is further 

supported by structural models predicted with AlphaFold2 from AC silk protein sequences.25, 26 

By combining mechanical tensile testing, solution NMR, and solid-state NMR together with the 

AlphaFold2 structure prediction, a holistic view of AC silk formation and mechanical 

performance is gained. Structural correlations can be made across the liquid-to-solid transition 

and structural information in fibers can be rationalized in the context of mechanical performance. 

Overall, this work greatly expounds upon our molecular and mechanical understanding of the AC 

silk system for improved biomimetics in future work. 

2. Results and Discussion 

2.1 Mechanical Testing of Spider Silk Fibers 

Accurately measuring the mechanical properties of spider silks and finding correlations 

to the underlying molecular structures is a key step to generating synthetic silk fibers with 

tunable properties. Spiders produce up to seven different types of silk, however, the majority of 
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the literature has focused on MA silk 

because it can be forcibly extracted from 

spiders. MA silk has incredible strength for 

a biological polymer compared to man-

made materials27, 28 but, prey wrapping 

silks exhibit moderate strength (~600-700 

MPa) and high extensibility (~50-80%) making them the toughest of the spider silks.6, 8 Here, the 

tensile properties of MA silk fibers for several spider species and AC silk from A. argentata were 

measured (Figure 2/Table 1). Our measured MA silks are well within the limits of published 

values. Humidity, age, anesthesia, reeling speed, and spider condition (gravid, time since last 

feeding) and many other variables have been shown to result in fibers of varying mechanical 

properties, even for spiders of the same species and sometimes even among individual spiders.29-

32 Nevertheless our results find the general trends that have been published in the literature to 

hold true for MA silk, N. clavipes and A. argentata MA silks are slightly stronger than L. 

hesperus while, the latter is the most extensible.33  

Table 1. Mechanical properties of Different types of spider silk fibers and their measured strength, 

extensibility, toughness and diameter. 

Species 
Strength(MPa) 

Engineering/ True 

Extensibility(mm/mm)  

True/Engineering 

Toughness 

(MJ/m2) 

Fiber 

Diameter 

(m) 

L. Hesperus (MA) 
1008±267/1280±284 34±4%/29±4% 164±82 2.54±0.15 

 N = 24 

N. clavipes (MA) 
1146±188/1340±194 17±3%/16±3% 113±33 3.59±0.2 

N = 28 

A. argentata (MA) 
1204±104/1524±106 27±2%/24±2% 177±15 1.84±0.84 

N = 15 

A. argentata (AC) 

N=3 
592±98 46%±12% 179±53 0.50 

 

Figure 2. Stess/strain curves for MA silk fibers collected 

from three different species of spider and AC silk from A. 

argentata. AC silk exhibits moderate strength with greater 

extensibility and toughness compared to MA silks. 
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AC silk presents the greatest challenge for mechanical measurement due to the extremely 

small cross-sectional diameter (~0.5 m) and the difficulty in separating the swath of silk (see 

methods) into individual fibers. Multiple breaks are often observed in the stress/strain curves of 

AC silk fibers making single fiber measurements difficult. Nonetheless, a number of successful 

measurements were made that agree with previously published data6, 8 and illustrate that AC silk 

exhibits a higher extensibility and toughness compared to the MA silks. Despite lacking the same 

ultimate strength of the MA silk, AC silk nevertheless maintains moderate strength and, notably, 

exhibits the greatest extensibility and toughness of all the measured spider silks.  

2.2. AlphaFold Structural Model of AcSp1 

 The previous hierarchical molecular protein model for AcSp1 in solution was described 

as “beads-on-a-string” system in which the “bead” is a 5-helix bundle and the “string” is a 

disordered linker domain rich in Ser, Ala and Gly.13  When the soluble protein dope is spun into 

an insoluble fiber, the “bead” regions remain highly helical while the string/linker regions form 

pleated -sheet subunits in AC silk fibers.9  However, the solution-state structure of the AcSp 

protein is based on NMR work on isolated and purified recombinant protein at low concentration 

and thus, may not fully represent the nuanced structure in the intact gland at native protein 

concentration. To investigate the molecular structure of a larger protein with multiple wrapping 

units in higher concentration, the AcSp1 solution phase structure was refined using AlphaFold2, 

an artificial intelligence program developed by DeepMind that can predict a given protein’s 3D 

structure using the primary amino acid sequence as the input.25, 26 The results of the AlphaFold2 

prediction for the entire A. argentata AcSp1 (Figure 3) are consistent with the “beads-on-a-

string” model, but refines the model into seven separate helices in the “bead” with each helix 
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connected by short, unstructured, random coil linkers. The primarily -helical “beads” are 

connected by long unstructured, random coil “strings” that are rich in Ser/Ala/Gly. -sheet 

conformations are completely absent in the AlphaFold structures, but these unstructured “string” 

regions were shown to have portions that assemble into -sheets in solid fibers by SSNMR (see 

below).9 Six different structural models were generated with AlphaFold (Figure 3) to evaluate 

the entire AcSp1 sequence (Figure S1) piecemeal. The results are extremely similar across the 

Table 2: Secondary structure quantification based on DSSP analysis of structures predicted from the A. 

argentata sequence using AlphaFold2. See SI for complete table (Table S1).  

Amino Acid Ala Ser Val Leu Gly Thr Pro Phe 

α-helix 64% 52% 59% 81% 23% 45% 4% 39% 

 

Figure 3. The structure of A. argentata AcSp1 predicted with AlphaFold2. The entire sequence (Figure S1) was 

split into 6 portions for structural predictions to look at the complete sequence piecemeal. The “beads-on-a-

string” model is refined into seven separate helices in the “bead” with each helix connected by short, 

unstructured, sequences. Each “bead” is then connected by longer, unstructured “strings”. Red is high confidence 

(~80) and blue is low confidence (~20). Helical bundles attained confidence scores ranging from 58-80, while 

linkers consistently scored from 22-27 in all 6 structure predictions. 
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entire sequence confirming the -helical “beads-on-a-

string” model. The percentages of each residue 

assigned an α-helix secondary structure based on the 

AlphaFold generated structural model and DSSP 

quantification is presented in Table 2. Table S2 shows 

the complete DSSP secondary structure quantification, 

showing that 52% of the AcSp1 protein is in an α-

helical secondary structure in solution, while 36% is 

unstructured. The remaining predicted secondary 

structures are mostly β-turn contributions for Gly. 

2.2 Solution NMR of Intact AC Silk Glands 

 Previous solution NMR work has shown that 

recombinantly expressed W subunits of the AcSp silk 

protein form α-helical bundles connected by loose 

linker regions,22-24 and these results are highly 

supported by our AlphaFold predictions described 

above. The next critical step in understanding the formation of AC silk fibers was to investigate 

whether or not the proposed conformational state of the solubilized AC silk protein resembles the 

native protein structure within intact glands. For example, are the “beads” indeed -helical as the 

AlphaFold model predicts and are the string domains, truly unstructured random coils? We 

endeavored to study the native silk protein by dissecting the AC glands and performing solution 

NMR experiments for the first time to investigate the AC silk proteins in entirety and at native 

Figure 4. 13C (top) and 15N (bottom) solution 

NMR HSQC spectrum of U-[13C/15N]-Val-

labeled A. aurantia AC glands. Assignments 

are based on expected values for each amino 

acid and comparison to known chemical shifts. 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



9 

 

concentration within intact glands while, utilizing the recombinant W subunit as a point of while 

utilizing the recombinant W-unit as a point of reference.   

Solution NMR 2D 13C- and 15N-HSQC spectra were collected for four isotopically 

labeled AC silk gland samples excised from A. aurantia spiders to characterize AC silk protein 

secondary structure. The solution NMR spectra for U-[13C/15N]-Val labeled AC glands is shown 

in Figure 4 (13C data for Ala-, Leu- and Thr-labeled AC glands see Figure S2). Chemical shift 

data is reported from 13C-HSQC spectra for amino acids that had confident assignments (Table 

S2). While there are many unassigned resonances due to high spectral overlap, five of the most 

abundant amino acids in AC silk: Ser, Ala, Val, Leu and Gly could be assigned in multiple 

spectra produced with different isotope labeling schemes. The main assumption is that the 

assigned resonances correspond with the secondary structure associated with that range based on 

the values from Wang and Jardetzky.34 

Figure 5. Comparing the chemical shifts of five assigned amino acids from the 2D 13C-HSQC spectra of 

isotopically labeled AC glands with their respective ranges for three types of secondary structure: -helix, -sheet, 

and random coil. 
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Assignments of individual Cα, Cβ and Hα resonances based on the 2D 13C-HSQC spectra 

for U-[13C/15N]-labeled AC glands are compared to known values for different secondary 

structures (Table S2, Figure 5). To aid our  initial assignments, we took advantage of spectral 

editing (clearly identifying C among C), the unique case of the C of Ser (which shows up at 

higher ppm than the C) the unique assignment of Gly, and finally close comparison to the work 

of Rainey’s on recombinant AC proteins.12-15 Of the assigned resonances, the C, C, and H for 

Leu fall squarely in the -helical region, Ala and Val lean towards their -helical chemical shift 

range, and Gly falls very close to the expected value for a random coil. Ser aligns mainly on 

random coil for C and H, although several peaks identified for Ser C are shifted towards the 

-helical conformation. These solution NMR results are consistent with the AlphaFold2 

structural model for AcSp1 where DSSP-determined -helical content (Table 2) tracks with the 

observed conformational dependent 13C and 1H NMR chemical shifts. The highest -helical 

content for any amino acid from AlphaFold2 model was 81% for Leu and solution NMR shows 

this amino acid to be the most -helical (Figure 5). Ala and Val are the next most -helical in the 

structural model (64 and 59%) and NMR shows that they lean towards -helical shifts. Ser was a 

bit more ambiguous with the C and H indicating RC while, multiple C fell in the -helical 

range. The latter may not be too surprising since Ser is nearly equally present in -helical (52%) 

and disordered domains. Finally, Gly fell squarely on random coil which is consistent with its 

dominant presence in string domains that are unstructured with the lowest (26%) -helical 

content of any amino acid in the AlphaFold model.  

Despite the emergence of some apparent -helical structure, it is noteworthy that the 

chemical shift dispersion of the backbone amide protons is extremely small (<1ppm) as seen in 

Figure 4 (and 15N data for Ala- and Thr-labled glands; see Figure S3). Low 1H chemical shift 
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dispersion is one of the first indicators that a protein is unstructured akin to an IDP.35 By 

comparison, the recombinant W subunit structure has an amide 1H dispersion >3ppm.13 This 

suggests that while -helices are abundant in the gland supporting the proposed model, there are 

a significant amount of unstructured, random coil domains than are not represented in the 

recombinantly expressed variant. This leads us to conclude that the string domains are 

completely unstructured which is supported by Gly’s highly abundant presence in this domain 

and the determination that it displays the most random coil conformation by solution NMR for 

AC glands. It is stressed that these native AC gland results are in the early stages and further 

2D/3D solution NMR experiments for native AC glands are expected to provide residue-specific 

assignments for determination of sequence specific structural propensity. Work that is ongoing in 

the lab. Nonetheless, the general trends observed in solution NMR are consistent with a 

combination of -helical and random coil structure in the AC gland where the chemical shift 

trends track with -helical propensity from the AlphaFold model (Table 2).  

2.3 SSNMR of A. argentata AC Silks 

 Our previous solid-state NMR 

characterization of native as-spun A. 

argentata prey wrapping silks focused 

primarily on Ala, Ser, and Val residues. 

Our results supported an AC silk fiber 

rich in -helices for the bead regions, 

with substantial disorder and minor -

sheets derived from the Ala/Ser/Gly-rich 

linker domains, resulting in a hybrid 

Figure 6. 2D 13C-13C through-space correlation CORD 

SSNMR experiment for A. argentata prey-wrap silk where the 

spider was fed a U-[13C/15N]-enriched solution of Val, Ala, 

Leu, and Pro. This experiment was collected with a mixing 

time of 50 ms to observe intramolecular dipolar contacts. 
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coiled-coil -helical / -sheet fiber.9 Here, 

we further study the native structure of 

freshly spun prey wrapping silks with 

additional investigation into Leu, Pro, Gly, 

and Phe/Tyr.  13C-13C SSNMR correlation 

experiments were conducted for the U-

[13C/15N]-enriched Val, Ala, Leu, and Pro 

(VALP) AC silk fibers to investigate secondary structure. First, a CORD spectrum was collected 

(Figure 6) that shows dipolar correlations through space. CORD sequences are used to drive 

13C-13C spin diffusion in a broad frequency range, giving rise to a uniform distribution of cross 

peak intensities across the entire spectrum.36 Then, the refocused DQ/SQ INADEQUATE 

experiment was performed to show correlations through a single bond (Figure 7). The Cα-CO 

correlations were the focus of the INADEQUATE experiment. These correlations were then 

extracted to compare experimental chemical shifts with literature values to determine secondary 

structure (Tables 3 and 4).  

Proline 

 While AcSp1 lacks the easily observable repetitive motifs common in MaSp proteins, the 

repeating nature of the W subunit allows us to examine amino acids present in a greater variety  

Table 3. Pro 13C SSNMR chemical shifts (ppm from TMS) for A. argentata AC silk compared to L. hesperus and 

A. aurantia MA silks and other biopolymers with known secondary structures and the random coil conformation 

(RC).37-40, 42 

Residue A. argentata 

AC 

L. hesperus 

MA 

A. aurantia 

MA 

Elastin Collagen RC 

 

 

Pro C 60.7 60.7 60.7 60.0 58.2 61.9 

Pro C 30.1 30.0 30.5 29.9 29.1 30.6 

Pro C 25.4 24.9 25.4 24.6 24.1 25.6 

Pro C 47.6 47.6 47.5 48.2 47.1 48.3 

Pro CO 174.1 174.0 174.8 171.8 173.9 174.1 

 

Figure 7. 13C-13C DQ/SQ through-bond correlation 

INADEQUATE experiment for A. argentata prey-wrap silk 

where the spider was fed a U-[13C/15N]-enriched solution of 

Val, Ala, Leu, and Pro. This experiment shows correlations 

through a single bond. This is zoomed in on the regions 

showing correlations between Cα and CO. The 

INADEQUATE was used to extract CO chemical shifts. 
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of motifs. Proline, for example, is almost always in a VPT, GPS, or GPV motif outside of the 

terminal regions. The distinct Pro C signal at 47.6 ppm in the 2D CORD experiment has clear 

through-space correlations with resonances at 60.7, 30.1, 25.7 and 174.1 ppm, corresponding to 

Pro C, C, C and CO, respectively (see Figure 6 and Table 3). Further confidence is gained 

with slice selection of the 2D CORD to obtain a pseudo-1D spectrum of the signals close in 

space to Pro C, containing 13C isotropic chemical shifts for all Pro sites (Figure S4). Extracted 

Pro chemical shifts are compared to the biopolymers elastin and collagen with known secondary 

structures, along with the random coil conformation (Table 3).37-40 These results are consistent 

with those previously obtained on 13C -Pro labelled A.aurantia  and L. hesperus dragline silk, 

where a GPGXX motif was determined to be similar in structure to elastin.41-44 This elastin-like 

type-II β-turn formed by Pro containing motifs is correlated to spider silk’s extensibility and 

could contribute to AC silk’s significant extensibility and toughness (Figure 2 and Table 1).45-47  

 When compared to the DSSP secondary structure quantification in Table S1, a β-turn 

secondary structure is predicted to only occur 3% of the time for Pro. This is consistent with the 

argument that Pro-containing regions are unstructured in the gland and only form the elastin-like 

type II -turn in the solidified fiber. 

Leucine 

 In A. argentata AcSp1, Leu is 

predominantly present (81%) in the -helical 

“bead” region of the repeating subunit (Figure 3, 

Table 2) with only ~7% of Leu found in the 

unstructured linker region of AlphaFold model 

(Table S1). Leu is positioned similarly to Val in 
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Figure 8. Leu slice (25 ppm) extracted from the 2D 

CORD (Figure 6) for A. argentata prey-wrap silk 

where the spider was fed a U-[13C/15N]-enriched 

solution of Val, Ala, Leu, and Pro. This Leu slice 

was used to quantify secondary structure through 

spectral fitting. 
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the primary protein sequence, and we previously found that Val is over 70% -helical in the 

fiber9, thus we anticipated a similar helical environment for Leu residues. Indeed, visual 

inspection of the 2D CORD (Figure 6) shows clear and predominant Leu C and C intra-

residue contacts with Leu C/ methyl carbons at 55/26 and 40/25 ppm that are consistent with a 

highly -helical substructure (Figure 6, Table 4). For further clarity we extracted a 1D 

horizontal slice at 25 ppm, corresponding to Leu Cγ, Leu Cδ, Pro Cγ, and possibly β-sheet Ala 

Cβ (Figure 8), and spectral deconvolution of the corresponding Leu C and C signals was 

Table 4. 13C SSNMR chemical shifts (ppm) for AC silk compared to known average shifts for specific secondary 

structures.48 Leu, Gly and Phe chemical shifts are for A. argentata. Thr chemical shifts are for A. aurantia. 

 

Residue Experimental Shifts (ppm) β-sheet Random Coil α-helix 

Leu Cα 56.1 51.8 52.8 55.3 

Leu Cβ 39.6 42.2 40.3 39.5 

Leu CO 175.4 173.4 174.4 176.1 

Gly Cα 43.5 43.2 43.3 44.7 

Gly CO 170.1 170.1 171.8 173.3 

Phe C 55.3/61.7 54.4 55.5 58.5 

Phe C 37.5/41.3 40.0 37.7 36.9 

Phe CO 173.0 172.2 172.9 174.5 

Tyr C  54.6 55.6 58.6 

Tyr C  39.1 37.0 36.1 

Tyr CO  172.3 173.1 175.0 

Thr Cα 59.2 59.1 59.5 63.4 

Thr Cβ 67.0 68.4 67.5 66.2 

Thr CO 172.6 171.6 172.5 173.9 
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applied to obtain a more quantitative understanding of Leu substructure. When fitting the Leu 

slice, multiple correlations must be considered corresponding to the signals expected from Leu, 

Pro, and Ala residues. Leu C is quite sensitive to protein secondary structure and indeed is 

composed of three main features centered at chemical shifts consistent with -helical, random 

coil and -sheet structures.48 Deconvolution of the Leu C signal suggests that roughly 80% of 

all Leu adopts -helix or random coil structure, 50% of which is truly helical and 30% random 

coil, and the remaining ~20% adopts a -sheet configuration. These structural abundances for 

Leu are slightly lower in helical content and higher in random coil / -sheet content relative to 

Val, as previously discovered.9 While other residues like Ala C may also overlap in this region 

complicating confident interpretation, the Leu C resonance is quite well resolved with limited 

overlap and also suggests 80% of Leu is either -helical or random coil with ~20% in -sheets. 

Therefore, while there is some uncertainty in distinguishing the true relative abundances of 

helical vs. random coil structures, both Leu C and C deconvolution results indicate ~80% of 

Leu is either helical or unstructured where -helices are dominant, and the remaining 20% of 

Leu exists in a -sheet environment. The decrease in helical content from DSSP quantification 

(~81% helical and no -sheets from AlphaFold model) to SSNMR (~50% helical, 30% random 

coil, 20% -sheets) data certainly points to some minor conversion of bead-derived helices to β-

sheets in the solid fiber. However, for the most part Leu -helical structure is maintained from 

AC silk dope in the gland (Figure 5) through the solidified AC silk fiber.  
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Glycine  

 A broad asymmetric 13C Gly CO resonance has been observed in the 2D 13C SSNMR 

spectra of N. clavipes MA silk that corresponds to Gly in both β-sheet domains and 31-helical 

conformations. This has been ascribed to nanocrystalline poly(Gly-Ala) and disordered Gly-Gly-

X (X = Gln, Tyr, Leu, Arg) regions found in MA silk, respectively.41, 44, 49-51 AC silk, however, 

lack these regions, with most Gly being present in short linkers in the bead and the long 

unstructured “string” in Figure 3 (Table 2). In 

AcSp1, the Gly is predominantly present in 

the unstructured long “string” domains where 

they are commonly flanked by Ser-rich and 

Ala-Ser motifs which are known to form β-

sheets in the solid AC fiber including GSASG, 

ASSGG, and SGASAG motifs.9  

 A pseudo-1D spectrum produced by selecting the slice corresponding to Gly signal from 

the INADEQUATE experiment (Figure 9) was used to further characterize Gly secondary 

structure in AC silk. The Gly CO exhibits a narrow linewidth for the carbonyl signal with a full 

width at half maximum (FWHM) of 530 Hz, compared to a FWHM of 1100 Hz for the Gly 

carbonyl signal in N. clavipes MA silk, where Gly is found in multiple conformations.41 Figure 9 

makes clear that Gly is not present in -helical structures in AC silk fibers. A comparison of the 

chemical shifts to literature values also indicates that Gly is primarily present in β-sheet domains 

(Table 4). This supports the idea that much of the Gly in the random coil “string” regions in 

solution (dope) are converted to β-sheet structures in AC silk fibers. Close inspection of the Gly 

CO reveals that while no -helical component is observed, some Gly still remains random coil as 

Figure 9. 215.6 ppm slice from the INADEQUATE 

spectrum in Figure 7 shows Gly CO chemical shift. 

Typical carbonyl chemical shifts observed for different 

conformations are indicated with dashed lines. 
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evidenced by the high ppm shoulder. This could be due to Gly in short linker domains within the 

“bead” and/or incomplete conversion of the longer string to -sheet structure. Nonetheless, Gly 

dominant secondary structure in AC fibers is clealry -sheet.  

Phenylalanine/Tyrosine  

Phe is 3.8% abundant in the AcSp1 protein and has not previously been studied in AC 

silks. In dragline silk fibers, it is known that Tyr is 

found in disordered helical structures and not 

incorporated in β-sheet domains, with evidence 

that aromatic sidechains undergo side chain 

interactions.52, 53 13C-13C correlation experiments 

were conducted for the U-[13C/15N]-enriched Phe, 

Ala, and Ser (FAS) AC silk fibers (Figure 10) to 

investigate the secondary structure of aromatic 

amino acids in AC silk. 

 In AcSp1, Phe is frequently flanked by 

short poly(Ser) motifs, even in the predominantly −helical “bead” with 20 instances of SSFLS 

and 16 of AFSS in the “bead”. In the disordered, β-sheet forming “linker” regions, there are 18 

instances of SFSS and 20 instances SSFG motifs. The remaining Phe present in the protein 

sequence are found evenly distributed in the “bead” and “linker”, with 11 of them in the termini. 

It is known that feeding spiders Phe metabolizes and labels Tyr,52 which is also present in AcSp1 

with 1.5% abundance. Tyr is present 39 times in GYT motifs in the unstructured “linker” region 

and 20 times in a AYA motif in the “bead”, with 6 in the termini. Due to both Phe and Tyr being 

labeled by the FAS feeding scheme, the similarity in their chemical shifts (Table 4) and their 

Figure 10. 2D 13C-13C through-space correlation 

DARR experiment for A. argentata AC silk where 

the spider was fed a U-[13C/15N]-enriched solution 

of Phe, Ala, and Ser (FAS). This experiment was 

conducted at a mixing time of 100 ms to see 

intramolecular contacts in the aromatic region of the 

spectrum. 
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similar locations in the AcSp1 protein, we are unable to distinguish between the two amino acids 

in the SSNMR experiments conducted here. However, because the Phe is 2.5 times more 

abundant in AcSp1 the interpretation will be skewed more toward understanding Phe structure 

with the understanding that Tyr contributions cannot be discounted. 

 The AC silk 2D 13C-13C DARR spectrum (FAS-label) was too crowded in the alkyl 

region to resolve the signals corresponding to Cα and Cβ of the aromatic residues (Phe and Tyr) 

that are most sensitive to secondary structure. A close inspection of the aromatic region around 

133 ppm shows only the aromatic residues Phe/Tyr (Figure 10), allowing us to indirectly 

observe the aromatic residues’ C and C chemical shifts. Figure 10 shows two clear 

conformations present in Cα and Cβ, one -helical and one -sheet based on the chemical shifts 

(Table 4). Both chemical shifts corresponding to the helical conformation are a bit more intense, 

indicating a preference for the α-helix secondary structure in the fiber. Overall, however, the 

nearly equal representation of Phe/Tyr in the -helical “bead” and -sheet forming “string” 

domain is consistent with strong signals observed for both -sheet and -helical components. It 

should be noted that random coil contributions although not distinctively resolved, are likely also 

present.        

2.4 SSNMR on A. aurantia AC Silks (Threonine) 

 The Basic Local Alignment Search Tool (BLAST)54, 55 was used to compare the 

sequences of A. argentata AcSp1 and the longest known, non-terminal, sequence of A. aurantia 

AcSp1.11 This comparison (Figures S5, S6) shows only 15 additional or different residues in the 

A. argentata sequence compared to the largest sequenced fragment (only 175 residues) of the A. 

aurantia sequence. Additionally, when the A. aurantia portion is compared to the entire A. 

argentata sequence, the fragment (or one very similar to it) is repeated 20 times, the same 
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number of repeating units in the entire A. argentata sequence. For these reasons, we consider 

AcSp1 from these two species identical for the purposes of our NMR structural analysis. 

 The seven helices that are found within the “bead” are connected by short unstructured 

regions (Figure 3), in which Thr is frequently found, although there are no consistent Thr-

containing motifs in either A. argentata or A. aurantia. Thr is also present in the larger, 

Ala/Ser/Gly-rich longer “string” linker 

regions. DSSP quantification indicates a 

nearly even mix between helical and random 

coil secondary structures in the solution phase 

AcSp1 AlphaFold model. This indicates that 

these smaller linkers within the “bead” may be 

part of the helices or unstructured in solution.  

 13C-13C correlation experiments were 

conducted on Thr isotope labeled A. aurantia 

AC silk fibers to try to further elucidate its 

secondary structure in fibers. While being fed 13C/15N-labeled Thr, A. aurantia spiders were also 

fed unlabeled Ala, Gly, Val, Ser, and Phe to suppress unwanted signals from these common 

amino acids in AC silk.  The DARR experiment conducted on this sample (Figure 11) shows 

only correlations between Thr sites, providing strong evidence that feeding spiders unlabeled 

amino acids can help reduce unwanted signals. A comparison of Thr chemical shifts to literature 

values (Table 4) indicates a preference for the random coil conformation, with chemical shifts in 

between the β-sheet and α-helical secondary structures. This is consistent with our prediction that 

some Thr forms helices in the helical bundle, some Thr is located at the ends of helical domains 

Figure 11. 2D 13C-13C through-space correlation DARR 

experiment for A. aurantia prey-wrap silk where the 

spider was fed a U-[13C/15N]-enriched solution of Thr 
with unlabeled Ala, Gly, Val, Ser, and Phe. This 

experiment was conducted at a mixing time of 100 ms to 

see intramolecular contacts. 
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and is mainly unstructured, and some Thr is present in the longer “strings” which could form β-

sheets or remain unstructured in fibers. Perhaps not surprisingly, Thr’s ubiquitous presence in the 

various domains of AcSp1 leads to ambiguous results due to a high degree of heterogeneity.  

3. Conclusions 

Mechanical tensile fiber testing confirmed the high extensibility and toughness of AC silks 

compared to the more commonly studied MA spider silks. The combination of the AlphaFold 

predicted structure of A. argentata AcSp1, solution-state NMR on intact glands, and SSNMR 

data on as-spun fibers has allowed us to update the structural model of prey-wrapping silk and 

gives us more insight into the AC silk assembly. Solution NMR of isotopically enriched AC 

glands was conducted for the first time and the results confirmed the “beads-on-string” model 

where chemical shift trends tracked with -helical content determined from the AlphaFold 

model. The solution NMR data in the AC silk gland showed that Leu was predominantly -

helical, Val and Ala leaned towards helical while, Gly was shown to be almost exclusively 

random coil consistent with its dominant location in “string” domains. In-depth SSNMR data 

was used to further understand the conformational structure of Pro, Leu, Gly, Thr, and Phe/Tyr 

within the post-spun AC fiber. Pro takes on an elastin-like type-II β-turn conformation in AC silk 

fibers, a conformation that is not found in the glands. This conformation is consistent with 

previously observed Pro-containing regions of dragline spider silk. Leucine has a strong 

preference for the α-helical conformation in both the gland and the solid fiber, with evidence of a 

slight conversion of some helical content to β-sheet in the fiber. Gly is predominantly in a β-

sheet structure in the Ala/Ser-rich “string” regions of AC silk fibers, while it is in a disordered 

random coil structure in solution (dope phase). Thr appears to be unstructured in the fiber, with 

evidence that it forms some β-sheets and α-helices. The Thr labeled A. aurantia sample also 
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provides strong evidence that feeding spiders unlabeled amino acids can help reduce unwanted 

SSNMR signals in labeled natural silk fibers. 

 The generally high helical content of the AC silk protein in solution, shown in the DSSP 

quantification derived from the AlphaFold model of AcSp1 is consistent with the impressive 

extensibility of AC silks. The greater presence of the β-sheet conformation in solid fibers 

compared to the gland, which is shown in the SSNMR data, is consistent with the conversion of 

disordered regions in solution to β-sheets in the silk fibers. It’s interesting that Leu appears 

marginally less helical with more disordered and -sheet content compared to Val as previously 

described, even though we expected Val and Leu to be structurally similar. We have previously 

noticed a hydration-induced  to  structural transition in wrapping silks, and other coiled-coil 

polymers like Keratin demonstrate  to  transition on elongation.35 It therefore seems likely that 

prey-wrapping silks are highly helical on initial fiber formation but are dynamically structured 

and undergo similar  to  transition on stretching and/or hydration. This is being explored in the 

lab currently and will be published in a future study. The ability of AC to form -sheets upon 

stretching-related unraveling of helices likely contributes to the remarkable toughness of AC 

silks shown by mechanical testing. The conserved α-helices in the solid fiber, on the other hand,  

contribute to the extensibility of AC silks. 

4. Experimental Section 

AC Silk Collection and Isotope Labeling for NMR. Adult female A. argentata spiders had their 

AC silks isotopically enriched by being fed U-[13C/15N]-enriched amino acids dissolved in water 

every other day over the course of two weeks. The amino acid solution concentrations were 

based approximately on their solubility limit in 1 mL of water.56 One group of spiders were fed 

an amino acid solution of U-[13C/15N]-enriched Val, Ala, Leu, and Pro (VALP) and AC silk was 
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collected. A second group of A. argentata spiders were fed an amino acid solution of U-

[13C/15N]-enriched Phe, Ala, and Ser (FAS). And, a third group of A. aurantia spiders were 

similarly fed an amino acid solution of U-[13C/15N]-enriched Thr with unlabeled Ala, Gly, Val, 

Ser, and Phe. The feeding of unlabeled amino acids minimizes the scrambling of isotopes 

resulting in more selective isotope labeling. Spiders were also fed one cricket per week. Prey-

wrapping (AC) silk was collected by vibration induced attack wrapping as described previously.9, 

57 AC silk fiber samples were transferred to MAS rotors for SSNMR. 

 Isotope labeled AC silk gland samples for solution NMR were produced similar to the 

SSNMR samples. Four different solution NMR AC silk gland samples were prepared as 

follows.  Over two weeks, AC silk was collected by attack wrapping from A. aurantia spiders every 

other day while feeding solutions containing U-[13C/15N]-enriched amino acids. Spiders were 

separated into four different groups - one group was fed U-[13C/15N]-enriched Leu alongside 

unlabeled Ala, Gly, Val, Ser, and Phe – a second group was fed U-[13C/15N]-enriched Val with 

unlabeled Phe – a third group was fed U-[13C/15N]-Thr with unlabeled Ala, Gly, Val, Ser, and Phe – a 

fourth group was fed U-[13C/15N]-Ala with unlabeled Phe.    

Silk Mechanical Testing. A KeySight UTM T150 mechanical testing system was used to measure 

the tensile properties of silks from three different species of spiders, N. clavipes, L. hesperus, and 

A. argentata. Spiders were anesthetized with CO2 and restrained on their back with pieces of 

masking tape. Mechanical testing was performed as close as possible to the method described by 

Blackledge et al.27 Dragline (MA) fibers from different spiders were forcibly silked at a rate of 

1.5 cm/s ensuring that only MA silk was collected by separating the minor (MI) ampullate 

strands. To ensure our tests were single-fiber measurements we used a needle to gently break all 

but a single fiber. While silking, pieces of cardstock with rectangular cutouts were placed 

underneath the extended fibers. Acrylic glue was then used to secure the strand of silk in place on 
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either side of the cutouts. To ensure our tests were single-fiber measurements, the carboard 

cutouts were placed under a microscope at 500X magnification to ensure single fibers were 

present rather than bundles. These cardboard cutouts were then placed vertically in the tensile 

tester and an increasing load was placed on the fibers such that they were strained at 1% per 

second until failure. Silk fiber diameters were measured with an optical microscope with the 

exception of AC silk which was measured with SEM and found to consistently show 0.5 m 

diameters. Prey-wrapping (AC) silks were obtained by inducing A. argentata spiders to “attack-

wrap” an electric toothbrush. Similar cutouts as above were then placed between the spider and 

the toothbrush until a swath of silk was wrapped around the card. Then using a fine needle, fiber 

swaths were thinned down to a single fiber and then glued in place as above.  

SEM. Prey wrap (AC) silk was mounted to SEM sample stubs using carbon tape 58and coated in 

6 nm of platinum using an EMS 150 sputter coater. Samples were imaged at SDSU’s electron 

microscope facility using an FEI Quanta 450 FEG Scanning Electron Microscope at 10 kV, spot 

size 3.5 with a secondary electron detector. 

Solution NMR. Unlike the much more commonly studied MA glands, AC glands are not paired 

and are much smaller and harder to locate and excise. AC silk glands were identified by their 

distinct “finger-like” morphology and were dissected from adult female A. aurantia spiders using 

previously described methods as a guide.58, 59 Intact AC glands were transferred into 5mm 

Shigemi tubes filled with 90:10 H2O:D2O and 1mM DSS for referencing (Figure S7). 

Experiments were conducted at 600 MHz with an Avance III HD Bruker NMR spectrometer and 

TXI solution probe. 2D HSQC experiments were performed using both 1H-13C and 1H-15N 

HSQC experiments for isotope-enriched AC silk glands. 1H-13C experiments were collected 
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using 2048x512 points and 16 scans. 1H-15N experiments were collected with 2048x256 points 

and 64 scans. The recycle delay (d1) was 2s and all chemical shifts are referenced to DSS. 

Solid-State NMR. Experiments were performed using a 600 MHz (14.1 Tesla) Bruker AVANCE-

IIIHD spectrometer equipped with a Bruker 1.9 mm HCN MAS probe or using a 500 MHz (11.7 

Tesla) Varian VNMRS spectrometer equipped with a Phoenix 1.6 mm HXY MAS probe. 2D 

DARR experiments41, 42, 52, 60, 61 for isotope-enriched A. aurantia silks were conducted on the 

Varian spectrometer with MAS spinning of 20 kHz and collected with 128 scans and 128 t1 

points. The proton 90° pulse length was 2 s. A CP contact time of 1.5 ms was used. Carbon 90° 

pulse length was 2.5 s.  DARR mixing time of 100 ms and TPPM 1H decoupling with a 92 kHz 

rf field strength during acquisition with an 11° phase shift. The recycle delay was 4 s. Refocused 

INADEQUATE experiments42, 43, 52, 62 were performed on the Bruker spectrometer with MAS 

spinning at 30 kHz and collected with 512 scans and 196 t1 points. The proton 90° pulse length 

was 2.5 s. A CP contact time of 2 ms was used. Carbon 90° and 180° pulse lengths of 2.5 and 

5.0 s,  respectively. The τ delay was 3.5 ms. SWFTPPM 1H decoupling with a 125 kHz rf field 

strength was applied throughout the entire pulse sequence and during acquisition with a 13° 

phase shift. The recycle delay was 2.5 s. 

 Quantitative 13C 1D SSNMR (Direct and with MultiCP) and 2D through-space 13C-13C 

correlation experiments were collected on a 600 MHz (14.1 Tesla) Bruker NEO NMR 

spectrometer equipped with a Phoenix 1.6 mm probe (Loveland, CO) operating in double 

resonance mode with 10 kHz MAS. Quantitative MultiCP63 data were collected with 4096 scan 

averages, 2.5 μs hard pulses for both 1H and 13C, and the MultiCP block was performed using a 

total of eight 1.1 ms CP blocks (square 62 kHz spin-lock on 13C, 14% ramped spin-lock step on 

1H matched to the +1 sideband) separated by 0.8 second tz repolarization delays, and a recycle 
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delay of 0.5 seconds. An additional 13C storage pulse and 20 ms z-filter was applied before 

detection to further equilibrate 13C magnetization,64 and a rotor synchronized Hahn echo was also 

applied to achieve a clean baseline. Quantitative conditions were verified by comparing the 

resulting CP-MAS spectrum to MultiCP spectrum to a fully relaxed 13C spectrum (DP-MAS, 60 

second recycle delay) (Figure S8). 2D CORD spectra were collected with 256 scan averages and 

320 indirect points, 50 kHz and 30 kHz sweep widths in the direct and indirect dimensions, and 

with mixing times of 50 and 500 ms. 1H dipolar coupling was reintroduced using a CORD 

recoupling scheme.36 Hard pulses were 2.5 μs for both 1H and 13C, and CP was achieved using a 

square 2 ms 62.5 kHz spin locking pulse on the 13C channel and a 14% ramped pulse on the 1H 

channel matched to the +1 sideband. 125 kHz high power proton decoupling was applied during 

acquisition for all experiments (Bruker sequence swftppm13). 2D through-space spin-diffusion 

data were typically processed with MestreNova using 20 Hz exponential line broadening in the 

direct dimension and with a 90° shifted sine bell apodization in the indirect dimension. Spectral 

deconvolution was performed by first extracting initial guesses for peak positions and linewidths 

from 2D data, then fitting the extracted 1D spectrum using custom python code using the lmfit 

module.65 

 All 13C chemical shifts were referenced externally to TMS at 0.0 ppm by setting the 

downfield adamantane signal to 38.48 ppm.66   

AlphaFold Modeling and Secondary Structure Quantification. AcSp structural model was 

generated using AlphaFold225, 26 to predict the structure from the AC silk protein primary amino 

acid sequence. Utilizing the secondary structure assignment built in PyMol, amino acids were 

defined as either helical or unstructured. Amino acid assignments were used to update the 

“beads-on-a-string” model to define the helical portions within the “bead” as well as the 
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unstructured “string”. The 4479 amino acid A. argentata AcSp1 (Figure S1) (UniProt: W8FUS3) 

was split into 6 portions (630, 816, 816, 816, 816, and 585 amino acids) for AlphaFold structural 

predictions to look at the complete sequence piecemeal (Figure 3). These individual structures 

were passed to DSSP, an algorithm for secondary structure assignment of proteins.67 DSSP 

results for each predicted AlphaFold structure were appended for secondary structure 

quantification of the full 4479 amino acids (Table S1).  

 Protein-protein BLAST sequence alignment was performed on A. argentata AcSp1 

(UniProt: W8FUS3) against A. aurantia AcSp1 (Uniprot: W8FM39) using default search 

parameters.54, 55  
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