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ABSTRACT

An animal’s ability to produce protein-based silk materials has evolved indepen-

dently in many different arthropod lineages, satisfying various ecological necessi-

ties. However, regardless of their wide range of uses and their potential industrial

and biomedical applications, advanced knowledge on the molecular structure of silk

biopolymers is largely limited to those produced by spiders (order Araneae) and silk-

worms (order Lepidoptera). This thesis provides an in-depth molecular-level charac-

terization of silk fibers produced by two vastly different insects: the caddisfly larvae

(order Trichoptera) and the webspinner (order Embioptera).

The molecular structure of caddisfly larval silk from the species Hesperophylax

consimilis was characterized using solid-state nuclear magnetic resonance (ss-NMR)

and Wide Angle X-ray Diffraction (WAXD) techniques. This insect, which typi-

cally dwells in freshwater river-beds and streams, uses silk fibers as a strong and

sticky nanoadhesive material to construct cocoons and cases out available debris.

Conformation-sensitive 13C chemical shifts and 31P chemical shift anisotropy (CSA)

information strongly support a unique protein motif in which phosphorylated serine-

rich repeats (pSX)4 complex with di- and trivalent cations to form rigid nanocrys-

talline β-sheets. Additionally, it is illustrated through 31P NMR and WAXD data

that these nanocrystalline structures can be reversibly formed, and depend entirely

on the presence of the stabilizing cations.

Nanofiber silks produced by webspinners (order Embioptera) were also studied

herein. This work addresses discrepancies in the literature regarding fiber diameters

and tensile properties, revealing that the nanofibers are about 100 nm in diameter,

and are stronger (around 500 MPa mean ultimate stress) than previous works sug-

gested. Fourier-transform Infrared Spectroscopy (FT-IR), NMR and WAXD results

find that approximately 70% of the highly repetitive glycine- and serine-rich protein
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core is composed of β-sheet nanocrystalline structures. In addition, FT-IR and Gas-

chromatography mass spectroscopy (GC-MS) data revealed a hydrophobic surface

coating rich in long-chain lipids. The effect of this surface coating was studied with

contact angle techniques; it is shown that the silk sheets are extremely hydropho-

bic, yet due to the microstructural and nanostructural detail of the silk surface, are

surprisingly adhesive to water.
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Chapter 1

INTRODUCTION

The molecular structure and function of silks produced by Lepidoptera (silkworms)

and Araneae (spiders) have been extensively studied, but there exist many animal

silks, about which relatively little is understood. My dissertation research has focussed

primarily on characterizing the molecular structure of silks produced by caddisfly

larvae (order Trichoptera) and by webspinners (order Embiidena). So that the reader

can better understand my work and its immediate and future contributions to the

field, I provide here a brief discussion on the progress and study of other animal silks.

Generally speaking, silk refers to insoluble protein-based biopolymer fibers spun

by arthropods, that prior to spinning are soluble silk dopes stored within the animal

[1]. Upon extrusion from the body, the silk dope is subjected to chemical and/or

physical stimulus inducing aggregation into insoluble fibers [2, 3]. These fibers exhibit

remarkable properties highly suited for the lifestyle and habitat of the arthropod.

They silks are typically heterogeneous, semicrystalline materials composed of large,

highly repetitive proteins. Arguably the most famous silk-producing animal is the

domesticated silkworm Bombyx mori (order Lepidopetra), which spins a protective

silk cocoon around itself prior to passing through the pupal stage. Silk produced by

this insect has been coveted for thousands of years as a textile material due to its

lustrous finish, strength and dyeability. It has recently gained significant attention

outside of the textile industry, especially by the medical industry, because of the

versatility and biocompatability of regenerated silk materials [4].

Another extremely famous silk-producing arthropod is the spider (order Araneae).

Many spiders can produce up to seven different types of silk, including dragline fibers

1



(Major Ampullate), prey-wrap (Aciniform) and egg-sac silk (Tubuliform), each with

remarkably different physical properties, and each secreted from a separate gland net-

work [5]. Spider silks have gained significant attention from researchers and engineers

because of their phenomenal mechanical properties. For example, due to its com-

bination of high strength and elasticity [6], weight for weight the dragline silk fiber

from the well-studied orb-weaver Nephila clavipes outperforms all synthetic materials

including high-grade steel, nylon and Kevlar R© [7].

While the most famous uses of silk are as the protective cocoon and prey-capture

webs of the silkworm and spider, respectively, the ability to produce silk has evolved

in at least 23 different arthropod lineages in 17 different orders, satisfying a variety of

ecological necessities [8]. Even within one of the largest insect orders, Hymenoptera,

the ability to produce silk has arisen at least 6 times [8]. To name a few other exam-

ples: lacewings (order Neuroptera) produce silk cocoons during their final larval instar

stage, and in addition some lacewing species produce egg stalk silks with exceptionally

high extensibility and toughness [9, 10]. Raspy crickets (order Orthoptera) construct

protective shelters by joining together nearby materials (leafs, sticks) with silk fibers

and films [11]. This silk-reliant nest construction technique is shared with multiple

insect orders with separate lineages; weaver ants for example (order Hymenoptera)

build arboreal nests by stitching together leaves using larval silk [12], and some cad-

disfly larval insects (order Trichoptera), one of which is a primary subject of this

thesis, utilize adhesive silk fibers under water to stitch together pebbles, sticks and

other available debris into protective cocoons [13, 14]. Webspinner silks (order Em-

bioptera), the other primary focus of this thesis, produce exceptionally fine silk fibers

from their forearms that criss-cross and overlap to form silken sheets and tunnels in

which they live, forage and reproduce [15, 16]. Silks have also been used for reproduc-

tive purposes; the silverfish (order Thysanura) and bristletails (order Archaeognatha)

use silk to aid sperm transfer during copulation [17].
2



Sequence to Structure

In most or all cases, silk biopolymers are relatively large, highly repetitive pro-

tein aggregates composed primarily of nonessential amino acids glycine, alanine, and

serine [1, 18]. As early as 1907 it has been known that silk fibers are predominantly

protein materials [19], but not until much later was the protein content understood

to any significant degree. Substantial progress was made towards understanding the

molecular structure of silks when the first partial cDNA sequences were published.

Bombyx mori silkworm fibroin proteins and primary protein sequences were the first

to be identified, with other silkworm species soon to follow [20, 21]. It was found

that silkworm silk fibers are composed primarily of two proteins named Heavy-chain

fibroin (H-fibroin, 350 kDa) and Light-chain fibroin (L-fibroin, 25 kDa) [20], which

are covalently linked in a 1:1 stoicheometric ratio with a disulfide bridge [22]. The

partial primary protein sequences of various silkworm species revealed several repeat

protein motifs including poly(A), poly(GA), GAGAGS, GGX, and GPGXX (X = G,

A, Q, Y, L) [20, 21].

Similarly, early cDNA sequencing work for Nephila clavipes spider dragline silk

(Figure 1.1) revealed that silk protein produced in the major ampullate gland are

composed of 2 proteins called major ampullate spidron 1 (MaSp1) and major am-

pullate spidron 2 (MaSp2), both about 200-350 kDa in length, and these contain the

repeat motifs poly(A), poly(GA), GGX (X = Y, L, Q), and/or GPGXX (XX = QQ

or GY) [23, 24, 25].

Determining the primary protein sequences of silk fibroin material was considered

a major breakthrough because these repetitive motifs were found to adopt partic-

ular secondary structures, ultimately giving rise to the fibers outstanding physical

properties. In particular, solid-state NMR (ssNMR) and X-ray Diffraction experi-

ments have elucidated the relationship between protein sequence and silk structure
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[26, 27, 28, 29, 30, 31, 32, 33, 34, 35]. For example, poly(A) and poly(GA) re-

peat regions adopt antiparallel β-sheet secondary structures. The protein backbone

of these antiparallel β-sheets align parallel to the fiber axis, and additionally hy-

drophobic or van der Waals interactions between the side chains of adjacent sheets

results in the formation of nanocrystalline β-sheet structures with dimensions of a

few nanometers.[36, 37] It is largely accepted that these nanocrystalline structures

are responsible for the impressive strengths observed for spider and silk fibers [38].

Additionally, GGX and GPGXX motifs have been found to exist in 310 helices and

type II β-turns, respectfully. It is believed that the extensibility of silk fibers can be

attributed to the stretching and deformation of these motifs [27, 39, 40].

GAGAGSGAAS(GAGAGS)nGAGAGYGAGVGAGYGAGYGAGAGAGY

AG(A)nGGAGQGGYGGLGGSQGAGRGGLGGQG

S(A)nGPGQQGPGGYGPGQQGPGGYGPGQQGPSGPG

 VSISRSVSIERIVTPGVYTKISRSSSVSVEGGRRRGPWGYGRG
 LSGSGDLDGLGGVGGLGGLGGLGGRRGPWGRGYG
 SSGTVSVSVSVEEGRRRGPWGRRGK

GAGSGSGAGSGSGAGSGAGSGSGAGSGSGA

GSGHGSSSSSSSGDGSGSGSGSGSGSGSGS

Bombyx mori - Silkworm
(H. fibroin)

Nephila clavipes - Spider
(MaSp2)

Nephila clavipes - Spider
(MaSp1)

Antipaluria urichi - Webspinner

Aposthonia ceylonica - Webspinner

Limnephilus decipiens - Caddisfly

n = 1-11

n = 4-7

n = 4-10

Figure 1.1: Representations of the primary protein sequences from Nephila clavipes
major ampullate silks [23, 24], Bombyx mori Heavy-chain fibroin [20], Antipaluria
urichi and Aposthonica ceylonica webspinner silks [41], and Limnephilus decipiens
Heavy-chain fibroin [42]. Confirmed or predicted secondary protein structures from
repetitive regions are highlighted with red (β-sheet), blue (310-helix) and green (β-
turn). Spider dragline silk from the orb-weaver Nephila clavipes contain poly(A),
GGX and GPGXX repeat regions that form β-sheets (red), 310 helices (blue) and
type II β-turns (green), respectively. Bombyx mori silkworm silks contain stretches
of (GAGAGS)n that also are found in β-sheet nanostructures. Webspinner silks are
almost entirely composed of poly(S) and poly(GS) sequences, which most likely exist
in β-sheet structures. Phosphorylated (SX)4 motifs form caddisfly silks (red) possibly
interact with multivalent cations to form rigid β-sheet phosphoserine-cation domains.
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Since these early discoveries, cDNA and genomic techniques have determined the

partial or complete primary protein sequences for many silk-producing arthropods,

including some species of caddisfly larvae [42, 43] and webspinners [41] (Figure 1.1).

Like silkworm and spider silks, the two insect silks of interest to this thesis both pos-

sess highly repetitive protein sequences that upon careful analysis are good predictive

indicators of the silk structure.

Protein Structure Characterization of Silks

Silks are relatively amorphous, heterogeneous structures, making them difficult if

not impossible to obtain atomic-level resolution of protein structures with conven-

tional techniques. The vast majority of protein structures in the PDB archive were

determined using X-ray crystallography and a small subset with liquid-state NMR,

however neither technique apply well for large proteins and for noncrystalline insol-

uble materials. Thus, determining the overall protein structure and its relation to

the repetitive primary protein sequence of silk fibers is challenging and requires the

combination of many techniques to gain insight.

The most common characterization techniques used to directly probe the pro-

tein secondary structures of these insoluble silk fibers are Fourier-transform Infrared

spectroscopy (FT-IR), Raman scattering, Wide-angle X-ray Diffraction (WAXD),

small-angle X-ray Diffraction (SAXD), and solid-state nuclear magnetic resonance

(ssNMR). FT-IR and Raman techniques cannot directly relate the primary protein se-

quence to secondary structures, however they are widely used because they are quick,

nondestructive, require very little sample, and can probe overall protein structure.

It is common to obtain FT-IR profiles for silk materials to quantitatively determine

secondary structures. With this technique, infrared radiation is exposed to the silk

sample, and the absorbance of that radiation is measured. The protein backbone

gives rise to three strong, characteristic amide stretchings denoted the amide I, amide
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II, and amide III absorbances, at approximately 1630, 1520 and 1250 wavenumbers,

respectively. Based on the absorbance profiles for proteins in known secondary struc-

tures, specific peak locations for amide backbone absorbances are assigned to defined

structures like parallel and antiparallel β-sheet, α-helix, random coil, and β-turns

[44, 45]. These characteristic peak locations are then utilized to quantitatively de-

termine the relative secondary structures within silk fibers from the IR absorbance

profiles. For example, quantitative deconvolution of FT-IR profiles have been re-

ported for silkworm [46], spider [47], caddisfly [48], webspinner [49], silverfish [50],

and lacewing cocoon silks [51], to name a few. Unfortunately, many researchers ig-

nore frequency-shifting effects from subtle factors like amino acid composition and

fiber strain [52], and therefore do not obtain convincing quantitative results. Never-

theless, FT-IR experiments on silk materials are capable of probing general, dominant

secondary structures (for example they correctly suggest that silkworm silks and web-

spinner fibers are dominated by β-sheet secondary structures) and can additionally

probe structural changes upon chemical or physical stresses [48, 53].

Undoubtably the most powerful techniques used to elucidate the molecular struc-

ture of silk materials have been X-ray diffraction and solid-state NMR. In most silk

fibers there exists nanocrystalline β-sheet structures large enough and periodic enough

to produce X-ray diffraction patterns [54]. Diffraction patterns have been obtained

and analyzed for a variety of arthropod silk fibers, however none have been as exten-

sively studied as silkworm and spider fibers. Previous X-ray studies on spider silks

have shown that the silks are both amorphous and semicrystalline, with β-pleated

sheets dispersed throughout an amorphous matrix [55, 56, 32]. These experiments

are capable of determining important structural information such as the crystal unit

cell dimensions, inter-sheet and inter-residue spacings, nanocrystallite dimension and

size, orientation of these nanocrystallites with respect to the fiber axis, and total crys-
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talline content of the silk material [55, 57]. These parameters show strong correlations

to the primary protein sequences. For example, the inter-sheet distances depends on

the packing ability of the residue side chains; poly(A) repeat motifs result in slightly

larger structures than those composed of poly(GA) because of the smaller side chain

of glycine. Also, the total percentage of the fiber that is nanocrystalline varies sig-

nificantly among arthropod silks. Studies on spider dragline silk fibers show that the

crystallinity content ranges from about 30% (Nephila clavipes) to 40% (Latrodectus

hesperus), [32, 58] while fibers from the domesticated silkworm are typically higher,

in the range of 40-60% crystallinity [59, 60]. The crystalline fractions come from

the repeated protein motifs like poly(A) and poly(GA), thus the primary protein se-

quence for silks should yield predictive power. Indeed, protein secondary structure

within spider dragline silk fibers has been shown to correlate quantitatively with silk

primary protein sequences [35, 58].

The information available through X-ray diffraction is limited, however, because

silks are largely amorphous, heterogeneous materials. Solid-state NMR has been ex-

ceptionally useful towards the study of silk fibers because it is capable of determining

angstrom-scale information on large or insoluble biomolecules. Thorough discussions

of both the theoretical and practical aspects of solid-state NMR experiments can be

found easily in print [61, 62], however considering its heavy use in this dissertation,

a brief introduction is provided. The most common and most fundamental ssNMR

experiment is the Cross-Polarization under Magic Angle Spinning (CP-MAS) exper-

iment. In combination, Cross Polarization (CP) and Magic Angle Spinning (MAS)

address two major experimental issues in obtaining useful NMR data on biomolecules

in the solid state: 1) that molecular motion is restricted in the solid state, and 2)

adequate signal-to-noise is difficult to obtain for dilute nuclei like 13C and 15N because

of low isotopic abundance and long T1 relaxation times. Unlike in the liquid state
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where molecules tumble sufficiently fast, samples in the solid state do not undergo

sufficient molecular motion to average away anisotropic parameters such as dipolar

coupling between nearby nuclei and the chemical shift anisotropy (CSA). When in an

external magnetic field B0, the hamiltonian expressions for these interactions contain

orientation-dependent terms, (1 - 3cos2θ), where θ is the angle between the interac-

tion vector and B0. These orientation-dependent interactions result in significant line

broadening effects that can render data effectively useless. However, the interactions

can be partially or completely averaged away by artificially spinning a solid sample

about the magic angle (θM = 54.74 ◦, equivalent to the apex of a cube, the angle

at which the orientation-dependent term goes to zero). This trick is called Magic

Angle Spinning (MAS), and is a staple of most solid-state NMR experiments. Cross-

Polarization NMR experiments utilize the heteronuclear dipolar coupling interaction

between two nuclei to transfer magnetization from the abundant spin (typically 1H)

to the dilute nuclei (often 13C and 15N in the case of biomolecules). This magneti-

zation transfer is achieved by first polarizing the abundant spin, then applying radio

frequency (RF) spin-lock fields on both nuclei such that two spins are at matching

energy levels and satisfy the Hartmann Hahn condition [63]. This is extremely useful

for two primary reasons. First, the signal for dilute spins with lower gyromagnetic

ratios (13C and 15N) are enhanced theoretically by a factor of γI / γS, where γI and

γS are the gyromagnetic ratios of the donor spin and acceptor spin, respectively. Thus

in the case for 1H - 13C Cross-Polarization experiments, the signal is enhanced by a

factor of 4 relative to direct 13C observation. Secondly, the wait time necessary to

collect multiple scans during a CP experiment depends on the T1 relaxation behavior

of the donor nucleus 1H, which is significantly shorter than for the dilute nucleus.

Data can therefore be collected much faster by simply acquiring more scans in a

given timeframe. Hence, the CP-MAS NMR experiment is widely used in solid-state
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NMR, and it is one of the most fundamental building blocks for more complicated

experiments.

For the last 30 years, ssNMR has been extensively utilized to probe in depth

the molecular structure of both spider and silkworm silks. Provided here is a brief

discussion of the information gained, but for an excellent and in-depth summary of

these works the reader is encouraged to read two recent reviews by Asakura and

Yarger [26, 64]. NMR techniques are widely used to study the conformation and

local structure of proteins partly because of the sensitivity of specific resonances

to local protein secondary structure. Namely, the 13C chemical shift values for the

Cα, Cβ and C=O can determine if a particular residue exists in a β-sheet, helical,

β-turn or random-coil environment [65, 66, 67]. Solid-state NMR provides a huge

advantage over X-ray techniques in this sense because it can gain information on

both the crystalline β-sheets and on the amorphous regions. Additionally, ssNMR is

capable of directly correlating the primary protein sequence with specific structures.

CP-MAS NMR experiments were first applied to silk fibroin as early as 1983 by Saito

et al. [68] in the study of silkworm silks. The authors showed that both glycine and

alanine residues within silkworm silk existed in predominantly a β-sheet environment,

directly correlating poly(A) and poly(GA) repeat motifs to specific β-sheet structures.

In 1994, Simmons et al. [34] used 13C CP-MAS NMR to show for the first time that

poly(A) motifs within Nephila clavipes dragline silk (major ampullate) exist in a β-

sheet secondary structure. With the prior knowledge from X-ray diffraction and FT-

IR data that N. clavipes silks contained antiparallel β-sheet nanocrystallites [54, 69],

it became clear that these crystalline regions are indeed composed of poly(A).

Since these early results, more advanced ssNMR experiments have greatly pro-

gressed the molecular-level understanding of silkworm and spider silks. For example,

two-dimensional 13C double-quantum single-quantum correlation experiments (DO-
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QSY) on isotopically-enriched Nephila edulis dragline fibers confirmed that alanine

residues are predominantly found in β-sheet structures while glycine residues are par-

tially incorporated in β-sheets and otherwise found in 31-helical structures [27]. 2D

spin-diffusion and double-quantum single-quantum 13C - 13C correlation experiments

have similarly shown that both alanine and glycine residues within N. clavipes major

ampullate silks exist in β-sheet and 31-helical conformational environments [70, 71].

It was suggested that the poly(A) and flanking poly(GA) repeats from the MaSp1

and MaSp2 proteins form the β-sheet structures, while the 310-helical structures arise

from the GGX motifs. 2D 15N/13C heteronuclear correlation (HETCOR) experiments

on Argiope aurantia dragline silks suggested by investigating the 15N chemical shift

of the proline resonance that GPGXX motifs within MaSp2 proteins exist in type II

β-turns [30].

It should be noted that prior to the works summarized in this thesis, there existed

virtually no solid-state NMR data in the literature on silks produced by arthropods

other than silkworms or spiders. For example, most comprehensive molecular-level

works characterizing webspinner silks to date used FT-IR to probe the overall silk

secondary structure [49, 72]. Thus, the works presented herein represent the most

in-depth molecular-level characterization of fibroin produced by caddisfly larvae and

by webspinners.

Study Subjects: Caddisfly (Trichoptera) and Webspinner (Embioptera)

The study of silk materials produced by two vastly different arthropods is pre-

sented in this thesis. Sufficient information on these animals and their silks is included

in later appropriate chapters, and is briefly introduced here.

Caddisfly larvae, from the order Trichoptera, utilize adhesive silk fibers spun from

adapted salivary glands to stitch together available debris into elaborate structures

used for protection and camouflage (Figure 1.2 A, B) [73, 74, 13, 14]. Although
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Figure 1.2: Optical images depicting the caddisfly larvae and the webspinner, and
the respective roles of their silks. An Hesperophylax consimilis larvae seen in (A)
utilize adhesive silk fibers in freshwater rivers and streams to stitch together available
debris into protective cases and cocoons (A, B). Webspinners are typically small
(approximately 1.5 cm in length) tropical or subtropical insects that spin silk out of
their forearms (C) into protective silken galleries composed of sheets and tunnels (D).
The webspinner and its silk seen in (C) and (D) are of the species Antipaluria urichi.
The images from (A) and (B) are borrowed from Figure 2.1, while the images from
(C) and (D) are borrowed from figures 4.1 and 5.1, respectively.

the caddisfly dwells underwater, typically in freshwater streams and riverbeds, the

insect is remarkably homologous to the terrestrial silkworm (order Lepidoptera). Tri-

chopteran silks are composed primarily of two proteins H-fibroin (250-500 kDa) and

L-fibroin (25 kDa) covalently linked in a 1:1 molar ratio with a disulfide linkage

[75, 42, 43]. The partial H-fibroin primary protein sequences have been determined

for a few Trichopteran species, revealing repetitive protein motifs shared with Lep-

idopteran silks including GPXGX, GGX and (SX)n [21, 42, 43] (see Figure 1.1 or
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Figure 2.2).

Interestingly, it has been shown that caddisfly silks contain a substantial amount

of phosphorus [76, 77]. The phosphorus appears to come from seryl residues that

are heavily phosphorylated within the silks; Stewart et al. (2010) [77] showed that

approximately 60% of all serine residues within some caddisfly silk species are phos-

phorylated, and the phosphorylation is mostly localized to the highly conserved (SX)4

repeat motif (highlighted in red for the partial caddisfly protein sequence in Figures

1.1 and 2.2). The high concentration of negatively charged phosphates from (SX)4

repeat motifs implies an electrostatic-driven structural arrangement. The observation

that caddisfly silks contain high levels of divalent cations Ca2+ and Mg2+ led to a

proposed model in which alternating phosphorylated serine residues interact with di-

valent cations to form rigid β-sheet structures in caddisfly silk [77]. It is this proposed

molecular structure that is thoroughly investigated within this work.

Embiopterans (often called webspinners or embiids) are community-based insects,

typically of tropical or sub-tropical habitat, that produce silken galleries and sheets

using exceptionally fine silk fibers in which they live and breed (Figure 1.2 C, D)

[78, 79]. They secrete many silk fibers at once from the surface of the basal seg-

ment of their front feet [78]. These fibers overlap and criss-cross to form sheets and

tunnels that protect the insects foraging beneath. Partial protein sequences have

been identified for a few webspinner species [80, 41]. Results revealed that webspin-

ner silk proteins are approximately 70 kDa in molecular weight, are dominated by

glycine, serine and alanine, and are composed primarily of highly repetitive motifs

such as poly(GS), poly(S) and GAGSGS [72, 80, 41] (see Figures 1.1 and 4.1 for rep-

resentations of webspinner repetitive protein sequences). The molecular structure of

webspinner silk remains largely uncharacterized, however previous Fourier-transform

infrared spectroscopy studies on embiopteran silks have suggested that the fibers are
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dominated by β-sheet secondary structures within the protein core, presumably from

said repetitive protein motifs [80, 41, 49, 72]. In addition to deterring predators, these

protective sheets are quite water-repellant, a trait that could be an adaptation to pre-

vent the drowning of the insects during tropical, often torrential rainfall. This work

investigates the molecular-level protein structure of the fiber core and probes the com-

position and functional use of a hydrophobic, alkane-rich surface coating surrounding

the silk fibers.

Bioinspired Materials

The fantastic physical properties as well as biocompatibility of silk materials have

given researchers and engineers plenty of reason to flatter nature through mimicry.

Spiders produce fibers that dramatically outperform those produced by silkworms,

however unlike the silkworm, which has been domesticated and can cheaply produce

large quantities of silk, spiders are canibalistic creatures and cannot be domesticated

for mass-production [81]. For perspective, it took 1 million spiders, over 100 people

and 4 years to produce a single 11 foot by 4 foot silk cloth [82]. Thus, there exists

a serious effort to spin synthetic spider silks with matching physical properties [83,

84, 85, 86, 87]. Synthetic spider silk fibers will undoubtably prove to be useful for

industrial and biomedical applications, but silk-based synthetic biomaterals are not

limited to fibers. In addition to synthetic fibers, spider silk-based films, hydrogels,

nanoparticles, foams and non-woven mesh materials have been created for a wide

variety of biomedical applications including drug delivery, implant coating and tissue

scaffolding, to name a few [88, 89, 90].

Spider silk-based synthetic materials must be produced through artificial protein

expression, like through ecoli or yeast, but silkworm silk is plentiful, cheap, biocom-

patible [91], shows slow degredation rates [92], and can likewise be reconstituted into

a variety of materials including fibers, films, hydrogels, sponges, and nanospheres [4].
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An additional desirable property of silk materials is their ease of chemical mod-

ification or as substrate for composite materials. For example, hydroxyapatite-silk

fibroin materials have been synthesized with the goal of preparing artificial tooth or

bone roots and scaffolding [93]. Chemical modification of tyrosine residues within

silkworm fibroin using diazonium coupling chemistry was developed by Murphy et

al. [94], allowing for incorporation of a wide variety of chemistry functional groups,

and thus better control of the physical properties of the regenerated silk materials.

Silkworm silks have also been chemically modified using isocyanates [95], epoxides

[96, 97], aromatic acid anhydrides [98], small peptides [99, 100], and gold nanoparti-

cles [101], all further broadening the applicability of such materials.

Without doubt, the primary inspiration for these synthetic silk-based materials

has been silkworm and spider silks. However, there also exist several examples of

synthetic materials inspired by other arthropod biopolymers. One example of this is

the green lacewing egg-stalk silk [10]. Lacewings lay their eggs on top of silken egg-

stalks to protect them from predators and caniballism. The silks are fairly short and

simple in that they are only around 1/4 the length of spider and silkworm proteins,

and over 70% of the protein content consists of highly-repetitive regions with 16

AA periodicity [10]. Bauer and Scheibel (2012) [102] created synthetic egg-stalks

from recombinant lacewing silk protein purified from ecoli that, at least at standard

temperatures and low humidity, performed equally well to the native silks. In addition

to broadening the scope of model silks for artificial materials, synthetic lacewing egg-

stalk silks are intriguing because of the shorter length and the simplicity of the protein

sequence, and thus fewer engineering problems for biomicry in comparison to spider

and silkworm silks.

Bioadhesives produced by arthropods, especially those that function underwater,

are an additional class of polymers that are gaining attention. Marine organisms
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such as the muscles, sandcastle worms and the caddisfly have evolved proteinaceous

adhesive materials that can adhere even to polar substrate under water [103]. Progress

in understanding the materials by these subjects have served as inspiration for the

synthetic production of underwater-based adhesives [104, 76, 105].

Final Remarks

Studying new and relatively uncharacterized silk materials not only improves the

general understanding of silk-based biopolymers found in nature, but also provides

engineers with more directed information for the creation of useful bioinspired mate-

rials. The results presented in this thesis therefore should be of interest to biologists,

chemists and engineers studying proteinaceous biopolymers and related bio-inspired

materials.
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Michael L Lovett, and David L Kaplan. Materials fabrication from Bombyx
mori silk fibroin. Nature Protocols, 6(10):1612–1631, September 2011.

[5] Fritz Vollrath. Strength and structure of spiders’ silks. Reviews in Molecular
Biotechnology, 74(2):67–83, August 2000.

[6] John M Gosline, Mark W Denny, and M Edwin DeMont. Spider silk as rubber.
Nature, 309(5968):551–552, June 1984.

[7] J M Gosline, P A Guerette, C S Ortlepp, and K N Savage. The mechanical
design of spider silks: from fibroin sequence to mechanical function. The Journal
of Experimental Biology, 202(Pt 23):3295–3303, December 1999.

[8] Tara D Sutherland, James H Young, Sarah Weisman, Cheryl Y Hayashi, and
David J Merritt. Insect silk: one name, many materials. Annual review of
entomology, 55:171–188, 2010.

[9] P Duelli. A ‘missing link’ in the evolution of the egg pedicel in lacewings?
Experientia, 42(6):624–624, June 1986.

[10] Sarah Weisman, Shoko Okada, Stephen T Mudie, Mickey G Huson, Holly E
Trueman, Alagacone Sriskantha, Victoria S Haritos, and Tara D Sutherland.
Fifty years later: the sequence, structure and function of lacewing cross-beta
silk. Journal of structural biology, 168(3):467–475, December 2009.

[11] Andrew A Walker, Sarah Weisman, Jeffrey S Church, David J Merritt,
Stephen T Mudie, and Tara D Sutherland. Silk from Crickets: A New Twist
on Spinning. PLoS ONE, 7(2):e30408, February 2012.

[12] R H Crozier, P S Newey, and E A Schluens. A masterpiece of evolution—
Oecophylla weaver ants (Hymenoptera: Formicidae). Myrmecological News,
13:57–71, December 2009.

16



[13] Gary LaFontaine. Caddisflies. The Lyons Press, April 1989.

[14] Glenn B Wiggins. The caddisfly family Phryganeidae (Trichoptera). University
of Toronto Press Incorporated, 1998.

[15] E S Ross. A synopsis of the embiidina of the United States. Proceedings of the
Entomological Society of Washington, 86(1):82–93, 1984.

[16] Edward S Ross. Webspinners (Embiidina). In John L Capirena, editor, Ency-
clopedia of Entomology, pages 4169–4172. Springer Netherlands, 2008.

[17] Jacques Bitsch. Ultrastructure of the phallic glands of the firebrat, Thermobia
domestica (packard) (Thysanura : Lepismatidae). International Journal of
Insect Morphology and Embryology, 19(2):65–78, January 1990.

[18] C Craig, M Hsu, and D Kaplan. A comparison of the composition of silk proteins
produced by spiders and insects. International journal of biological . . . , 1999.

[19] E Fischer. About spider silk. Hoppe-Seyler’s Z Physiol Chem, pages 440–450,
1907.

[20] Yoshihide Tsujimoto and Yoshiaki Suzuki. The dna sequence of bombyx mori
fibroin gene including the 5 flanking, mRNA coding, entire intervening and
fibroin protein coding regions. Cell, 18(2):591–600, October 1979.

[21] F Sehnal and M Zurovec. Construction of silk fiber core in Lepidoptera.
Biomacromolecules, 5(3):666–674, 2004.

[22] Tetsuo Ohmachi, Hideo Nagayama, and Kensuke Shimura. The isolation of a
messenger RNA coding for the small subunit of fibroin from the posterior silkg-
land of the silkworm, Bombyx mori. FEBS letters, 146(2):385–388, September
1982.

[23] M Xu and R V Lewis. Structure of a protein superfiber: spider dragline silk.
Proceedings of the National Academy of Sciences of the United States of Amer-
ica, 87(18):7120–7124, September 1990.

[24] Michael B Hinman and Randolph V Lewis. Isolation of a clone encoding a
second dragline silk fibroin. Nephila clavipes dragline silk is a two-protein fiber.
The Journal of biological chemistry, 267(27):19320–19324, 1992.

[25] C Y Hayashi, N H Shipley, and R V Lewis. Hypotheses that correlate the
sequence, structure, and mechanical properties of spider silk proteins. Interna-
tional Journal of Biological Macromolecules, 24(2-3):271–275, March 1999.

[26] Tetsuo Asakura, Yu Suzuki, Yasumoto Nakazawa, Gregory P Holland, and
Jeffery L Yarger. Elucidating silk structure using solid-state NMR. Soft Matter,
9(48):11440–11450, 2013.

[27] J D van Beek. The molecular structure of spider dragline silk: Folding and
orientation of the protein backbone. Proceedings of the National Academy of
Sciences, 99(16):10266–10271, July 2002.

17



[28] L Beaulieu, H Schäfer, M Demura, and T Asakura. Solid-state NMR determi-
nation of the secondary structure of Samia cynthia ricini silk. Nature, 2000.

[29] Gregory P Holland, Melinda S Creager, and Janelle E Jenkins. Determining
Secondary Structure in Spider Dragline Silk by Carbon Carbon Correlation
Solid-State NMR Spectroscopy. Journal of the . . . , 2008.

[30] M S Creager, E B Butler, R V Lewis, J L Yarger, and G P Holland. Solid-state
NMR evidence for elastin-like β-turn structure in spider dragline silk. Chemical
Communications, 46(36):6714–6716, 2010.

[31] Xiangyan Shi, Jeffery L Yarger, and Gregory P Holland. Elucidating proline dy-
namics in spider dragline silk fibre using 2H-13C HETCOR MAS NMR. Chem-
ical Communications, 50(37):4856–4859, May 2014.

[32] Sujatha Sampath, Thomas Isdebski, Janelle E Jenkins, Joel V Ayon, Robert W
Henning, Joseph P R O Orgel, Olga Antipoa, and Jeffery L Yarger. X-ray
diffraction study of nanocrystalline and amorphous structure within major and
minor ampullate dragline spider silks. Soft Matter, 8(25):6713–6722, 2012.

[33] Tetsuo Asakura, Kosuke Ohgo, Kohei Komatsu, Masakazu Kanenari, and Kenji
Okuyama. Refinement of Repeated β-turn Structure for Silk I Conformation
of Bombyx moriSilk Fibroin Using 13C Solid-State NMR and X-ray Diffraction
Methods. Macromolecules, 38(17):7397–7403, August 2005.

[34] A Simmons, E Ray, and LW Jelinski. Solid-state 13C NMR of Nephila clavipes
dragline silk establishes structure and identity of crystalline regions. Macro-
molecules, 27(18):5235–5237, 1994.

[35] Janelle E Jenkins, Melinda S Creager, Randolph V Lewis, Gregory P Holland,
and Jeffery L Yarger. Quantitative Correlation between the protein primary
sequences and secondary structures in spider dragline silks. Biomacromolecules,
11(1):192–200, 2009.

[36] Z Yang, DT Grubb, and LW Jelinski. Small-angle X-ray scattering of spider
dragline silk. Macromolecules, 30(26):8254–8261, 1997.

[37] Gregory P Holland, Randolph V Lewis, and Jeffery L Yarger. WISE NMR char-
acterization of nanoscale heterogeneity and mobility in supercontracted Nephila
clavipes spider dragline silk. J. Am. Chem. Soc, 126(18):5867–5872, 2004.

[38] Sinan Keten and Markus J Buehler. Atomistic model of the spider silk nanos-
tructure. Applied physics letters, 96(15):153701, 2010.

[39] Nathan Becker, Emin Oroudjev, Stephanie Mutz, Jason P Cleveland, Paul K
Hansma, Cheryl Y Hayashi, Dmitrii E Makarov, and Helen G Hansma. Molecu-
lar nanosprings in spider capture-silk threads. Nature Materials, 2(4):278–283,
March 2003.

[40] Yi Liu and Zhengzhong Shao. Elasticity of spider silks. Biomacromolecules,
9:1782–1786, 2008.

18



[41] Matthew A Collin, Janice S Edgerly, and Cheryl Y Hayashi. Comparison of fi-
broin cDNAs from webspinning insects: insight into silk formation and function.
Zoology (Jena, Germany), 114(4):239–246, September 2011.

[42] N Yonemura, F Sehnal, and K Mita. Protein composition of silk filaments spun
under water by caddisfly larvae. Biomacromolecules, 7(12):3370–3378, 2006.

[43] Naoyuki Yonemura, Kazuei Mita, Toshiki Tamura, and Frantǐsek Sehnal. Con-
servation of Silk Genes in Trichoptera and Lepidoptera. Journal of molecular
evolution, 68(6):641–653, May 2009.

[44] D M Byler and H Susi. Examination of the secondary structure of proteins by
deconvolved FTIR spectra. Biopolymers, 25(3):469–487, March 1986.

[45] S Cai and B R Singh. Identification of β-turn and random coil amide III infrared
bands for secondary structure estimation of proteins. Biophysical Chemistry,
1999.

[46] Md Majibur Rahman Khan, Hideaki Morikawa, Yasuo Gotoh, Mikihiko Miura,
Zha Ming, Yuji Sato, and Masayuki Iwasa. Structural characteristics and prop-
erties of Bombyx mori silk fiber obtained by different artificial forcibly silk-
ing speeds. International Journal of Biological Macromolecules, 42(3):264–270,
April 2008.

[47] Shengjie Ling, Zeming Qi, David P Knight, Zhengzhong Shao, and Xin Chen.
Synchrotron FTIR Microspectroscopy of Single Natural Silk Fibers. Biomacro-
molecules, 12(9):3344–3349, September 2011.

[48] Nicholas N Ashton, Daniel R Roe, Robert B Weiss, Thomas E Cheatham,
III, and Russell J Stewart. Self-Tensioning Aquatic Caddisfly Silk: Ca 2+-
Dependent Structure, Strength, and Load Cycle Hysteresis. Biomacromolecules,
14(10):3668–3681, October 2013.

[49] Matthew A Collin, Edina Camama, Brook O Swanson, Janice S Edgerly, and
Cheryl Y Hayashi. Comparison of embiopteran silks reveals tensile and struc-
tural similarities across Taxa. Biomacromolecules, 10(8):2268–2274, August
2009.

[50] Andrew A Walker, Jeffrey S Church, Andrea L Woodhead, and Tara D Suther-
land. Silverfish silk is formed by entanglement of randomly coiled protein chains.
Insect biochemistry and molecular biology, 43(7):572–579, July 2013.

[51] Sarah Weisman, Holly E Trueman, Stephen T Mudie, Jeffrey S Church, Tara D
Sutherland, and Victoria S Haritos. An Unlikely Silk: The Composite Material
of Green Lacewing Cocoons. Biomacromolecules, 9(11):3065–3069, November
2008.

[52] P Papadopoulos, J Sölter, and F Kremer. Structure-property relationships in
major ampullate spider silk as deduced from polarized FTIR spectroscopy. The
European physical journal. E, Soft matter, 24(2):193–199, October 2007.

19



[53] Shengjie Ling, Zeming Qi, David P Knight, Yufang Huang, Lei Huang, Huan
Zhou, Zhengzhong Shao, and Xin Chen. Insight into the Structure of Single
Antheraea pernyi Silkworm Fibers Using Synchrotron FTIR Microspectroscopy.
Biomacromolecules, 14(6):1885–1892, June 2013.

[54] J O Warwicker. Comparative studies of fibroins. II. The crystal structures of
various fibroins. Journal of Molecular Biology, 2(6):350–362, December 1960.

[55] DT Grubb and LW Jelinski. Fiber morphology of spider silk: the effects of
tensile deformation. Macromolecules, 30(10):2860–2867, 1997.
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Chapter 2

β-SHEET NANOCRYSTALLINE DOMAINS FORMED FROM

PHOSPHORYLATED SERINE-RICH MOTIFS IN CADDISFLY LARVAL SILK:

A SOLID-STATE NMR AND XRD STUDY

2.1 Abstract

Adhesive silks spun by aquatic caddisfly (order Trichoptera) larvae are used to

build both intricate protective shelters and food harvesting nets underwater. In this

study, we use 13C and 31P solid-state Nuclear Magnetic Resonance (NMR) and Wide

Angle X-ray Diffraction (WAXD) as tools to elucidate molecular protein structure of

caddisfly larval silk from the species Hesperophylax consimilis. Caddisfly larval silk

is a fibroin protein based biopolymer containing mostly repetitive amino acid motifs.

NMR and X-ray results provide strong supporting evidence for a structural model in

which phosphorylated serine repeats (pSX)4 complex with divalent cations Ca2+ and

Mg2+ to form rigid nanocrystalline β-sheet structures in caddisfly silk. 13C NMR data

suggests that both phosphorylated serine and neighboring valine residues exist in a

β-sheet secondary structure conformation while glycine and leucine residues common

in GGX repeats likely reside in random coil conformations. Additionally, 31P chem-

ical shift anisotropy (CSA) analysis indicates that the phosphates on phosphoserine

residues are doubly ionized, and are charge-stabilized by divalent cations. Positively

charged arginine side chains also likely play a role in charge stabilization. Finally,

WAXD results finds that the silk is at least 7-8% crystalline, with β-sheet inter-plane

spacings of 3.7 and 4.5 Å.

25



2.2 Introduction

Caddisfly larvae (order Trichoptera) spin silk under water. In addition to building

nets for food capture, the larvae use the silk to stitch together debris into elaborate

structures for protection and camouflage (Figure 2.1A, 2.1B) [1, 2, 3, 4]. The ability of

the silk to adhere to virtually any surface underwater has attracted researchers, as it

could serve as a model for new biocompatible water-borne adhesives [5, 6]. Caddisfly

silk is not well characterized at the molecular level, however its close relation to

the well-studied domesticated silkworm moth (order Lepidoptera) provides a starting

point for understanding secondary and tertiary hierarchical structures. The silks

produced by the two orders are homologous. On the protein level, both silkworm

and caddisfly fibers are composed of heavy chain fibroin (H-fibroin, 250-500 kDa)

and light-chain fibroin (L-fibroin, 25 kDa), which are covalently linked in a 1:1

molar ratio through a disulfide bridge [7, 8, 9]. While very different from the sticky

sericin layer that coats silkworm silk, caddisfly silk also contains a carbohydrate-rich

peripheral layer engulfing the fiber [10]. Additional similarities are observed at the

amino acid level. Partial H-fibroin primary protein sequences have been determined

for both orders, revealing common repetitive stretches including GPXGX, GGX and

(SX)n motifs [11, 8, 9]. Repeat regions identified in the partial H-fibroin sequence

for the caddisfly species L. decipiens have been color-coded and aligned in Figure

2.2 to illustrate important protein motifs. The prevalent (SX)4 repeats shown in red

and the GGX regions in blue are found in species of each of the three suborders of

trichoptera [12]. Comparison of the primary protein sequences reveals that glycine is

the most commonly found residue in both fibers, and serine is the second and third

most common residue in caddisfly and silkworm silks, respectively [10, 12]. Alanine

however, a dominant residue in silkworm silks, is poorly represented in caddisfly
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silk. This contrast is intriguing because alanine plays an important structural role in

silkworm and spider silks [13, 14, 15].

20 μm

A

C

B

Figure 2.1: (A) A caddisfly larva from the species H. consimilis has stitched together
debris under water using adhesive silk fibers. (B) Detailed image of silk attached to
0.5 mm zirconia spheres. (C) SEM micrograph of caddisfly silk.

Another interesting difference is that caddisfly silks contain a substantial amount

of phosphorus, an element that is effectively absent from silkworm silks [5, 12, 16].

In addition to estimating that nearly 60% of serine residues in caddisfly silk are

phosphorylated, a study by Stewart et al. [12] showed that the phosphorylation

appears to be localized to the highly conserved (SX)4 repeat motifs where X residues

are typically hydrophobic or basic. In particular, each alternating serine residue in

the D-repeat seen in Figure 2.2 is phosphorylated [12]. The introduction of multiple

negatively charged phosphates to (SX)4 repeat motifs implies an electrostatic-driven
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structural arrangement. The additional observation that caddisfly silk is relatively

high in divalent cations Ca2+ and Mg2+ led to a proposed model in which alternating

phosphorylated serine residues interact with divalent cations to form rigid β-sheet

structures in caddisfly silk [12].

H. Fibroin

 D: VSISRSVSIERIVTPGVYTKISRSSSVSVEGGRRRGPWGYGRG
 E:   LSGSGDLDGLGGVGGLGGLGGLGGRRGPWGRGYG
 F:         SSGTVSVSVSVEEGRRRGPWGRRGK
 D: VSISRSVSIERIVTPGVYTQISRSSSVSVEGGRRRGPWGRGYG
 F:         PTGSVSVSVSVEGGRRRGPWGYGRRLGG
 E:   LSGSGDLDGLGGVGGLGGLGGLGGRRGPWVRGYG
 F:      SSVSVSVSVEGGRRRGPWGRGK
 D: VSISRSGSIERIVTPGVYTKISRSSSVSVEGGRRRGPWGRGYG
 F:      SSGSVSVSVEGGRRRGPWGRRGK
 D: VSISRSVSIERIVTPG IYTKISRSSSVSVEGGRRRGPWGYGRG
 E:   LGGLSGSGDLDGLGGVGGLGGLGGLGGRRGPWGRGYG
 F:         SSGSVSVSLSVEGVRRRGPWGRRGK
 D: VSISRSVSIERIVTPGSYSKISRSSSVSVEGGIRRGPWGR

Figure 2.2: Partial amino acid sequences of Heavy-chain Fibroin protein from the
caddisfly species Limnephilus decipiens. The H-fibroin sequence is continuous, how-
ever repeat regions are aligned for convenience. Phosphorylated (SX)4 motifs found
in the D-repeat shown in red are proposed to exist in calcium-phosphoserine sheets.
In support of the sheet model, proline residues often found in β-turn secondary struc-
tures appear shortly after every (SX)4 region. The sequence for the H-fibroin protein
is taken from GenBank [AB214509].

There are many arguments in favor of phosphorylated (SX)4 motifs forming nanocrys-

talline β-sheets in caddisfly silks [12, 17]. First, poly(A) and poly(GA) repeat regions

are absent from the caddisfly H-fibroin sequence. These motifs are primarily respon-

sible for the impressive mechanical properties of terrestrial silks because they form

three-dimensional crystalline β-sheet nanostructures within the fibers [18, 13, 19].

Previous X-ray diffraction studies on caddisfly silk fibers suggest a significant crys-

talline component [10, 20, 21], therefore some repeat regions other than poly(A) or

poly(GA) must be responsible for this hierarchical structure. Second, serine residues

in the highly prevalent (SX)4 repeat motifs are heavily phosphorylated. The incorpo-

ration of multiple localized negative charges may explain why the silk contains high

levels of calcium and magnesium cations [12]. Third, the H-fibroin sequence shows
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a conserved proline-glycine motif (underlined and bolded in Figure 2.2) shortly after

every (SX)4 motif [8, 9]. Prolines are often found at the beginning and end of β-

strands, and are prevalent in β-turn secondary structures in other well-characterized

silks [22]. The prevalence and conserved location of proline residues in the caddis-

fly silk H-fibroin sequence could be explained if (SX)4 repeat regions formed β-sheet

nanostructures. Additionally, valine and isoleucine are often found as the X residue

in (SX)4 motifs. As hydrophobic beta-branched amino acids, the bulkiness of valine

and isoleucine near the peptide backbone significantly favors a β-sheet environment

as opposed to α-helical secondary structures [23, 24]. Computer modeling of the motif

of interest also identified a significant boost in strength when the serines are phos-

phorylated and when calcium cations are present [25]. The introduction of calcium to

multi-phosphorylated peptides has been previously shown to induce β-sheet confor-

mations; this mechanism may be relevant to the formation of neurofilament tangles in

Alzheimer’s disease patients [26, 27, 28]. In caddisfly silk, this molecular arrangement

possibly serves as a structural replacement for sheet-forming poly(A) and poly(GA)

repeats in spider and silkworm silks. In this study, we put this hypothesis to test

by using solid-state NMR and wide angle X-ray diffraction (WAXD) to probe the

molecular structure of caddisfly larval silk.

2.3 Materials and Methods

Materials In the late spring, fifth instar larvae of the species Hesperophylax con-

similis were collected from the upper Red Butte creek in Salt Lake county Utah. The

larvae were transported in ice water back to the lab. The animals were kept in 11◦C

dechlorinated tap water which was filtered and bubbled.

For use as a larval food source, yeast were grown in yeast minimal media (10

g/L 13C-glucose, 0.9 g/L yeast nitrogen base without amino acids, and 2.5 g/L 15N
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ammonium sulfate). Yeast cells were collected by centrifugation, dried, and used to

make food pellets. Food pellets were prepared using 40mg/ml of 300 bloom gelatin

and 300mg/ml of dry yeast (13C, 15N) in DI water. This mixture was heated to 100◦C

and cooled on ice. The resultant food pellet was insoluble in the chilled aquarium wa-

ter, an important requirement. Fifty caddisfly larvae were removed from their cases

and provided 1mm3 blocks of polytetrafluoroethylene (PTFE) as construction mate-

rial. After 3 days the larvae rebuilt their cases with the PTFE. They were removed

from their PTFE cases and placed back into their original stone cases and allowed to

feed on the previously prepared food pellet. After three days, the larvae were once

again removed from their cases, washed in dechlorinated tap water, introduced into

a second aquarium with clean dechlorinated tap water, provided PTFE, and allowed

to build for 3 days. The PTFE cases were removed and set aside for future use. The

same larvae were placed back in their cases and allowed to feed, starting the cycle over

again. This was repeated an additional 9 times resulting in 10 harvesting of PTFE

cases. With a pair of fine forceps, the 13C, 15N enriched silk was carefully separated

from the PTFE, rinsed in dechlorinated tap water, and stored in tap water at 11◦C

until further use. For all experiments conducted on naturally-abundant silk, identical

harvesting techniques were used except fish food pellets were used for feeding.

Phosphoserine salts were prepared by dissolving L-O-Phosphoserine (Sigma Aldrich)

in ultrapure water (EMD), adding equimolar amounts of cation-chloride salts, and

adjusting the solution to pH = 7 with NaOH. The solvent was slowly evaporated at

room temperature overnight.

Scanning Electron Microscopy. The silk sample was removed from the buffer

solution and mounted onto the sample holder with the aid of double-sided carbon

tape. It was then Au/Pd coated in a Denton vacuum sputter coater desk II for 180

seconds at a deposition rate of 5 nm/min using a current of 20 milliamps under a
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pressure of 200 millitorr. This results in a deposition of approximately 15 nm to

prevent charging the sample. The SEM was performed using a XL30 Environmental

SEM-FEG built by FEI. The secondary electron (SE) detector was used for imaging.

Measurements were collected under a vacuum pressure of less than 9 x 10−5 mbar and

with a beam current of 5.00 kV. The beam diameter at the sample was 21 Angstroms

with a current of 98 pA.

Solid-State NMR. All 13C solid-state NMR experiments were conducted on a

400 MHz Varian Wide-Bore spectrometer equipped with a 3.2 mm triple-resonance

MAS probe. The enriched silk was originally packed in its natural (hydrated) envi-

ronment in a 3.2 mm zirconium rotor fitted with a Torlon cap and drive tip. The

sample was spun at the magic angle at 8.5 kHz, a spinning speed chosen such that the

carbonyl spinning side band would not overlap with any glycosidic resonances near 75

ppm. 13C chemical shifts were referenced externally to TMS at 0 ppm by setting the

downfield adamantane resonance to 38.56 ppm. 1H → 13C Cross-Polarization (CP)

conditions were matched by using a square 70 kHz contact pulse on the 13C channel,

which was matched to the -1 Hartmann-Hahn side band of a 1 ms ramped (∼15%)

CP spin-lock pulse on the proton channel. Two-pulse phase-modulated[29] (TPPM)

proton decoupling at 100 kHz was applied during acquisition using a 7◦ phase angle,

and a 5 second relaxation delay separated each of 4096 transients. Direct Detection

under Magic Angle Spinning (DD-MAS) experiments were performed using a 3.5 µs

π/2 pulse on the 13C channel, and 20,480 transients were averaged. A fast (1 second)

relaxation delay was chosen to highlight resonances with fast relaxation properties.

100 kHz TPPM proton decoupling was applied during acquisition.

Two dimensional 13C - 13C correlation experiments were performed using the Dipo-

lar Assisted Rotational Resonance (DARR) experiment [30, 31]. Assisted transfer of

magnetization was established using a continuous wave (CW) radio-frequency pulse
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on the 1H channel for 50 ms at the second rotational resonance condition. The acqui-

sition parameters used were 64 scan averages, 2 second recycle delay, 50 kHz spectral

width and 1024 complex points collected in the direct dimension, and 25 kHz spec-

tral width and 64 complex points collected in the indirect dimension. 100 kHz TPPM

decoupling was applied to the 1H channel during acquisition.

The 1H → 31P - 13C double cross-polarization (DCP) experiment was conducted

on dry caddisfly silk with a 3.2 mm Varian triple resonance MAS probe [32, 33]. The

sample was spun at a slow speed (5 kHz MAS) to favor the zero-quantum transition

during the second polarization transfer step [34]. The highly sensitive DCP condi-

tions were carefully calibrated using crystalline L-O-Phosphoserine (Sigma Aldrich).

The experimental parameters for the initial 1H → 31P CP step were a 3 µs 1H π/2

pulse, a 1 ms ramped 1H spin-lock pulse centered at 80 kHz radio frequency (rf) field

strength, and a 31P square contact pulse matched to the -1 spinning side band of

the Hartmann-Hahn profile. Then 31P transverse magnetization was transferred to

13C using a 5 ms ramped spin-lock pulse centered at 80 kHz RF field strength on

the 31P channel, and a square contact pulse on the 13C channel matched to the -2

side band of the Hartmann-Hahn profile, during which a 133 kHz continuous wave

RF field was applied to the proton channel to ensure that all 13C transverse magne-

tization was obtained only through nearby 31P nuclei. Two-pulse phase modulated

(TPPM) decoupling at 100 kHz RF field strength and 7◦ phase angle was applied

to the 1H channel during acquisition. Acquisition parameters were 100 kHz spectral

width, 2048 complex points, 65,536 scan averages and a 1 second recycle delay.

31P solid-state NMR experiments were conducted on a 400 MHz Bruker Avance

III instrument equipped with a 4 mm double resonance MAS probe. 31P chemical

shifts were referenced externally to crystalline ammonium phosphate at 0.8 ppm. All
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samples were spun at the magic angle at 4 kHz. Typical 1H → 31P CP experiments

were performed with a 2 ms CP contact time, 20 ms acquisition time and a 5 second

relaxation delay. Static CP spectra were observed using a Hahn spin-echo refocusing

period of 20 µs. All experiments were collected using 80 kHz TPPM proton decoupling

during acquisition. Data Fitting: All 31P chemical shift anisotropy (CSA) parameters

were extracted from the spectra according to the Herzfeld-Berger [35] convention using

DMFIT software [36].

Wide Angle X-ray Diffraction. Caddisfly larval silk was mounted onto a

cardboard washer for WAXD measurements using a small amount of super glue at

either end. WAXD measurements were collected using the synchrotron x-ray research

facility at the Advanced Photon Source (APS) at Argonne National Laboratory. The

BioCARS beamline 14 BM-C (bending magnet) was used with an approximate x-

ray wavelength of 0.9787 angstroms and fixed energy of 12.668 keV. The detector

used was the ADSC Quantum-315 with a beam size of approximately 130 x 340 µm

(FWHM) . The fiber samples were aligned parallel to the axis of the beamstop with

a sample to detector distance of 300 mm and a beamstop to detector distance of 50

mm. Five trials with an exposure time of 60 seconds each were collected per sample

with 5 similar backgrounds and then background subtracted to remove air scattering.

Cerium dioxide (CeO2) was used as a calibrant in the FIT2D x-ray processing software

to analyze the 2D diffraction patterns.

2.4 Results and Discussion

Caddisfly larval silk from the species Hesperophylax consimilis was studied using

solid-state NMR and wide angle X-ray diffraction, and all experimental results refer to

data collected on this species. H. consimilis larvae utilize silk to construct protective

casings from available debris, as seen in Figure 2.1A and 2.1B. Unlike the cylindrical
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silk fibers produced by spiders, caddisfly fibers appear in the SEM micrograph as a

fusion of two fibers into a flat ribbon (Figure 2.1C). The protein-based biopolymer is

composed of both H and L-fibroin protein. The H-fibroin sequence is not described in

the literature for the species H. consimilis, thus the partial H-fibroin sequence for the

closely related species L. decipiens is shown in Figure 2.2. Repetitive (SX)4 motifs

illustrated in Figure 2.2 have been identified in multiple caddisfly species through

gene sequencing,[8, 9] and tandem Mass-Spectrometry data on silk from H. consimilis

larvae confirm that identical repeat sequences seen in Figure 2.2 are present in the H.

consimilis H-fibroin protein [12]. As previously mentioned, one striking observation is

the apparent lack of poly(A) and poly(GA) repeat motifs found in silkworm H-fibroin

sequences. Instead, heavily phosphorylated runs of (SX)4 highlighted in red are a

dominant repetitive motif found in caddisfly silk.

Solid-State NMR on Caddisfly Silk. In order to investigate the molecular

structure of caddisfly silk and any links to the primary protein sequence, both 13C

and 31P solid-state NMR techniques were utilized. 1H → 13C CP-MAS spectra for

naturally-abundant caddisfly silk exhibits relatively poor signal to noise, as seen in

Figure 2.3, thus advanced analysis of the silk is difficult to impossible without isotopic

enrichment. Caddisfly larvae were fed with (13C, 15N) yeast, and the resulting silk was

collected and analyzed. The signal to noise ratios observed for the naturally-abundant

and enriched silks were used to estimate the amount of isotopic enrichment at 6 to

8% (Supplemental Figure 2). 13C NMR data from isotopically enriched caddisfly silk

are shown in Figure 2.4. The data was collected with the silk hydrated in the same

water from which it was obtained, therefore preserving its native environment. Many

overlapping resonances make interpretation and chemical shift assignments challeng-

ing, but some information can nevertheless be extracted from the 1H→ 13C CP-MAS

and DD-MAS spectra in Figure 2.4. The assortment of resonances near 75 ppm and
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105 ppm are characteristic of carbohydrates, and are assigned to a carbohydrate-rich

surface coating of the silk. Consistent with this assignment, TEM micrograph images

obtained from histological sections of the fibers show a clear peripheral carbohydrate

layer [10]. Spider silks are also thought to have peripheral surface coatings, but the

proposed lipid and/or carbohydrate layer of spider silk is only 10-100 nm thick [37].

This makes the overall mole percentage small and therefore hard to detect using solid-

state NMR. While the surface of spider silk fibers is smooth, atomic force micrographs

of caddisfly silks show small (∼150 nm) spherical subunits [25, 17]. The lumpy to-

pography of the caddisfly silk surface provides additional contact area for adhering

to surfaces due to an increased area-to-volume ratio. The contrast between the CP

and DD-MAS experiments in Figure 2.4 is useful because resonances that exist in a

mobile, water-solvated environment will typically show short T1 relaxation times rel-

ative to rigid regions. Hydrated residues therefore exhibit enhanced signal intensity

in the DD-MAS spectrum when using short (1 second) recycle times. Additionally,

sharpened signals are observed for hydrated residues due to the longer T2 relaxation

times. The contrast between unmodified and phosphorylated serine Cβ resonances

at 62 and 64 ppm, respectively, is a very signifiant result. When comparing the 1H

→ 13C CP-MAS spectrum to the DD-MAS spectrum, one notices that the degree

of sharpening is significantly more pronounced for unmodified serine Cβ, suggesting

higher mobility. This supports the idea that phosphorylated serine residues reside in

nanocrystalline β-sheet structures while unmodified serine residues are found in less

rigid secondary structures. This is a commonly observed phenomenon when studying

wet spider silks to show differences between rigid and mobile motifs. In spider silks,

the alanine Cβ resonance at 21 ppm associated with rigid poly(A) β-sheet regions

is strongly observed during CP but has significantly reduced signal when using DD-

MAS techniques with a fast relaxation delay because of its long T1 relaxation time
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[38, 39]. Conversely, alanine in a disordered helical conformation exhibits short T1

and long T2 relaxation times. As a result, narrowed line widths are observed for the

mobile alanine environments in the DD-MAS experiment on wet spider silks.
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Figure 2.3: 1H → 13C CPMAS spectra of hydrated natural caddisfly silk (A) is
compared to isotopically enriched silk (B). A substantial background was observed
for the natural sample, and the apparent dip near 130 ppm seen in (A) is an artifact
of background subtraction. Carbonyl spinning side bands are marked with a double
asterisk.

Interpretation of the one-dimensional (1D) solid-state NMR data is limited be-

cause of the many overlapping resonances. In order to extract accurate chemical

shifts for specific amino acid resonances in caddisfly silk, two dimensional (2D) 13C -

13C correlation NMR was necessary. The chemical shifts of amino acid backbone and

side-chain resonances are very sensitive to secondary structure, and can be used to

identify helical, turn and β-sheet components of a protein [40, 41, 42, 43, 44]. Figure
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Figure 2.4: 13C NMR of isotopically enriched caddisfly silk from the species H.
consimilis in its natural (water-hydrated) environment. The two spectra shown are
(A): 1H→ 13C CP-MAS NMR using a 1 ms CP contact time and 4096 scan averages,
and (B): 13C DD-MAS NMR using fast (1 second) repetition and 20,480 scan averages.
Samples were spun at 8500 Hz MAS. Approximate assignments for common amino
acids are indicated, and the carbonyl spinning side bands are marked with a double
asterisks.

2.5 shows expanded regions of a 13C - 13C Dipolar Assisted Rotational Resonance

(DARR) experiment using 50 ms mixing time. Off-diagonal cross peaks resulting

from magnetization exchange between 13C nuclei can be observed. The strong sig-

nals observed from glycine, valine, leucine and isoleucine residues are assigned and

are compared to known chemical shifts from the literature (Table 2.1). The glycine

Cα-CO correlation seen in Figure 2.5A is fairly strong, allowing for accurate chemical

shift measurements. Both chemical shift values for glycine Cα and CO agree nearly

perfectly with an average random coil conformation, suggesting that a large range of
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backbone dihedral angles are available such that glycine does not adopt any identi-

fiable secondary structure in caddisfly silk. Leucine residues are also often seen in

GGX repeats, and assigned chemical shifts again agree with a random coil confor-

mation. The data does not necessarily mean that there is no secondary structure in

this region. Fast dynamic averaging may play a role, and the chemical shifts of many

helical conformations overlap with random coil shifts. Interestingly, glycine-heavy

GGX motifs are well known for forming 31-helical structures in spider and silkworm

silks[45, 46, 47]. 31-helical structures may indeed be prevalent in caddisfly fibers,

but the current NMR data better supports a random coil configuration or very loose

helical structure. Conversely, the 13C chemical shifts extracted for valine resonances

prevalent in (SX)4 motifs seem to agree with β-sheet secondary structure. Fortu-

nately, the off-diagonal cross peaks observed for valine are sufficiently strong even

though it only accounts for approximately 4% of the total amino acid content [12].
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Figure 2.5: 2D 13C - 13C DARR experiment at 50 ms mixing time on isotopically
enriched caddisfly silk. (A) shows the expanded carbonyl cross peaks, while (B)
shows the expanded aliphatic region. At this mixing time, cross peaks from large
hydrophobic residues are dominant. The 13C chemical shifts extracted from this
DARR experiment are tabulated in Table 2.1.

Although expected to make up a large percentage (∼15%) of the total amino

acid content in caddisfly silk, the chemical shifts for serine and phosphoserine cannot
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confidently be extracted from the 2D 13C-13C correlation NMR experiment. This is

possibly a result of inconsistent isotope uptake and/or metabolism between various

amino acids; it is clear from Figure 2.3 that isotopic enrichment is not the same for all

amino acids. Selective enrichment of amino acids in spider silks has been challenging

even when only a single enriched amino acid is provided, thus we cannot expect

consistent isotopic uptake when feeding labeled yeast extract to the caddisfly larvae

[48]. Confidently identifying phosphoserine chemical shifts would be exceptionally

useful towards supporting or opposing the proposed model. We therefore used a 1H→
31P - 13C double cross polarization (DCP) experiment to selectively observe 13C nuclei

that are in dipolar contact with 31P nuclei. Figure 2.6 compares 13C NMR spectra of

dried caddisfly silk under standard CP conditions (red) and under DCP conditions

(black) at 5 kHz MAS. The silk in this experiment had been dried and therefore no

longer in its natural environment. Nonetheless, 13C NMR data (Supplemental Figure

3) suggests that the silk is structurally identical before dehydration and after re-

hydration, thus no structural changes occur upon dehydration. The DCP experiment

confirms that serine is in fact phosphorylated, and selects the phosphoserine Cα and

Cβ chemical shifts. The values for phosphoserine Cα and Cβ are listed in Table

2.1. Comparison to chemical shifts listed in the literature reveals that the caddisfly

silk phosphoserine Cα resonance is shifted upfield and Cβ downfield with respect

to random coil. This observed trend is indicative of a β-sheet secondary structure,

therefore the data is in agreement with a sheet-based model for (pSX)4 motifs in

caddisfly silk.

The DCP experiment revealed additional useful information towards understand-

ing the molecular structure of caddisfly silk. Arginine side chain resonances, espe-

cially those closer to the positively charged guanidinium group, are also observed in

the DCP experiment. This suggests that arginine residues play a significant role in
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Figure 2.6: 1H→ 13C CP-MAS NMR at 5 kHz of dry caddisfly silk (A) is compared
to a 1H → 31P → 13C Double Cross-Polarization (DCP) experiment (B). Only 13C
nuclei that are in dipolar contact with 31P nuclei should have observed signal. The
13C chemical shifts extracted for pSer Cα and Cβ indicate that phosphoserine exists
in a β-sheet conformation within caddisfly silk.

stabilizing negatively charged phosphate groups in caddisfly silk. While the arginine

assignments listed in Table 2.1 align with random coil conformations, it should be

noted that distant side chain resonances are not very sensitive to secondary structure

and therefore should not be used here to suggest local environments [42]. The DCP

experiment also suggests that tyrosine may be phosphorylated in caddisfly silks. Sec-

ondary structure motifs involving phosphotyrosine may be prevalent in caddisfly silks,

but selective isotopic labeling of tyrosine may be necessary before a full investigation

would be possible.
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Table 2.1: 13C chemical shifts observed from caddisfly silk are compared to shifts
from model polypeptides with known secondary structures [40, 41, 42, 43, 44]. Cad-
disfly silk chemical shifts were extracted from either the 13C - 13C DARR experiment
(Figure 2.6) or the DCP experiment (Figure 2.7). Only assignments that could be
made with any confidence are listed. All values are relative to TMS at 0 ppm.

Residue Caddisfly silk β-sheet α-helix random coil

Gly C=O 173.5 171.8 174.9 173.2

Gly Cα 43.3 42.0 46.0 43.4

Ile C=O 172.7 174.9 174.7

Ile Cα 58 57.8 63.9 59.4

Ile Cβ 39.4 34.8 37.1

Ile Cγ1 16 15.7

Ile Cγ2 25.5

Ile Cδ 12.1 11.2

Leu C=O 170.3 175.7 175.9

Leu Cα 53.8 50.5 55.7 53.4

Leu Cβ 40.1 43.3 39.5 40.7

Ser C=O 172.9 174.6 171.5

Ser Cα 56.3 55.2 59.2 56.6

Ser Cβ 62 63.1 60.7 62.1

p-Ser C=O 174.2

p-Ser Cα 54.8 56.8

p-Ser Cβ 64.3 63.9

Val C=O 173.7 171.8 174.9 174.6

Val Cα 59 58.4 65.5 60.5

Val Cβ 32.7 32.4 28.7 31.2

Arg Cγ 25.1 25.1

Arg Cδ 41.7 41.7

Arg Cε 157 - 159 157.9
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1H → 31P cross-polarization NMR data also provided important structural infor-

mation about caddisfly silk. In liquid state NMR, molecular motion is sufficiently

fast to average out chemical shielding information. However in solid samples where

molecular motion is limited, the chemical shielding tensor is not averaged over the

spatial dimensions and can therefore yield important information on the local envi-

ronment about a nucleus. Understanding the phosphorus environment in caddisfly

silk would be substantially helpful towards characterizing the phosphorylated (SX)4

motifs. Here we use solid-state NMR techniques to extract environment-dependent

Chemical Shift Anisotropy (CSA) information for the 31P nuclei found in caddisfly

silk. Using 1H → 31P cross-polarization NMR with and without magic angle spin-

ning, CSA parameters were extracted from caddisfly silk and from four preparations

of phosphorylated serine (Figure 2.7 and Table 2.2) using the Herzfeld-Berger con-

vention [35]. The data are shown in blue, and the resulting fits in red. The first

and most evident finding is that caddisfly silk observes a negative skew parameter;

the CSA is asymmetric favoring the right. This is consistent with trends observed

by C. Gardiennet et al. in which the phosphate on L-O-Phosphoserine is doubly

ionized [49]. This point is exemplified when comparing the caddisfly spectra to the

CSA pattern of protonated L-phosphoserine from Sigma Aldrich. The presence of

cations near the phosphorus resonance can also affect the CSA pattern [50], so de-

protonated phosphoserine was prepared in the presence of calcium, magnesium and

sodium cations. Extracted CSA parameters, summarized in Table 2.2, reveal that

divalent cations calcium and magnesium behave virtually identically in terms of their

interaction with phosphoserine. Sodium appears to significantly increases the σ33 pa-

rameter and in turn the ∆σ and span values. Additionally, the isotropic 31P chemical

shift moves downfield in the presence of sodium when compared to the spectra with

calcium or magnesium. Molecular level reasoning for the observed differences are not
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clear; necessary computer simulations of the CSA have not yet been performed. Nev-

ertheless, comparison of all determined CSA parameters shows that the phosphorus

environment of caddisfly silk is most similar to that of phosphoserine in the pres-

ence of divalent cations. This observation is consistent with (pSX)4 repeat motifs in

divalent cation-phosphoserine β-sheet structures.
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 31P Chemical Shift (ppm) 
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p-Ser + CaCl2

p-Ser + MgCl2

p-Ser + NaCl

p-Ser (Sigma)

σ33
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Figure 2.7: 1H→ 31P solid-state NMR of caddisfly silk and of 4 different preparations
of L-Phosphoserine. Chemical Shift Anisotropy parameters were extracted from both
static and MAS spectra at 4 kHz spinning speed, and are summarized in Table 2.2.
The data are shown in blue, and the resulting fits in red. By convention, σ11 and
σ33 correspond to the directions with the least and most shielding, respectively. All
spectra were fit to a single component powder pattern based on the Herzfeld Berger
convention using DMFIT software [35, 36].

WAXD on Caddisfly Silk. The 2D wide-angle X-ray diffraction (WAXD) pat-

tern on a vertically aligned caddisfly silk bundle is seen in Figure 2.8. The blue

diffraction band shows increased intensity along the equatorial plane, an observation

consistent with β-sheet nanocrystals aligned parallel to the fiber axis [51, 52]. Al-

though not as intense as the diffraction patterns observed for spider and silkworm

silks, which can be greater than 25% crystalline [52, 53, 54], the observed pattern for

caddisfly silk suggests the presence of a significant crystalline component. The percent

of silk fibroin protein in a crystalline conformation was estimated from the data, and

43



Table 2.2: 31P Chemical Shift Anisotropy parameters have been extracted from each
spectra in Figure 2.7 using DMFIT software [36]. The negative skew parameter is
indicative of a phosphate carrying a -2 charge. σ33 parameter changes significantly
for monovalent versus divalent cations. The CSA parameters obtained from caddisfly
silk are most similar to those from phosphoserine in complex with divalent cations.
Using the Herzfeld Berger convention, the span (span = The σ11 - The σ33) describes
the breadth of the spectrum, while the skew (skew = 3( σ22 - σiso)/span) describes
the axial symmetry of the CSA tensor [35]

Sample ∆ (ppm) η σ11 (ppm) σ22 (ppm) σ33 (ppm) span (ppm) skew σiso (ppm)

Caddisfly, Static 50.01 0.39 -32.88 -13.48 51.84 84.72 -0.54 1.83

Caddisfly, MAS 58.36 0.54 -43.38 -11.9 59.89 103.27 -0.39 1.54

P-Ser + CaCl2, Static 62.3 0.29 -39.11 -20.98 63.4 102.51 -0.65 1.10

P-Ser + CaCl2, MAS 65.05 0.4 -44.91 -18.59 65.83 110.74 -0.52 0.78

P-Ser + MgCl2, Static 62.26 0.28 -39.54 -22.23 62.51 102.05 -0.66 0.25

P-Ser + MgCl2, MAS 64.34 0.38 -44.08 -19.4 64.77 108.85 -0.55 0.43

P-Ser + 2NaCl, Static 71.03 0.24 -38.64 -21.35 76.56 115.2 -0.7 5.52

P-Ser + 2NaCl, MAS 71.59 0.4 -44.41 -15.9 77.23 121.64 -0.53 5.64

P-Serine, Static -55.35 0.92 52.86 2.02 -55.58 108.44 0.06 -0.23

P-Serine, MAS -56.54 0.92 54.08 2.29 -56.63 110.71 0.06 -0.09

inter-plane distances were extracted. Radial integration finds that repeat spacings of

3.7 and 4.5 angstroms are observed in increased intensity along the equatorial plane

(Figure 2.9). The peak positions were obtained by using four Gaussian fits, one at 3.7

angstroms, one at 4.5 angstroms and 2 broader Gaussians for the remainder of the

data. If the repetitive unit cell of the crystalline region is orthorhombic, as assumed

for spider and silkworm silks, we can assign the 4.5 angstrom reflection to inter-sheet

spacings because it is analogous to the reflections observed from poly(A) nanocrys-

talline β-sheet regions in both spider and silkworm silks [51, 52, 55]. An additional

equatorial reflection at 3.7 angstroms is seen in the caddisfly fiber diffraction pattern,

however we cannot confidently identify its source. Interestingly, unpublished WAXD

results from black widow egg sac fibers show a similar reflection near 3.7 angstroms

that also has not been assigned. The crystallite unit in caddisfly silk seems to be
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vastly different than those observed in other biological fibers, thus we are not entirely

surprised that we cannot yet fully interpret and assign the diffraction pattern. We

have current efforts to collect better, higher-resolution diffraction data on caddisfly

silk, and are working on solving the dimensions of the repetitive unit cell. Neverthe-

less, in this present study it is sufficient to state that the equatorial reflections clearly

demonstrate that caddisfly silk contains crystalline regions oriented with respect to

the fiber axis.

The amount of crystallinity was estimated in two different ways. First, radial

integration of 15 degrees on either side of the equator, the region assumed to be the

component relating to crystallinity, is compared to radial integration occurring at 45

degrees from the equator and the meridian integration. Subtracting the total inte-

gration of the amorphous halo from the equatorial integration gives the component

thought to be crystalline, yielding approximately 7-8% crystallinity (Supplemental

Figure 1). Secondly, integration along an angle of 45 degrees, the equator, and the

meridian yields differing intensities of the shoulder at 3.7 angstroms. The equatorial

integration was selected to determine the peak position based on maximum intensity.

A Gaussian fitting protocol was used to determine peak positions and intensity inte-

grations iteratively until there were no changes. The peak positions were then held

constant and the remaining integration areas were fit. These results show 7% crys-

tallinity based on integration of the full WAXD pattern (Supplemental Figure 1). We

note here that each silk fiber in the bundle could not be perfectly aligned vertically

along the beam axis, thus 7-8% crystallinity is likely a low estimate; previous WAXD

results estimated 12% crystallinity for caddisfly silk from the species S. marmorata

[21]. Regardless, the absence of poly(A) or poly(GA) motifs from the H-fibroin pri-

mary protein sequence in caddisfly silk means that the observed crystallinity must

come from some other hierarchical structure.
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Figure 2.8: 2D Wide angle x-ray diffraction pattern of caddisfly silk recorded at
298 K. A beamstop, seen as a thick red area, was used to ensure that only scattered
x-rays hit the detector. The beam stop and fiber axis are parallel (vertical). The
sample was 300 mm from the detector, which was composed of 9 physically separated
CCD panels. X-ray wavelength: 0.9787 Angstroms. The data seen is a result of five
trial averages with an exposure time of 60 seconds each, after subtraction of 5 similar
backgrounds.

Figure 2.10 shows an illustration of the proposed structural motif, in which neg-

atively charged phosphorylated serine residues from (pSX)4 repeat regions complex

with divalent cations to form β-sheet structures in caddisfly silk [12]. A 2-dimensional

sheet is formed when the repeats extend both above and below the illustration in

Figure 2.10, stabilized by hydrophobic Van der Waals interactions between the larger

valine and isoleucine side chains. If one additionally imagines standard backbone

46



3 4 5 6 7 8 9

0

500

1000

1500

D-spacing (inverse angstroms)

In
te

n
s
it
y
 (

c
ts

)

Figure 2.9: 1D radial integration profile of the full 2D WAXD pattern of caddisfly
silk is converted to d-spacing to obtain real distances. The data is fit to four Gaus-
sian fits to determine inter-sheet and inter-plane distances. Distances at 3.7 and 4.5
Angstroms show increased equatorial intensity and are associated with a crystalline
component aligned parallel to the fiber axis.

hydrogen bonding with (pSX)4 motifs both towards and away from the reader, 3-

dimensional crystalline blocks are created. Phosphorylated (SX)4 repeats in caddisfly

silk therefore likely serve as a structural replacement for poly(A) and poly(GA) crys-

talline β-sheet structures found in spider and silkworm fibers.

Caddisfly silk is a very complicated and imperfectly understood material. We

can only speculate if and how the described (pSX)4 nanostructure contributes to the

adhesive properties of the caddisfly silk fiber. The mechanisms with which the fibers

adhere to debris underwater is not the subject of this paper, although electrostatic

interactions between charged residues and surfaces may play an important role. While

we argue that the phosphorylated (SX)4 repeats in caddisfly silk are incorporated into

nanocrystalline β-sheet regions within the silk fibers, perhaps some of these charged

repeats remain available for surface binding.
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Figure 2.10: Proposed structural motif for phosphorylated (SX)4 repeats found in
caddisfly silk fibers [12]. In the model, alternating phosphorylated serine residues
interact with divalent cations Ca2+ and Mg2+ to form rigid β-sheet structures. Back-
bone amide hydrogen bonding would also stabilize sheet formation into and out of the
page, thus forming 3-dimensional blocks similar to the poly(Ala) and poly(Gly-Ala)
crystalline blocks observed in spider and silkworm silks.

2.5 Conclusions

Phosphorylated (SX)4 repeats in Trichopteran silks were recently suggested as

a structural replacement for the β-sheet-forming poly(GA) motifs found in Lepi-

dopteran silks [12]. Here we have presented solid-state NMR and WAXD results on

caddisfly larval silk. X-ray diffraction data identifies a significant (at least 7-8%) crys-

talline component, with an inter-sheet distance of 4.5 angstroms. Solid-state NMR

was used to probe the composition of both the crystalline and amorphous domains.

Conformation-sensitive 13C chemical shifts were identified from 13C-13C DARR and

1H-31P-13C DCP NMR. Chemical shifts from many amino acids, including glycine,

leucine, valine, serine and phosphoserine, are compared to the chemical shifts from
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model peptides with known secondary structures. The data indicates that both va-

line and phosphoserine residues, commonly found in (pSX)4 repeat regions, likely

exist in β-sheet rich environments. The contrast between the 13C CP-MAS and DD-

MAS spectra on hydrated silk additionally suggests that phosphorylated serine exists

in a less mobile environment than unmodified serine, further supporting the idea of

rigid calcium-phosphoserine regions. Glycine and leucine residues however, often seen

in GGX repeats, exist predominantly in a random or disordered conformation. 31P

Chemical Shift Anisotropy (CSA) data was extracted from caddisfly silk and from dif-

ferent preparations of L-O-Phosphoserine. The CSA parameters summarized in Table

2.2 support a structural motif in which divalent cations Ca2+ and Mg2+ complex with

negatively charged phosphoserine residues.
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2.6 Supplementary Material

The figures below were provided as supplementary material for chapter 2, which

was published in Biomacromolecules in April of 2013 (Addison, J. B. (2013). Biomacro-

molecules, 14(4), 1140-1148.).
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Figure 2.11: A: 2D wide angle X-ray diffraction pattern of caddisfly silk, with
equatorial, meridian and 45 degree angle regions highlighted. B: Q integration plots
of the full 2D diffraction pattern, and of the three highlighted regions. The peak
positions were fixed 14.0, 15.8 and 16.8 in Q-space, and a Gaussian fitting protocol
was used to fit each data set. It is clear that the peaks located at 14.0 and 16.8
Q-space, associated with distances of 4.5 and 3.7 inverse angstroms, respectively, are
observed in increased intensity in the equatorial region. The differences in peak area
in the three regions were used to estimate percent crystallinity at ∼7-8%.
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Figure 2.12: 1H-13C CP-MAS of naturally-abundant caddisfly silk (left) and 13C, 15N
isotopically enriched caddisfly silk (right). The signal-to-noise ratios were estimated
for each spectrum. By adjusting for differences in sample weight and number of scan
averages, the percent enrichment was estimated at 6-8%. The large broad peak near
130 ppm in the natural spectrum is due to background from the rotor.
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Figure 2.13: 1H-13C CP-MAS NMR spectra of isotopically-enriched hydrated cad-
disfly silk before drying the silk under nitrogen gas (A), and after re-hydrating the
same sample (B). Spectra were taken with a Varian 400 MHz Wide-Bore spectrome-
ter using a 3.2 mm solid state probe configured in HCN triple resonance mode under
8.5 kHz MAS. Carbonyl spinning side bands are indicated with a double asterisk.
Experimental conditions were identical: 4096 transients, 5 second recycle delay, 1 ms
CP contact time, and 100 kHz TPPM proton decoupling during acquisiton. 25 Hz
exponential line broadening was applied to each spectra before Fourier Transforma-
tion. The spectra are identical (within experimental error), indicating that drying
and re-hydrating the silk has no significant effect on the structural nature of the silk.
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Figure 2.14: 1H-13C CP-MAS NMR spectra of isotopically-enriched hydrated cad-
disfly silk. The region near the phosphoserine resonance is expanded to illustrate that
the p-Ser Cβ resonance of caddisfly silk is shifted downfield with respect to a random
coil chemical shift.

52



REFERENCES

[1] K M Kjer, R J Blahnik, and R W Holzenthal. Phylogeny of caddisflies (Insecta,
Trichoptera). Zoologica Scripta, 31(1):83–91, 2002.

[2] J C Morse. Phylogeny of trichoptera. Annual review of entomology, 42(1):427–
450, 1997.

[3] Gary LaFontaine. Caddisflies. The Lyons Press, April 1989.

[4] Glenn B Wiggins. The caddisfly family Phryganeidae (Trichoptera). University
of Toronto Press Incorporated, 1998.

[5] Russell J Stewart, Ching Shuen Wang, and Hui Shao. Complex coacervates as a
foundation for synthetic underwater adhesives. Advances in Colloid and Interface
Science, 167:85–93, 2011.

[6] Carrie E Brubaker and Phillip B Messersmith. The Present and Future of Bio-
logically Inspired Adhesive Interfaces and Materials. Langmuir, 28(4):2200–2205,
January 2012.

[7] Kensuke Shimura, Aiko Kikuchi, Kohei Ohtomo, Yōtarō Katagata, and Akio
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Chapter 3

REVERSIBLE ASSEMBLY OF β-SHEET NANOCRYSTALS WITHIN

CADDISFLY SILK

3.1 Abstract

NMR and XRD experiments reveal the structural importance of divalent cation-

phosphate complexes in the formation of β-sheet nanocrystals from phosphorylated

serine-rich regions within aquatic silk from caddisfly larvae of the species H. consim-

ilis. Wide Angle X-ray Diffraction data on native caddisfly silk shows that the silk

contains a significant crystalline component with a repetitive orthorhombic unit cell

aligned along the fiber axis with dimensions 5.9 x 23.2 x 17.3 Å. These nanocrystalline

domains depend on multivalent cations, which can be removed through chelation with

EDTA. A comparison of WAXD data before and after EDTA treatment reveals that

the reflections corresponding to the nanocrystalline regions decrease in integrated

peak area by 15-25% while the amorphous background reflections increased in area

by 20%, indicating a partial loss in crystallinity. 31P solid-state NMR data on native

caddisfly silk also shows that the phosphorylated serene-rich motifs transform from

a rigid environment to one that is highly mobile and water-solvated after treatment

with EDTA. The removal of divalent cations through exchange and chelation has

therefore caused a collapse of the β-sheet structure. However, NMR results show

that the rigid phosphorus environment is mostly recovered after the silk is retreated

with calcium. The 31P spin-lattice (T1) relaxation times were measured at 7.6 ± 3.1

and 1 ± 0.5 seconds for this calcium-recovered sample and the native silk sample,

respectively. The shorter 31P T1 relaxation times measured for the native silk sample
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are attributed to the presence of paramagnetic iron that is striped away during EDTA

chelation treatment and replaced with diamagnetic calcium.

3.2 Introduction

Caddisfly larvae (order Trichoptera) utilize aquatic silk fibers to stitch together

available debris into elaborate underwater structures [1, 2]. Although closely related

to Lepidopteran insects, including the domesticated silkworm Bombyx mori [3, 4],

caddisfly fibers do not contain runs of poly(Ala) or poly(Gly-Ala). These repetitive

motifs form rigid β-sheet regions in spider and silkworm silks, contributing greatly

to the fibers impressive mechanical properties [5, 6, 7, 8]. Instead of alanine-rich

repetitive motifs, caddisfly fibers contain phosphorylated (SX)4 repeat regions in the

H-fibroin primary protein sequence [9, 10]. This phosphate-rich motif is highlighted

in red in Figure 3.1, which shows a portion of the caddisfly H-fibroin protein sequence

labeled the D-repeat. Caddisfly silk fibers also contain a significant crystalline com-

ponent [11, 12, 13, 14], thus it was recently suggested that phosphorylated (SX)4 re-

peats form insoluble β-sheet structures through Ca2+ - phosphoserine complexes [15].

Such regions may serve as a structural replacement for β-sheet forming poly(Ala) or

poly(Gly-Ala) domains in spider and silkworm silks.

 
VSISRSVSIERIVTPGVYTKISRSSSVSVEGG

D Repeat:

Figure 3.1: Extended D-repeat from the H-fibroin protein sequence from the species
Hesperophylax sp. [16]. Phosphorylated (SX)4 regions are shown in red, and a con-
served, underlined proline-glycine turn is seen after both motifs. Calcium magnesium
and iron cations are thought to stabilize these phosphorylated serine-rich motifs to
form rigid β-sheet structures within caddisfly larval silks.

There is strong conceptual and experimental support for this hypothesis that has

been laid out in previous works [15, 17, 14]. To summarize: The nanocrystalline
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regions must arise from some sheet-forming motifs other than poly(Ala) or poly(Gly-

Ala), and (pSX)4 repeats fit the mold. A conserved proline-glycine motif, often seen in

β-turn structures [18], exists shortly after every (pSX)4 repeat region in the H-fibroin

protein sequence (underlined in Figure 3.1) [9, 10]. The X residue in the (SX)4 motif is

often valine or isoleucine, which both have high tendencies to form β-sheet structures

[19, 20]. Elemental analysis reveals significant levels of multivalent cations includ-

ing calcium, magnesium and iron [15, 21]. Computer simulations of (pSX)4 repeats

shows a dramatic increase in strength when calcium cations are present [22]. Multi-

phosphorylated peptides have previously been shown to form β-sheets when calcium

cations are present; this mechanism may be related to neurofilament tangle formation

in Alzheimer’s patients [23, 24, 25]. Our recent 13C and 31P solid-state NMR data on

caddisfly larval silk showed that valine and phosphoserine residues from phosphory-

lated (SX)4 motifs exist in β-sheet structures, and that caddisfly silk contains a rigid

phosphorus environment that is likely stabilized by divalent cations [14]. Moreover, it

was recently shown that both the tensile properties of individual caddisfly fibers and

the overall β-sheet content of the silk are diminished after removing cations through

EDTA chelation [16].

While a strong interaction between negatively charged phosphates with di- and

trivalent cations is no surprise, its prevalence within caddisfly larval silk is very unique

within silk-based biopolymers. In this work, we further demonstrate that multivalent

cations are absolutely essential to the structural integrity of caddisfly silk. NMR and

XRD results show the reversible deformation and formation of β-sheet nanostructures

within the phosphorylated serine-rich regions of caddisfly silk, through depletion or

exposure of divalent cations, respectively.
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3.3 Materials and Methods

Silk collection. Native caddisfly silk was obtained from larvae of the species

Hesperophylax consimilis from the upper Red Butte creek in Salt Lake county Utah.

The insects were removed from their original stone cases and were given blocks of

polytetrafluoroethylene (PTFE) as fodder to construct new cases. After 3 days they

were removed from PTFE cases and were placed back into their original stone cases

for feeding. Silk was separated from the PTFE cases using fine forceps and stored

in tap water at 4 ◦C. This process was repeated multiple times to obtain sufficient

sample for solid-state NMR (SSNMR)

Preparation of phosphoserine - cation salts. Samples were prepared by

dissolving L-O-Phosphoserine (Sigma Aldrich) in deionized water, adding equimolar

amounts of cation-chloride salts, and adjusting the pH to 8.3 using dilute NaOH.

The solution was then flash frozen and lyophilized. The cation mixture sample

containing paramagnetic iron (Figure 3.6E) was prepared using a 10:6:3:1 ratio of

phosphoseine:Ca2+:Mg2+:Fe3+, a ratio similar to that observed in native caddisfly

silk.[15]

Scanning Electron Microscopy. Both native and exchanged silk samples were

placed onto conductive carbon tape, then gold coated using a Denton vacuum sputter

coater desk II for 180 seconds at a deposition rate of 5 nm/min. The SEM was per-

formed using a XL30 Environmental SEM-FEG built by FEI. The secondary electron

(SE) detector was used for imaging. Measurements were collected under a vacuum

pressure of less than 9 x 10−5 mbar and with a beam current of 5.00 kV.

Wide Angle X-ray Diffraction. Caddisfly larval silk was mounted onto a card-

board washer for WAXD measurements, and a small amount of super glue was used

to secure the fibers to the washer at either end. The WAXD experiments were car-
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ried out at the 14-BM-C beam line at Advanced Photon Source at Argonne National

Laboratory using a beam energy of 12.6 KeV. The exposure time was fixed at 60

seconds for each of 5 averaged exposures, and the 9 panel CCD array detector was

placed at a distance of 450 mm in both cases. The detector used was the ADSC

Quantum-315 with a beam size of approximately 130 x 340 µm (FWHM). The sam-

ple was aligned such that the fibers were parallel to the axis of the beamstop. Cerium

dioxide (CeO2) was used as a calibrant in the FIT2D x-ray processing software to an-

alyze the 2D diffraction patterns. Ethylenediaminetetraacetic acid (EDTA), a known

metal-ion chelator, was then utilized to remove cations from the silk fibers through

chelation. Identical XRD experimental conditions were used for both the native and

EDTA-exchanged silk samples. To prepare the exchanged sample, the native sample

was carefully treated with a cation-exchange solution containing 10 mM Tris pH 8.1,

2 mM EDTA, 10 mM NaCl for 6 hours. Agitation was kept to a minimum so that

fiber alignment was not disrupted by turbulence.

Cation exchange treatment. For NMR studies, a bundle of native caddisfly silk

fibers was introduced to a solution containing 10 mM Tris pH 8.1, 2 mM EDTA, and

10 mM NaCl. This solution was stirred overnight with a magnetic stir bar to ensure

complete EDTA treatment. After NMR data collection, this sample was similarly

treated with a solution containing 10 mM Tris pH 8.1 and 10 mM CaCl2. The sample

was stirred with a magnetic stir bar overnight, and silk was recovered for solid-state

NMR experiments.

31P Solid State NMR. 31P solid-state NMR experiments were conducted on a

400 MHz Varian wide-bore instrument equipped with a 3.2 mm triple resonance MAS

probe. All samples were spun at the magic angle at 4 kHz. 31P chemical shifts were

referenced externally to crystalline ammonium phosphate at 0.8 ppm, and the same

reference sample was used to optimize 1H → 31P Cross Polarization under Magic
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Angle Spinning (CP-MAS) conditions. For CP experiments, typical experimental

conditions used were an initial 2.6 µs proton π/2 pulse, a 1 ms ramped (∼10%) spin-

lock pulse on both the 1H and 31P channels near 80 kHz, a 100 kHz spectral width,

10 ms acquisition time, a 5 second relaxation delay, and either 2048 or 4096 scan

averages. Direct Detection under Magic Angle Spinning (DD-MAS) experiments on

caddisfly silk samples utilized a 4.1 µs π/2 pulse, 10 ms acquisition time, 100 kHz

spectral width, a 5 second relaxation delay, and 2048 scan averages. All experiments

were collected using 100 kHz TPPM [26] proton decoupling during acquisition.

31P T1 measurements. The 31P T1 relaxation times were measured for native

and exchanged caddisfly silks (Figure 3.4) and for phosphoserine in the presence

of various cations (Figure 3.5) using the progressive saturation method [27]. Typical

experimental parameters used were a 4.1 µs π/2 pulse, 10 ms acquisition time, 100 kHz

spectral width, a minimum of 8 scans, and a 4 kHz MAS spin rate. Two-pulse phase-

modulated [26] (TPPM) proton decoupling at 100 kHz was applied during acquisition.

The recycle delay was varied to obtain a buildup curve dependent on T1 relaxation

properties. To obtain T1 relaxation time constants, spectra from each recycle delay

were baseline corrected, and the center-band of the chemical shift anisotropy (CSA)

powder pattern was integrated and normalized. Normalized peak areas were plotted

against recycle delay, and the curve was fit to the equation

M(t) = A1[1 - exp(-t/T1)] + A2

where A1 is a normalization constant and A2 is the y-intercept necessary for

obtaining good fits. All T1 values are listed in Table 3.1, and errors are reported as

the 95% confidence intervals from the fits.
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3.4 Results and Discussion

Caddisfly silk from the species Hesperophylax consimilis was studied with wide

angle X-ray diffraction (WAXD) and solid-state NMR techniques, and the impor-

tance of multivalent cations within the silks was investigated. EDTA was introduced

to caddisfly silk to remove divalent cations from the fibers. Figure 3.2 shows SEM

micrographs of caddisfly silk, demonstrating the effects of removing divalent cations.

The natural silks from the species H. consimilis are a fusion of two fibrils into flat,

ribbon-like fibers. Surface detail seen in Figure 3.2B shows that the fibers are com-

posed of approximately 120 nm nanofibrils aligned along the fiber axis. When the

silk is treated with a cation-exchange solution (10 mM Tris pH 8.1, 2 mM EDTA, 10

mM NaCl), the fiber morphology is completely destroyed. Instead of 5-10 µm-wide

ribbons, the silk becomes warped, inconsistent, and the nanofibrils are exposed and

disorganized (Figure 3.2C and 3.2D).
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Figure 3.2: Scanning Electron Microscopy (SEM) images of natural caddisfly silk
(A, B) and silk treated with EDTA (C, D). The fibers are destroyed when Ca2+ is
removed through EDTA chelation, exposing the small (≈120 nm) nanofibrils [22, 17].
The images were collected on gold-coated samples using a XL30 Environmental SEM-
FEG built by FEI.

The substantial changes to the fiber appearance seen in the SEM images occur

upon removal of divalent cations via EDTA chelation. These cations are potentially

being removed from phosphoserine-cation complexes, thus we probed any structural

changes caused by EDTA treatment through Wide Angle X-ray Diffraction (WAXD).

Many of the reflections have been assigned using an orthorhombic unit cell; here the

peaks labeled 1, 2, 3 and 4 correspond to (123), (004), (120) and (100) reflections,

respectively. The d-spacings associated with each peak are indicated in Figure 3.3B.

The assignments yield a repetitive orthorhombic unit cell aligned along the fiber axis,

of dimensions 5.9 x 23.2 x 17.3 Å.
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Figure 3.3: Wide Angle X-ray Diffraction (WAXD) profiles of axially-aligned cad-
disfly silk before (A) and after (B) EDTA treatment. Integrations from the equatorial
wedges (indicated in 3A) are shown below each profile, and the data was fit to four
gaussian peaks (1-4) and one background peak. After EDTA treatment, the intensity
of the amorphous background peak is increased while peaks 1, 2 and 4 are reduced.
The data shows a decrease in crystallinity after cation removal through EDTA chela-
tion.

This crystalline unit is not caused by the traditional poly(Ala) or poly(Gly-Ala)

found in spider and silkworm fibers; instead they arise from phosphorylated-serine

rich motifs stabilized by calcium, magnesium and iron cations [15, 14]. To further

investigate any structural changes upon removal of cations from the silk, the na-

tive caddisfly silk sample used for Figure 3.3A was carefully treated with a cation

exchange buffer (10 mM Tris pH 8.1, 2 mM EDTA, 10 mM NaCl) for 6 hours. Agi-

tation was minimal as to not alter the sample alignment. The sample was rinsed and

air dried, and the WAXD experiment was then recollected (Figure 3.3B). Both the
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2D diffraction pattern and the equatorial 2 theta integration profiles clearly show an

increase in background and a decrease in aligned repetitive reflections. The amor-

phous background signal, seen as the large broad lines, increased in integrated peak

area after cation removal by 20%. Similarly, the diffraction peaks associated with

axially-aligned repetitive β-sheet units decrease in intensity after EDTA treatment;

the peak areas for each of the three equatorial reflections 1, 3 and 4 are diminished

by 15-25%. The WAXD data clearly indicates that removal of divalent cations from

caddisfly silk disrupts the repetitive β-sheet structures. The percent crystallinity was

calculated for both the native and treated samples using methods described by Grubb

et al. [28], resulting in 18 and 16% crystalline, respectively. We associate the drop in

crystallinity with a partial disruption of the cation - phosphoserine nanocrystalline

β-sheets within caddisfly larval silks. While only a minor change in crystallinity, we

note that the sample agitation was kept to a minimum, so a full disruption of the

β-sheets is not expected.

A more complete EDTA treatment was performed on non-oriented caddisfly silk

bundles, and changes in phosphorus environments were probed with 31P NMR. Ini-

tially, both 31P DD-MAS and CP-MAS spectra were collected on caddisfly silk in its

natural, hydrated state. The 31P solid state NMR data provides clear evidence for

rigid phosphate environments. Both the DD-MAS and CP-MAS spectra in Figure

3.4A and 3.4B show broad powder patterns with an isotropic chemical shift (σiso)

at 1.5 ppm. The 31P chemical shift anisotropy (CSA) pattern mapped out by the

spinning side bands exhibits a negative skew parameter (skew = -0.4), which is char-

acteristic of a rigid phosphate carrying a −2 charge [29, 30]. One might expect charged

phosphoserine residues to be highly mobile and water-solvated, however the observa-

tion of a strong 1H → 31P cross polarization signal implies that the phosphates are

surrounded by a rigid proton dipolar-coupling network.
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Rigid phosphoserine environments are found in caddisfly silk even when the fibers

are wet, however this is lost upon EDTA-treatment. Both direct and CP spectra were

recollected (Figure 3.4C and 3.4D) after treating the silk with the cation exchange

buffer. The lack of signal from the CP-MAS spectrum implies that 31P nuclei are

no longer in strong dipolar contact with rigid protons. The direct 31P spectra has

collapsed to a single isotropic resonance as opposed to a broad powder pattern, in-

dicating that molecular motion is now sufficiently fast to average away the chemical

shielding tensor. The isotropic phosphorus chemical shift in the direct spectra now

falls at 3.1 ppm, shifted downfield from the natural silk as indicated by the dotted

line. This noticeable shift is consistent with our recently published data collected

on phosphoserine-cation salts; the isotropic 31P chemical shift from phosphoserine

moves downfield when sodium is present as opposed to either calcium or magnesium

[14]. Furthermore, the observations of a dramatically increased signal and the clearly

sharpened line shape in the direct spectra are again indicative of a mobile environ-

ment. Therefore upon EDTA-mediated removal of divalent cations from caddisfly

silk, a rigid phosphoserine environment is replaced by one that is highly mobile and

solvent-exposed.
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Figure 3.4: 31P DD-MAS and CP-MAS NMR data on natural (A, B), EDTA-treated
(C, D) and CaCl2-treated (E, F) caddisfly silk fibers. Direct spectra were acquired
using 2048 scan averages and a 5 second recycle delay, while CP spectra were collected
using 2048 (B and F) or 4096 (D) scan averages, a 1 ms CP contact time and a 5
second recycle delay.

Both our WAXD and NMR data on native versus exchanged caddisfly silk are in

excellent agreement with recently published mechanical and FTIR results [16]. When

individual silk fibers were treated with EDTA and multivalent cations are replaced

with Na+, the fiber’s tensile properties stiffness, strength, and energy-dissipating

hysteresis are all destroyed. The loss of mechanical properties is directly correlated

to a decrease in overall β-sheet content within the silk, as evident in a drop in intensity

of the β-sheet component of Amide I band in the FTIR spectra after EDTA treatment.

Amazingly, the original fiber mechanical properties and the overall β-sheet content

are both reestablished after calcium cations are reintroduced to the material.
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Figure 3.5: 31P T1 relaxation curves for native caddisfly silk (A), silk after removing
cations with EDTA (B), and silk after reincorporation of Ca2+ (C). Data are shown
in blue, the resulting fits with a solid red line, and the 95% confidence intervals with
red dashed lines. The difference in T1 relaxation rates between native silk and Ca2+

exchanged silk is due to the removal of paramagnetic iron from the native sample.
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Table 3.1: T1 relaxation times for native and exchanged caddisfly silks, and for
phosphoserine in the presence of various cations. *Sample prepared with a 10:6:3:1
ratio of pSer:Ca2+:Mg2+:Fe3+

Sample T1 (seconds)

Caddisfly native 1 ± 0.5

Caddisfly EDTA/NaCl 1.7 ± 0.7

Caddisfly CaCl2 7.6 ± 3.1

pSer + 2LiCl 88 ± 8

pSer + 2NaCl 61 ± 3

pSer + MgCl2 54 ± 5

pSer + CaCl2 69 ± 6

pSer + Mixture* 7.5 ± 2.5

Our NMR results also show that one can reestablish rigid calcium - phosphoserine

β-sheet regions from cation-depleted caddisfly silk after reintroducing calcium cations.

The 31P NMR data seen in Figure 3.4 reveals that when the exchanged silk was treated

with a solution containing 10 mM CaCl2, rigid phosphorus environments are partially

recovered. Although the CP-MAS signal intensity is diminished in Figure 3.4F with

respect to the natural silk spectra seen in Figure 3.4B, the broad powder pattern is

clearly recovered. The chemical shift in the CP spectra moves from 3.1 ppm back

to the original 1.5 ppm, again in agreement with a phosphoserine-divalent cation

interaction [14]. The direct spectrum shows a faint sharp component at 3.1 ppm,

similar to that observed for the EDTA-treated silk, however the signal intensity is

dramatically decreased. Both spectra were collected on the same amount of sample

and with the same NMR acquisition parameters, thus the loss in the direct 31P signal

intensity is explained by mobile phosphates being re-incorporated into rigid, water-
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inaccessible calcium-phosphoserine complexes. Interestingly, the native silk exhibits

both a strong and broad DD-MAS and CP-MAS signal (4A, 4B), but after removal

of cations and reintroducing Ca2+, this broad DD-MAS signal is weak as compared

to the CP spectrum (3.4E, 3.4F). In fact for the native silk sample the direct signal

is actually stronger than from the CP with the same relaxation delay (5 seconds) and

same number of scan averages (2048), but is much weaker than the CP after calcium

is reintroduced as the stabilizing cation. This difference is intriguing, and deserves

an explanation. We attribute the difference between the direct spectra in (4A) and

(4E) to differences in T1 relaxation properties.
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Figure 3.6: 31P T1 relaxation curves for phosphoserine in the presence of various
cations. 6A - 6E show pSer with Li+, Na+, Mg2+, Ca2+, and the Fe3+ mixture, and
figure 3.6F compares the 31P signal buildup for pSer with Ca2+ (red) and for the
Fe3+ mixture (black). Data are shown in blue, the resulting fits with a solid red line,
and the 95% confidence intervals with red dashed lines. The 10-fold enhancement of
relaxation rates when iron is present as opposed to absent is similar to that observed
in native vs. exchanged caddisfly silk

To further investigate the difference in relaxation properties between the native

and calcium-exchanged silk samples, spin-lattice relaxation times were measured using
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the progressive saturation method [27], and trends were compared to model systems

of phosphoserine in the presence of various cations. The 31P T1 relaxation time for

native and calcium-exchanged caddisfly silks were measured at 1 ± 0.5 seconds and

7.6 ± 3.1 seconds, respectively (Figure 3.5, Table 3.1), confirming that the weakened

signal observed in Figure 3.4E as compared to 3.4A is simply a result of incomplete

spin-lattice relaxation. We propose that the likely explanation for this curious differ-

ence is that native caddisfly silk contains paramagnetic Fe3+ [15], enhancing 31P T1

relaxation rates. This paramagnetic effect is lost when cations are stripped from the

silk with EDTA. To test this hypothesis, we measured T1 relaxation rates of phos-

phoserine in the presence of various cations: lithium, sodium, magnesium, calcium,

and a mixture containing a 10:6:3:1 ratio of pSer:Ca2+:Mg2+:Fe3+. In this mixture

the concentration of Fe3+ approximately mimics that observed in natural caddisfly

silks [15]. The data is shown in Figure 3.6, and T1 data is summarized in Table 3.1.

We observe 31P relaxation times in the range of 70 seconds for the phosphoserine

samples when iron is not present, which is very common for rigid phosphate mate-

rials [31, 32]. However in the mixture, the phosphorus spin-lattice relaxation time

is reduced by about 10 fold (Figure 3.6, Table 3.1). While the relaxation rates are

certainly different between the hydrated silk materials and the powder phosphoserine

model systems, it is the difference between samples with and without paramagnetic

iron that is important. While this paramagnetic effect is likely just a coincidence and

does not directly benefit the properties of silk, this observation provides additional

support that multivalent cations are being removed from the silk fibers with EDTA.

This result further highlights the importance of these cations within caddisfly larval

silks.
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Figure 3.7: The rigid cation-phosphate regions from (pSX)4 repeat motifs in native
caddisfly silk (A) are stripped of cations through EDTA chelation. Multiple nega-
tively charged phosphates now reside in close proximity. Water is able to penetrate
into these regions and solvate the phosphates, increasing molecular motion to a near
liquids-like dynamic regime (B). However when calcium cations are reintroduced to
the silk, a rigid phosphorous environment is recovered as phosphorylated (SX)4 repeat
regions collapse back into calcium-stabilized β-sheet nanocrystalline structures (C).
The phosphoserine side chains are visible, and the protein backbone is represented
by yellow tubes.

3.5 Conclusions

Figure 3.7 provides a summary of our findings. 31P solid state NMR data re-

veals that when cations are removed from caddisfly silks through EDTA chelation,

rigid phosphate environments transform into solvated, highly mobile regions. When

calcium is re-introduced to the fibers, rigid calcium-phosphoserine complexes are par-

tially recovered. A paramagnetic effect caused by the presence of Fe3+ cations within

the silk was lost after EDTA treatment, adding further support to the idea that

removal of multivalent cations from the silk fibers is responsible for the structural

changes observed after EDTA treatment. Additionally, WAXD results show that re-

moval of divalent cations disrupts repetitive β-sheet nanocrystallites within the silk.

The data highlights the structural necessity of di- and trivalent cations in caddis-
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fly larval silks, and strongly supports a structural motif in which repetitive (pSX)4

interact with calcium magnesium and iron cations to form rigid β-sheet structures

[15].
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Chapter 4

STRUCTURAL CHARACTERIZATION OF NANOFIBER SILK PRODUCED

BY EMBIOPTERANS (WEBSPINNERS)

4.1 Abstract

Embiopterans produce silken galleries and sheets using exceptionally fine silk fibers

in which they live and breed. In this study, we use electron microscopy (EM), Fourier-

transform infrared (FT-IR) spectroscopy, wide angle x-ray diffraction (WAXD) and

solid-state nuclear magnetic resonance (ssNMR) techniques to elucidate the molecular

level protein structure of webspinner (embiid) silks. Silks from two species Antipaluria

urichi and Aposthonia ceylonica are studied in this work. Electron microscopy images

show that the fibers are about 90-100 nm in diameter, making webspinner silks among

the finest of all known animal silks. Structural studies reveal that the silk protein

core is dominated by β-sheet structures, and that the protein core is coated with a

hydrophobic alkane-rich surface coating. FTIR spectra of native embiid silk shows

characteristic alkane CH2 stretchings near 2800-2900 cm−1, which decrease approxi-

mately 50% after washing the silk with 2:1 CHCl3:MeOH. Furthermore, 13C ssNMR

data shows a significant CH2 resonance that is strongly affected by the presence of

water, supporting the idea that the silk fibers are coated with a hydrocarbon-rich

layer. Such a layer is likely used to protect the colonies from rain. FTIR data also

suggests that embiid silks are dominated by β-sheet secondary structures similar to

spider and silkworm silk fibers. NMR data confirms the presence of β-sheet nanos-

tructures dominated by serine-rich repetitive regions. A deconvolution of the serine

Cβ NMR resonance reveals that approximately 70% of all seryl residues exist in a
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β-sheet structure. This is consistent with WAXD results that suggest webspinner

silks are 70% crystalline, which is the highest crystalline fraction reported for any

animal silks. The work presented here provides a molecular level structural picture

of silk fibers produced by webspinners.

4.2 Introduction

Embioptera (often called webspinners or embiids) produce silken galleries and

sheets using exceptionally fine silk fibers in which they live and breed [1, 2]. Em-

biopterans are unusual insects because they are soft-bodied and flexible even as

adults, and to a great extent, rely on silk instead of a tough exoskeleton for pro-

tection. Juvenile-form adult females, maternal care, and a colonial life that is defined

by shared silk characterize this taxonomic order of insects. They spin silk produced in

glands in the basal segment of their front feet (Figure 4.1D) [1]. They step around the

head and body as silk issues forth from multiple silk ejectors (for examples of spin step

kinematics see Edgerly et al., 2012) [3]. Immatures, as well as adults, spin silk into

domiciles that serve as retreats and egg chambers and into covered route-ways that

lead to food. The two focal species in this study, Antipaluria urichi (Family Clotho-

didae) and Aposthonia ceylonica (Family Oligotomidae), are arboreal and tropical,

living on tree bark where they graze on epiphytic algae and lichens within the relative

safety of the silk (Figure 4.1A). Arboreal species share silk, affording them protection

from predators, especially ants, which typically walk over silk apparently without

recognizing that valuable prey lay beneath.
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Figure 4.1: (A - D) Optical and SEM images of arboreal embidoptera insect silk from
the species Antiplauria urichi. The insects spin silken sheets and tunnels that protect
and harbor the colonies (A) using exceptionally fine (∼90 nm) fibers (B, C) from their
tarsus (forearms), indicated with arrows in (D). Adult insects are approximately 1.6
cm in length. A representation of the repetitive protein regions from both species is
shown in (E). Sequences from Antiplauria urichi and Aposthonia ceylonica silks were
obtained from GenBank [FJ361212] and [EU170437], respectively

.

Webspinner silks are among the thinnest of all known silk-based biopolymers, but

previous reports of fiber diameters are conflicting. Okada et al. [4] found from SEM

images that silks from the Australian webspinner Aposthonia gurneyi have fibers with

a mean diameter of only 65 nm, while polarized optical microscopy data by Collin

et al. [5, 6] found fiber diameters in the range of 500 nm for multiple embiopteran

species. This discrepancy is curious, and is addressed in this work.

While the embiopteran taxonomy and behavior have been well studied [1, 3, 7,
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8, 2, 9], very little is known about the molecular-level structure of their silks. Sig-

nificant insight was gained through cDNA sequencing of the primary silk protein

sequence from multiple embiopteran species including An. urichi and Ap. ceylonica,

which are the subjects of this study [6, 10]. Representations of the full (approximately

70 kDa) primary protein sequence for both species are seen in Figure 4.1E. Like other

silk-based biopolymers [11, 12, 13], webspinner silks are composed of highly repeti-

tive protein sequences in which glycine, serine, and alanine are heavily represented

[4, 6, 10]. Although there exists very little experimental data characterizing web-

spinner silks, the obvious similarities between the embiopteran protein sequence and

other well-characterized fibroin biopolymers allows us to make predictions. Silkworm

and spider silks are also composed of highly repetitive proteins that contain runs of

poly(GA) and poly(A) [14, 15]. It is well known that these repeat motifs form water-

inaccessable antiparallel β-sheet structures that are aligned along the fiber axis, and

these rigid, nanocrystalline β-sheets are thought to be responsible for the impressive

mechanical strengths of both spider and silkworm silks [16, 17, 18]. When one looks at

the cDNA sequences for many embiid silks [10], similarities are observed but alanine

appears to have been mostly replaced by serine. Instead of runs of poly(GA), em-

biopteran primary protein sequences are dominated by runs of poly(GS) or GAGSGS

repeats. Instead of runs of poly(A), some webspinner silks contain runs of poly(S).

Serine has a higher propensity to adopt a β-sheet environment than alanine because

of its ability to form side chain intra-sheet hydrogen bonds [19, 20, 21], therefore sim-

ilar nanocrystalline β-sheet structures are fully expected from poly(GS), GAGSGS

and poly(S) repeats found in embiopteran silks. Indeed, previous Fourier transform

infrared spectroscopy studies on embiopteran silks have suggested that the fibers

are dominated by β-sheet secondary structures within the protein core, presumably

arising from said repetitive protein motifs [6, 10, 5, 4].
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These β-sheet structures within webspinner silks are potentially nanocrystalline

and well aligned with respect to the fiber axis, similarly to other well-characterized

silks. The percentage of the total fiber content that is nanocrystalline varies sig-

nificantly among animal silks. Studies on spider dragline silk fibers show that the

crystallinity content ranges from about 30% (Nephila clavipes) to 40% (Latrodectus

hesperus), [22, 23] while fibers from the domesticated silkworm are typically higher,

in the range of 40-60% crystallinity [24, 25]. The crystalline fractions arise mainly

from repeated sequences, thus the primary protein sequence for webspinner silks

should yield predictive power; protein secondary structure within spider dragline silk

fibers has been shown to correlate quantitatively with silk primary protein sequences

[26, 23]. With the exception of short C-terminal domains, the protein sequences of

many embiopteran silks are virtually entirely composed of repetitive motifs, which

likely adopt a β-sheet structure. For example, if all of the repeat domains within em-

bidopteran silk from the species An. urichi adopt a β-sheet nanocrystalline structure,

then the percent crystallinity may be upwards of 90%. If true, embidopteran silks

are substantially higher in nanocrystalline content than other well characterized silk

biopolymers. To the best of our knowledge, no attempt has been made to measure the

nanocrystallite size, orientation or crystalline fraction of any webspinner silks, which

we address in this work through Wide Angle X-ray Diffraction (WAXD) techniques.

We are interested in better understanding the hierarchical structure of webspinner

silks. Considering the many similarities in primary protein composition, it would not

be surprising if the hierarchical structure of webspinner silk is similar to that of other

well-characterized silks. The current skin-core model for spider dragline silks, for

example, is a fibrous protein core that is encapsulated by a thin protective lipid-

like coating [27]. As discussed, the protein core of spider dragline silk is composed

of nanocrystalline β-sheet structures with dimensions of a few nanometers aligned
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along the fiber axis, separated by loosely-organized sheet, helical or randomly-oriented

domains [28, 29, 30, 31]. This protein core is surrounded by a thin protective coating

that is rich in long chain lipids and alkanes [32, 33, 34]. Very little work has been

performed characterizing this outer protective coating on spider silks, although Schulz

et al. [34] conducted a thorough GC-MS analysis of the lipid and hydrocarbon content

in silk from the orb weaver spider Nephila clavipes, revealing the presence of mostly

long chain alkanes and methoxyalkanes of chain length between C28 and C34. The

role of the lipid or alkane-rich surface coating is unclear, but it likely serves to both

waterproof the silk fibers and maintain moisture within the silk core [32]. Based on

observations in the field and on laboratory colonies, embiopteran silken galleries are

remarkably water-repellant, thus it is feasible that along with a β-sheet dominated

protein core webspinner silk fibers possess a similar lipid or alkane-rich surface coating

that serves a waterproofing purpose. Water-repellency would appear an especially

adaptive trait for An. urichi, a tropical rainforest species from Trinidad and Tobago.

Their colonies live on tree bark where they feed on epiphytic algae and lichens from

within the protective covering of their silk. Rainfall is heavy, often torrential, and

yet water appears to flow over the surface of the silk, leaving the insects dry beneath.

Ap. ceylonica species are subtropical and tropical as well and are likely exposed to

similar environmental conditions as the Trinidadian species. The availability of these

two species in laboratory cultures and of published work on their silk provided us

with an opportunity to further investigate the functional and structural aspects of

embiopteran silk.

Interestingly, a few other silk-producing insects are known to contain a significant

lipid content [35, 36]. It is often challenging to characterize a surface coating on

spider silks with NMR techniques because this layer is thin relative to the overall

fiber size and therefore hard to detect. The exceptionally fine fiber diameters of

embiid silks provides us with a unique opportunity to observe and characterize any
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surface coating in addition to the protein core because of the higher surface area to

volume ratio. In this present study, we use SEM, TEM, FT-IR, WAXD and solid-

state NMR techniques to help elucidate both molecular-level protein structure within

the silk fiber core, and to interrogate the alkane-rich surface coating surrounding the

silk fibers.

4.3 Materials and Methods

Silk collection Cultures of approximately 50 An. urichi and Ap. ceylonica were

established in separate plastic terrariums with dry oak leaves used as substrate. The

insects were fed fresh romaine lettuce leaves every few days. The colony was misted

with tap water every few days to maintain moisture and humidity within the domicile.

The insects would spin silken sheets and tunnels, and the clean areas of these freshly

spun networks were removed from the terrarium. Any visible debris (fragmented oak

leaves, pebbles, dirt and waste) were removed from the silk using a pair of fine forceps

under a dissecting microscope.

Fourier Transformed Infrared Spectroscopy FT-IR analyses were performed

using a Thermo Nicolet 6700 spectrometer equipped with an attenuated total re-

flectance (Smart Orbit ATR) accessory. For each sample, silk bundles were pressed

onto a diamond window of the ATR attachment, and 64 scan averages were collected

after 128 background scans.

Scanning Electron Microscopy Cleaned webspinner silks were secured to con-

ductive carbon tape, then were gold coated using a Denton vacuum sputter coater

for 3 minutes at a deposition rate of 5 nm/min. The SEM was performed using a

XL30 Environmental SEM-FEG built by FEI. The secondary electron (SE) detector

was used for imaging. Images were collected under a vacuum pressure of less than
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9 x 10−5 mbar and with a beam current of 5 kV. SEM images were processed using

Gwyddion version 2.31 to measure fiber diameters from multiple images [37].

Transmission Electron Microscopy Cleaned webspinner silk samples were im-

mersed in 0.5% aqueous uranyl acetate and incubated 30 min at room temperature.

An untreated control group was run in parallel and incubated in deionized water

only. Both groups were washed with 3 consecutive changes of deionized water and

allowed to air-dry overnight. Samples were then incubated in 3 consecutive changes

of Spurrs epoxy resin over several hours, flat-embedded on Teflon-coated glass slides,

and polymerized at 60◦C for 24 hrs. Segments containing multiple fibers were cut

from the thin resin layer and re-embedded in flat polymer molds to obtain the desired

cross-sectional orientation for microtomy. Sections were cut at 70 nm thickness with a

diamond knife on a Leica Ultracut-R microtome. Images were generated on a Philips

CM12 TEM operated at 80kV and captured with a Gatan model 791 CCD camera.

TEM images were processed using Gwyddion version 2.31 to measure fiber diameters

[37].

Wide Angle X-ray Diffraction Embiid silk fibers were aligned parallel across a

cardboard washer using a small amount of super glue at either end. Wide-angle x-ray

diffraction measurements were collected at the Advanced Photon Source located at

Argonne National Laboratory, Argonne IL, USA on the BioCars 14BM-C beamline

which has x-ray wavelength of 0.9787 Å(12.668 keV) and a beam size of 130 x 340

µm (FWHM). The samples were mounted on a goniometer 300 mm from the ADSC

Quantum-315 9-panel CCD array detector with the fibers offset a small angle from the

beamstop to better view the meridian reflections. The exposure time was 60 seconds

for each of ten images averaged and 5 background images were taken with the same

parameters to remove air scattering. Images were then processed using Fit2D x-ray

processing software and calibrated with cerium dioxide (CeO2).
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Peptide Preparation A peptide model, GSGHGSSSSSSSGDGSGSGSGSGSGS-

GSGA, was synthesized using Fmoc-chemistry to mimic webspinner silk of the species

Ap. ceylonica. A fully automated microwave-assisted peptide synthesizer (Liberty 1

by CEM) was used to prepare the peptide on the 0.1 mmol scale. The crude peptide

was cleaved from the resin (preloaded Alanine-Wang resin from AAPPTEC) for 4

hours using a standard cleavage cocktail (95:2.5:2.5 TFA:TIS:H2O). The crude pep-

tide was precipitated out of TFA using cold diethyl ether, and after several ether

washes, the crude peptide was dried, dissolved in 6M LiBr, and dialyzed against

water at 4 ◦C for 4 days. Any water-insoluble peptide was centrifuged out, and sol-

ubilized peptide was recovered by lyophlization. This lyophilized peptide represents

Ap. ceylonica silks in a random-coil structure. Some of this peptide was dissolved in

Formic acid and carefully pipetted onto a clean glass surface. The peptide crystallized

into a β-sheet structure upon slow evaporation of Formic Acid. Peptides were then

characterized using NMR spectroscopy.

Solid-State NMR. 13C solid-state NMR experiments were conducted on a 400

MHz Varian wide-bore instrument equipped with a 1.6 mm triple resonance MAS

probe. Samples were spun at the magic angle at 30 kHz. 13C chemical shifts were

referenced externally to TMS by setting the downfield adamantane resonance to 38.56

ppm. 1H→ 13C Cross Polarization under Magic Angle Spinning (CP-MAS) conditions

were optimized using U-[13C, 15N] glycine. For CP experiments, typical experimental

conditions used were an initial 2 µs proton π/2 pulse, a 1 ms ramped (∼15%) spin-

lock pulse at a maximum of 150 kHz on the 1H channel, and a square contact pulse

set to the -1 spinning side band of the Hartmann-Hahn profile on the 13C channel. A

100 kHz spectral width was used with 20 ms acquisition time, a 5 second relaxation

delay, and 10240 scan averages. Direct Detection under Magic Angle Spinning (DD-

MAS) experiments on hydrated embiid silk samples used a 2.5 µs π/2 pulse, 20 ms
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acquisition time, 100 kHz spectral width, a 1 second relaxation delay, and 40960 scan

averages. All CP and DD-MAS experiments were collected using 150 kHz TPPM

[38] proton decoupling during acquisition. To collect data on hydrated samples, silks

were first soaked in DI water for at least 30 minutes then blotted with a Kim-Wipe

to remove excess water.

4.4 Results and Discussion

Fiber Diameters

Silk from the embiopteran species Antipaluria urichi and Aposthonia ceylonica

were studied using SEM, TEM, FT-IR, WAXD and NMR spectroscopy to charac-

terize the molecular-level protein structure as well as a hydrophobic surface coating

rich in long-chain lipids and alkanes. Figure 4.1 shows both optical and SEM images

of insects and silk produced from An. urichi. The insects produce silk out of their

tarsal organs, or forelimbs, creating very thin sheets of silk protecting the colonies.

An example of a silk in a natural, arboreal setting can be seen in Figure 4.1A. Fiber

diameters from An. urichi were determined using SEM and TEM microscopy. Previ-

ous work by Collin et al. [6, 5] reported fiber diameters in the range of 500 - 800 nm.

However, the authors used polarized light microscopy techniques and thus could not

resolve fibers below the optical resolution limit. Figure 4.1C shows how one could

easily be fooled; it is likely that the authors were observing bundles of webspinner

silks and were unable to resolve fine detail. Figure 4.2 shows a histogram of An. urichi

fiber diameter measurements made from 68 isolated fibers over multiple SEM images

and 82 fibers from TEM images. The fibers for SEM imaging had been coated with a

layer of gold approximately 15 nm thick, thus 30 nm was subtracted from each edge

to edge measurement. The average size was 93 ± 15 nm (one standard deviation),

which is more consistent with the 65 nm fibers reported for a different webspinner
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species [4]. For TEM imaging, fiber bundles were stained by submerging in an aque-

ous solution containing 0.5% uranyl acetate for 30 minutes prior to resin embedment.

The average fiber diameter over 82 measurements from 3 separate TEM images was

100 ± 15 nm. This is slightly larger than the 93 nm average result from SEM images,

but we note that these fibers were soaked in an aqueous-based uranyl acetate stain

prior to resin embedment and thus we are potentially observing a slight swelling of

the fibers due to water absorption. This observation brings doubt into the validity of

previous mechanical testing results on embiid silks. Webspinner silks show elasticity

similar to spider silks (15-40% extensibility), but silk strengths were reported at only

about 150 MPa [5, 6]. If correct, this is many times weaker than spider dragline fibers

and silkworm silk. As a silk used primarily for structural and protective purposes and

not for absorbing impact, it would be surprising if webspinner fibers possess similar

gigapascal-level strengths as spider dragline fibers. Nevertheless, embiopteran silk

galleries must be strong enough to both deter predators, which often walk on top of

the silk.
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Figure 4.2: Fiber diameter distribution for silk obtained from adult female An-
tipaluria urichi using electron microscopy. 82 and 68 separate measurements were
combined from multiple TEM (A) and SEM (B) images, respectively. The results
indicate that An. urichi silk fibers are approximately 90 - 100 nm in diameter.

To the best of our knowledge, the only available mechanical data obtained on silk

produced by webspinner insects is unreliable due to improper fiber diameter measure-

ments. Therefore in an attempt to better estimate embiid fiber tensile properties, we
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collected tensile stress-strain curves on silk bundles prepared for An. urichi. Samples

were prepared by carefully brushing an E-shaped cardboard card across the tarsus of

adult female insects of An. urichi. Fibers were superglued to each of the three anchor

points on the E. Stress-strain curves were obtained by stretching one side of the E-

shaped card at a rate of 1% per second, while the other unstretched side was analyzed

using SEM to approximately obtain the number of fibers present. Additional exper-

imental details and results are included as supplemental material. Results suggest

that webspinner silks are significantly stronger than previously thought; we observed

an average of 500 MPa mean ultimate stress and about 30% extensibility over 14

measurements. Due to the small fiber diameters and extreme difficulty in obtaining

consistent samples, this result should only be interpreted as a rough estimate.

Infrared Spectroscopy: Surface coating and protein core

An additional key feature of embiopteran silken galleries is the ability to prevent

water from penetrating into the silk networks. While composed primarily of protein,

their silk is exceptionally hydrophobic; silken sheets protecting colonies do not appear

to allow water to penetrate into the domiciles. If the surface of the silks were composed

of glycine, alanine and serine-rich protein, one might expect water to easily penetrate

a thin layer of silk. The hydrophobic nature of the silk suggests some form of lipid or

alkane-rich surface coating similar to the water repelling layer found on spider silks

[32, 33, 27]. Our results provide evidence for such a surface coating. FT-IR data

and NMR data both show the presence of alkanes even after washing the silk with

the detergent sodium dodecyl sulfate (SDS), indicating that the surface layer must

be significantly longer than C12 as to not be removed by SDS. Indeed, initial GC-

MS analysis of a CHCl3:MeOH extraction from An. urichi silk shows the presence

of straight and branched-chain alkanes of at least length C34, and likely even longer

(supporting information). FT-IR spectra seen in Figure 4.3 on native webspinner
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silks show characteristic alkane CH2 symmetric and asymmetric stretch absorbances

at 2850 and 2920 cm−1, respectively [39]. We attribute this to alkane CH2 absorbance

from the hydrocarbon-rich surface coating on the silk. Previous FT-IR studies on

embiopteran silks also show a large CH2 absorbance, but it was not assigned [4]. The

native silk samples were then treated with 2:1 mixture of CHCl3:MeOH overnight

in attempt to remove any surface lipid or alkane-rich layer, and FT-IR analysis was

then repeated on the treated silk samples. The amide I and amide III bands did

not change suggesting that the protein structure remained unaffected (supporting

information), but the alkane CH2 stretchings dropped approximately 50% in intensity

after extraction (Figure 4.3B). This result clearly shows the presence of a lipid or

alkane-rich surface coating. It also becomes clear that the surface coating is not

covalently attached to the protein core, so perhaps this surface layer is co-secreted

along with the protein fiber.
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Figure 4.3: A: FT-IR spectra of native Antipaluria urichi and Aposthonia ceylonica
silk bundles. The strong amide I and II absorbances at 1625 and 1514 cm−1, respec-
tively, suggest that the protein core is predominantly β-sheet. B: Native webspinner
silks (black) are compared to silks that were washed with 2:1 CHCl3:MeOH for 24
hours (red). Amide I, II and III bands remain unchanged (data not shown), but
the alkane CH2 symmetric and asymmetric stretches at 2850 and 2920 wavenumbers,
respectively, drop approximately 50% in intensity after treatment. This is associated
with the removal of a lipid or alkane-rich surface coating on the silk fibers.
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The protein core structure was also analyzed using infrared spectroscopy. FT-IR

is an extremely common technique used to study protein secondary structure of silk-

based biopolymers; some examples include silks produced from silkworm [40, 41, 42,

43], spiders [42, 44] caddisfly larvae [45], silverfish [46], lacewing [36], and webspin-

ners [4, 5]. The amide I, II and amide III absorbances are commonly used to infer

protein secondary structure. There seems to be a general consensus in the literature

regarding the amide I band, but significant debate in assigning secondary structures

to components of the amide III band. For example, the amide III β-sheet and random

coil absorbances were assigned at 1263 and 1230 cm−1 respectively for silkworm silk

from Bombyx mori [40], but are assigned to 1222 and 1242 cm−1 for silkworm silk

from An. pernyi. It is possible that the inversion of peak location is a result of dif-

ferent repetitive motifs; Bombyx mori silk is dominated by poly(GA) and GAGAGS

units while An. pernyi contains runs of poly(A) similar to spider silks. In support,

careful secondary structure assignments to the amide III band for poly(A)-rich spider

silks agree well with An. pernyi but not with Bombyx mori [42]. Thus the primary

protein sequence has a major impact on FT-IR absorption peak positions, as does

fiber strain and overall secondary structure [47]. Considering significant variation in

peak position, width, and shape, we think that a quantitative deconvolution of FT-IR

absorbance bands will not give convincing results. Qualitative and especially compar-

ative analysis of IR absorbance profiles, however, can be extremely powerful. Figure

4.4 shows that the FT-IR absorbance profile of An. urichi is virtually identical to

that of Ap. ceylonica. The strong amide I absorbance maximum at 1627 wavenumbers

is identical to reports from Okada et al. [4] on webspinner silk from the congener Ap.

gurneyi, which is similarly dominated by poly(GS) and poly(S) motifs. For compari-

son, the amide I band for β-sheet-rich silkworm silk is found at 1615 cm−1 (supporting

information). The shift towards higher frequency absorbance for webspinner silk rel-
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ative to silkworm silk could be attributed to a larger random coil component, as is

often done in the literature through peak deconvolution. While this is a possibility,

we think it is more likely that the shift in frequency is a result of differing primary

protein sequences rather than a lower β-sheet fraction, especially when considering

the high expected crystalline fraction for webspinner silks. Amide I absorbances from

random-coil structures are typically found near 1650 cm−1 while β-sheet structures

show absorbances at lower frequencies ( 1620 cm−1) [48]. Additionally, the shoulder

absorbance at 1695 cm−1 is regularly assigned to β-sheet protein structures [48, 40],

thus it is quite clear that like silkworm silks, webspinner silk fibers are dominated by

β-sheet structures, and are remarkably similar across species.
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Figure 4.4: FT-IR absorbance profiles comparing webspinner silks from the species
Antipaluria urichi (red) and Aposthonia ceylonica (black). Spectra are virtually iden-
tical, emphasizing their remarkable similarity in structure.
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Wide Angle X-ray Diffraction

Characterization of webspinner silk from An. urichi by wide-angle x-ray diffrac-

tion (WAXD) indicates an amorphous fraction with diffuse scattering and a crystalline

fraction comprised of nanocrystalline β-sheet structures. The diffraction pattern ob-

served for axially-aligned webspinner silk from An. urichi shown in Figure 4.5A closely

resembles our previously published spider silk patterns, confirming the presence of reg-

ular nanocrystalline β-sheet structures within the silk protein core [49, 22]. Careful

analysis of the WAXD profile gives crystallite size, orientation of the nanocrystallite

with respect to the fiber axis, and the overall percent crystallinity of the fiber. The 12

highest intensity unique reflections were identified and assigned to an orthorhombic

unit cell of dimensions a = 6.6 Å, b = 9.6 Å, c = 19.2 Å. Each reflection was fit as an

individual component in d spacing using an iterative Gaussian fitting protocol until

it converged. The radial broadening of the crystalline reflections, as demonstrated

by the full width at half max (FWHM) in 2θ space (Figure 4.5C, 4.5D), was used to

calculate the average crystallite size along the a, b, and, c axes using Scherrers for-

mula. This resulted in crystallite dimensions of 3, 4, and 5 nm in the a, b, and c axes,

respectively [24]. Azimuthal broadening of the crystalline reflections is indicative of

variance in alignment of the crystalline fraction with respect to the fiber axis. Her-

mans orientation factor of the crystalline fraction, fc, was calculated to be 0.93, from

the FWHM of radial integration at 4.3 Å−1 where fc = (3(cos2φ)-1)/2 and φ is the

angle between the c axis of the nanocrystallite and the fiber axis. Difficulty manually

aligning the silk fibers during sample preparation leads to fiber misalignment, which

means this is a low estimate of the actual nanocrystallite orientation within the fiber.

The overall crystalline fraction can be estimated as a fraction of the area represented

by radial integration 15◦ on either side of the equator for the equatorial (200) and

(120) crystalline peaks relative to the area represented by the integrated intensity
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of the full diffraction pattern resulting in 69% crystallinity. This high crystallinity

content is likely due to the high fraction of repetitive motifs and significant serine

content, both of which correlate to increased β-sheet content in the silk protein core.
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Figure 4.5: Summary of Wide Angle X-ray Diffraction (WAXD) data. (A) 2D
WAXD pattern of axially aligned webspinner silk from Antipaluria urichi. The fiber
axis relative to the beamstop shadow (vertical) is indicated with the arrow. Equatorial
reflections (120) and (200) are associated with nanocrystalline β-sheets, and the (221)
reflection is associated with the amorphous component. (B) 1D azimuthal intensity
profile of narrow ring around the (120) reflection (4.3 Å−1 ) starting at the beamstop
and continuing counter-clockwise. (C) 1D radial intensity profile of the meridian
wedge, indicated with red dashed lines in (A). (D) 1D radial intensity profile of the
equatorial wedge, indicated with black dashed lines in (A).

Solid-State NMR

To get a more complete understanding of both the silk protein core and the en-

capsulating surface coating, we used solid-state NMR techniques on both native and

CHCl3:MeOH-washed silks in their dry and hydrated states. Solid-state NMR is a

very powerful tool for characterizing biopolymers; it has been widely utilized to eluci-
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date molecular-level environments of repeat motifs such as poly(GA) and poly(A) in

silkworm and spider silks, respectively. For embiid silks from both species discussed

in this work, glycine and serine are the most dominant amino acids represented at

approximately 45% and 36%, respectively [10]. The 13C chemical shift of glycine Cα

is not very sensitive to secondary structure, however both the alanine and serine Cα

and especially Cβ chemical shifts are influenced dramatically by local conformation

[50, 51]. 13C chemical shifts have been used extensively to identify secondary struc-

tures within silk-based biopolymers, and can be applied here to elucidate molecular

level environments within embiid silks. Cleaned, native silk from Ap. ceylonica and

An. urichi were studied with 13C solid-state NMR spectroscopy. 13C resonances for

the three most abundant amino acids are assigned, and secondary structures are indi-

cated (Figures 4.6, 4.7). We are limited in the amount of information we can extract

from 13C data on naturally-abundant samples, but we can still draw many strong con-

clusions. For one, serine exists predominantly in β-sheet structures based on the 13C

chemical shifts observed for serine Cβ (Figure 4.6). As indicated in Figure 4.6, the

serine Cβ resonances in the CP-MAS spectra lie at 64.5 ppm, a shift consistent with

serine in a β-sheet environment. Serine from GAGSGS and poly(S) repeat motifs are

most likely responsible for this observation. We also can see a minor shoulder at 62

ppm that is assigned to serine containing regions in a randomly-oriented environment.
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Figure 4.6: 1H - 13C CP-MAS NMR spectra on wet (top) and dry (bottom) embiid
silks from Aposthonia ceylonica (left) and Antipaluria urichi (right). The three most
common amino acids have been assigned, and secondary structures are indicated for
serine and alanine Cβ resonances. An alkane CH2 peak is clearly present in both
silks. Silk from both species appears structurally very similar, although An. urichi
contains significantly more alanine than Ap. ceylonica.

Further confirmation of the secondary structural assignments where made by com-

paring 1H → 13C CP-MAS NMR data of peptides mimicking webspinner repetitive

motifs that were either trapped in a random-coil confirmation or crystallized into

a β-sheet structure from formic acid (Figure 4.8). To mimic webspinner silk in a

random-coil structure, a 30 AA peptide representing the protein sequence of Ap.

ceylonica silk (illustrated in Figure 4.1E) was synthesized using solid-phase peptide

synthesis, dissolved in 6M LiBr, dialyzed against DI water for 4 days, and then

lyophilized. The peptide was then dissolved in formic acid and slowly dried, induc-

ing a β-sheet structure. This method is commonly used to capture silkworm model

peptides in both random-coil and β-sheet conformations [52, 53]. 1H→ 13C CP-MAS

data was collected on both peptides (4.8A). Using DMFIT software [54], the spectra

for random-coil and β-sheet model peptides were independently fit to extract precise

13C chemical shifts, peak widths, and % Gaussian vs. % Lorentzian line shapes. This
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information was then used to deconvolute NMR spectra for native silks to approxi-

mate β-sheet content; only peak amplitudes were allowed to vary when fitting native

webspinner silk data. Deconvolution of NMR data obtained for Ap. ceylonica (4.8B)

and An. urichi (data not shown) silks indicate that serine Cβ, the residue most iso-

lated and most sensitive to secondary structure, is approximately 70% β-sheet and

30% random-coil for both species. This estimation is consistent with both our FT-IR

and our XRD data in that FT-IR absorbance profiles for the two species suggest

that the silk protein structures are virtually identical and are dominated by β-sheet

structures, and that analysis of XRD results reveal that An. urichi silk is 70% crys-

talline. The alanine Cβ resonance shows a similar story in both silks, although it is

more clear for An. urichi silk fibers where alanine is better represented (4.6C, 4.6D).

Alanine, found almost exclusively in GAGSGS repeat motifs from An. urichi silk,

clearly exists predominantly in β-sheet structures.
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Figure 4.7: 1H - 13C CP-MAS (bottom) and DD-MAS (top) NMR on wet embiid
silks from Aposthonia ceylonica (left) and Antipaluria urichi (right). Data from na-
tive silks is seen in black, while experiments performed on An. urichi silk that was
extracted with 2:1 CHCl3:MeOH is overlaid in red. Peaks observed in the direct
spectra are significantly plasticized by water, while those observed in the CP spectra
are from more rigid regions. The CH2 alkane resonance is clearly affected by water,
suggesting its presence on the fiber surface. A new CH3 peak is seen in the direct
spectra at 14 ppm, which we assign to terminal or branded alkane methyl groups
from the surface coating.

The contrast between CP and DD-MAS spectra in Figure 4.7 is very useful to

highlight rigid versus mobile regions of hydrated silks [55, 56, 57, 58]. Domains of

the silk that are affected by water will typically have shortened 13C T1 and longer

T2 relaxation times due to increased molecular motion, thus are easily seen as sharp

peaks in the direct spectra. The DD-MAS experiment uses a fast (1 second) recycle

delay so that 13C resonances from rigid regions of the silk with long T1 relaxation

properties become saturated and therefore are not observed. While the majority of

serine adopts a β-sheet structure within the silks, a new sharp resonance emerges in

the direct spectra from both species at 62.2 ppm. This peak corresponds to serine Cβ

in a random coil or loose helical environment. Serine is found almost exclusively in
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poly(GS), poly(GAGSGS) or poly(S) repetitive motifs in both silks, therefore not all

seryl residues from these repeats exist in a β-sheet structure. A native silk gallery will

naturally repel water due to its hydrophobic coating, but in this case we encouraged

hydration of the fibers by completely submerging the silk samples in water. Perhaps

when the silk becomes forcibly hydrated, poly(GS) and GAGSGS repeats from Ap.

ceylonica and An. urichi silks are stable in both conformations, or can exchange

between sheet-like and randomly-oriented structures on a slow timescale. Alanine

resonances are weak from Ap. ceylonica silks, but we also observe a sharp peak emerge

at 17.5 ppm for alanine Cβ from An. urichi silk in the direct spectra. Similar to the

random coil serine Cβ peak evident by the sharp peak at 62.2 ppm, a portion of

alanine also appears to adopt a random coil environment. Alanine from An. urichi

silks comes from GAGSGS repeat domains, further supporting the idea that such

repeats are found in both sheet-like and random structures when hydrated. For

comparison, Bombyx mori silkworm silk is dominated by similar GAGAGS repeat

domains, however a parallel experiment conducted on these fibers does not result

in an emerging sharp helix or random-coil resonance upon fiber wetting. It appears

then that when water penetrates into and solvates webspinner silk fibers, a higher

fraction of silk protein becomes mobile as compared to similar regions of silkworm

silk. Webspinner silk protein is much smaller than that of silkworm ( 70 kDa vs. 350

kDa). Perhaps for both silkworm and webspinner silks then, the dominant protein

repeat units are embedded primarily in β-sheet nanostructures, but C- and N-terminal

ends are less restricted. The shorter length of the webspinner protein and therefore

higher percentage of protein near the C- and N-terminal domains may account for

the apparent increase in random-coil protein content after fiber wetting.
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(Aposthonia ceylonica, top) to representative peptide models mimicking β-sheet (mid-
dle) or random-coil (bottom) conformations. (B) Using peak locations, widths and
lineshapes obtained from data on peptide mimics in (A), native webspinner silk data
was fit such that only peak amplitude was allowed to vary. The data is shown in blue,
and the resulting fit in red. Results suggest that approximately 70% of seryl residues
adopt a β-sheet structure, which is in strong agreement with WAXD results.

Figure 4.7 also yields information on the surface coating surrounding the silk fibers.

For both Ap. ceylonica and An. urichi silks, one notices that the alkane CH2 resonance

is significantly pronounced in the direct spectra when the silk is wet. The alkane CH2

resonance from both silks is both sharp and strong in the direct spectra, presumably

because of fast molecular motion induced by the presence of water on the silk surface.

Additionally, both An. urichi and Ap. ceylonica silks show a new sharp resonance in

the direct spectra at 14 ppm, which we assign to terminal or branched alkane CH3

groups on the silk surface. Similar to FT-IR results in Figure 4.3, NMR data shown

in Figure 4.7 on Ap. ceylonica silk fibers reveal the severe reduction of alkane CH2

and CH3 signals after washing the fibers with a 2:1 mixture of CHCl3:MeOH (red).

We conclude that the surface coating surrounding the silk protein core is composed

of long-chain lipids or alkanes that are non-covalently attached to the protein.
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4.5 Conclusions

An in depth analysis has been performed on webspinner silks from An. urichi

and Ap. ceylonica, and our findings, summarized in Figure 4.9, allow us to improve

the current understanding of the molecular-level and hierarchical structure of em-

biopteran silk fibers. Our best electron microscopy results show that webspinner

silks are 90-100 nm in diameter, making them among the thinnest known silk-based

biopolymers. Both FT-IR and NMR results confirm what could be predicted by

the repetitive primary protein sequences; the protein core is dominated by nanocrys-

talline β-sheet structures arising from glycine- and serine-rich repeat motifs. Wide

angle x-ray diffraction results show that for An. urichi silk, and presumably other em-

biopteran silks, these nanocrystallites are highly ordered, are well aligned with respect

to the fiber axis (low estimate: fc = 0.93), and the crystallites are approximately 3 to

5 nm in dimension. Additionally, x-ray data show that webspinner silks possess an

extremely high crystalline fraction at 69%. This is consistent with solid-state NMR

results, which indicate that 70% of serine residues reside in nanocrystalline β-sheet

structures. The silk is naturally water-repellent, but when the silk is water saturated,

some regions of the protein, possibly the N- and C-termini of the relatively small

(70 kDa) protein, become mobile and randomly-oriented. NMR and FT-IR data also

provide evidence for a long-chain lipid or alkane-rich surface coating on webspinner

silk fibers. Characteristic alkane infrared absorbances and 13C resonances decrease

50% in intensity after treating the silk with 2:1 CHCl3:MeOH, suggesting that this

surface coating is non-covalently adhered to the protein core. The hydrophobic na-

ture of silken galleries appears to serve to protect the insects from being dislodged

from their arboreal dwellings during heavy rain. It also protects the interior of their

domiciles and their bodies from extreme wetting, which has multiple negative conse-
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quences including increased risk of suffocation and of fungal attack. During severe

dry periods, the silk might also serve to limit desiccation of the insects sheltering

inside. The basic hierarchical structure of webspinner silk fibers is illustrated in this

study: the thin fiber core is composed of glycine and serine-rich repetitive protein

motifs that primarily adopt a β-sheet nanostructure, and the protein core surrounded

by a thin protective hydrophobic lipid or alkane-rich shell.

Random Coil Domains

Crystalline β-sheet Domains

Lipid Coating

90-100 nm
3-4 nm

4-5 nm

Figure 4.9: Conceptual model of webspinner silk based on experimental results. β-
sheet nanocrystallites (red) are a few nanometers in dimension, are well-aligned with
respect to the fiber axis, and they make up about 70% of the silk protein core. Sep-
arating these nanocrystalline regions are random or loosely-oriented domains (blue).
The silk protein core is surrounded by a thin hydrophobic lipid or alkane-rich layer
(yellow).
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4.6 Supplemental Material

The figures below were provided as supplementary material for chapter 4, which

was submitted for publication to RCS Advances. We chose not to feature the me-

chanical testing data in the main body of the publication because considering the

difficulty in preparing consistent samples, we do not think the data gives much more

information than a rough estimate. It was sufficient in our case to point out that web-

spinner silk fibers are stronger than previous studies had suggested. We encourage

other interested researchers to improve on our initial results.

106



Figure 4.10: Tensile properties for webspinner silks of the species Antipaluria urichi
were investigated in an attempt to improve on suspect results from previous works.
Fourteen stress-strain curves were obtained using a Nano Bionix tensile tester (MTS
System Corp, Akron, OH, USA). Samples were prepared on E-shaped cards by first
anesthetizing an adult female insect with CO2 gas, then pinning the insect on her
back using strips of Parafilm. Then under a dissecting microscope, the tips of the E
card were brushed against the tarsus a couple times until a silk bundle was visible
to the naked eye. The silk was then secured to the 3 tips of the E with superglue
(cyanoacrylate). E-shaped cards were mounted on the Nano Bionix apparatus seen
above for tensile testing. The card was secured, and one side of the E paper card was
cut with scissors prior to testing. The other half of the E contains an untested silk
bundle that was imaged with SEM to estimate the number of fibers present in the
tested sample. Fiber bundles were extended at a rate of 1% strain per second until
complete failure, and force versus extension curves were obtained for all samples.
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Figure 4.11: (A) 14 stress-strain curves obtained from webspinner silk bundles of the
species Antipaluria urichi. Raw force data was converted to engineering stress after
accounting for the total silk cross sectional area as estimated through SEM imaging
of the non-stretched portion of each sample. (B) Example SEM image corresponding
to trace 13. Approximately 120 fibers are present in this case. The mean ultimate
stress for the 14 fibers is 500 MPa, revealing that the webspinner silk is significantly
stronger than previously reported.
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Figure 4.12: Comparison of the FT-IR absorbance profiles before (black) and after
(red) washing webspinner silks with 2:1 CHCl3:MeOH to remove the surface lipid or
alkane-rich layer. The amide I, II, and III bands are all essentially identical after
washing, which suggests that the silk protein structure remains unchanged.
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Figure 4.13: Comparison of the FTIR absorbance profiles of degummed Bombyx
mori silkworm silk (red) with native Antipaluria urichi silk (blue). Both silks are
protein-based biopolymers rich in GAGAGS (B. mori) or GAGSGS (An. urichi)
repetitive motifs. The profile for An. urichi silk is similar to that of B. mori silkworm
silk, but the amide I, II and III bands are shifted towards slightly higher frequencies.
We believe that the shift in frequency is a result of differing primary protein sequences.
It is clear that both silks are dominated by β-sheet secondary structures.
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Chapter 5

EMBIOPTERAN (WEBSPINNER) SILK DISPLAYS THE ROSE PETAL

EFFECT: UNWRAPPING THE ADAPTIVE LAYERING FROM NANOSCALE

TO MICROSTRUCTURE

5.1 Abstract

In this study, the existence, composition, and function of an outer lipid coating

on the surface of embiopteran (also referred to as embiid or webspinner) silk from the

tropical rainforest species Antipaluria urichi were investigated. The choreography

of spinning was also described in detail to address observations that A. urichi adult

females changed their spinning behavior depending on the specific microenvironment.

Webspinner silk galleries are constructed using exceptionally fine protein-based silk

fibers (90-100 nm in diameter) that overlap and crisscross to form sheets and tunnels.

These interwoven sheets are therefore heterogeneous surfaces, and Scanning Electron

Microscopy (SEM) images reveal both nano- and microstructural fine structure fea-

tures. SEM and Fourier Transform Infrared Spectroscopy (FTIR) data revealed the

presence of a lipid or alkane-rich coating on the surface of the silk fibers. This lipid

coating was extracted from the fibers using organic solvents, and its general com-

position was characterized with Gas Chromatography Mass Spectroscopy (GC-MS).

GC-MS results on lipid extracts from both 2:1 chloroform/methanol (CHCl3/MeOH)

and 1:1 dichloromethane/hexanes (DCM/hexanes) revealed the presence of straight

and branched-chain alkanes and fatty-acids up to and above 36 carbons in length, and

in addition some steroid species were also seen. The hydrophobicity and wettability

of the silk, an important property of embiopteran silk shelters, were studied using
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contact angle analysis of water droplets on silk sheets. The native sheets were found

to have a property of hydrophobicity similar to that of a rose petal, namely that the

surface is extremely hydrophobic (150◦ advancing contact angle) while also exhibiting

a high contact angle hysteresis, resulting in the capacity to grip water droplets tightly

to the surface of the silk sheet without actually wetting the silk itself. Washing of the

silk with 1:1 DCM/hexanes to remove lipids from the surface of the silk fibers resulted

in the silk sheets becoming permeable to water, confirming that the lipid coating is

critical to the silk’s hydrophobic properties. Observation of A. urichi adult female

stepping patterns shows that the insect adjusts her silk spinning behavior depending

on the specific microenvironment. When in the more open environment the webspin-

ner spins more silk by using much more complex stepping patterns than when in an

enclosed environment. Considering the significant reliance on the silk, we hypothesize

that the peculiar stepping behavior when creating the outer surface of the gallery is an

evolutionary adaptation that selected for a superhydrophobic heterogeneous surface

with the appropriate micro- and nanostructural features to exhibit water adhesion

properties similar to the rose petal.

5.2 Introduction

Embiopterans, also known as webspinners or embiids, are tropical insects that use

silk to build shelters of interconnected tunnels called galleries, typically on tree bark in

humid climates and in leaf litter in dry regions [1, 2]. The species studied herein, An-

tipaluria urichi, is of the family Clothodidae in the insect Order Embioptera, honoring

Clothos, the youngest of the three Fates of Greek mythology, known as the spinner of

the thread of life. The name aptly reflects the order-defining spinning behavior and

particularly that of species in the family Clothodidae of which Antipaluria urichi of

Trinidad and Tobago is a prime example. This rainforest species spins very thin (on
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the order of 100 nm in diameter, see Chapter 4) protein-based silk fibers from their

forelimbs, or tarsi, the basal surface of which is covered with hundreds of silk ejectors

that are fed by subdermal silk glands, enabling the insect to spin hundreds of fibers at

once into sheets [3, 2, 4]. Their silk sheets are especially thick and cloth-like, acting

as covering for domiciles and feeding sites of epiphytic algae and lichens on the bark

of tropical trees (Figure 5.1A). The adult female dedicates much of her time to spin-

ning behavior, an investment that apparently assists offspring in their development

for they grow faster in her presence. Maternal investment in silk spinning greatly

increases after her young hatch providing protection from predators and from, as yet

unquantified but likely, abiotic elements [5, 6, 7]. We know from observations in the

field that by lifting up the cloth-like covering following a torrential rainfall typical

of their habitat, one finds the dwelling place beneath dry and seemingly protected

from pounding raindrops and stem flow that gushes over the colonys silk surface [8].

Laboratory cultures also remain dry when water is poured onto the silk. The galleries

are in fact so water resistant that to access water to drink, A. urichi individuals bite

a small hole beneath a standing drop of water that sits on the silk sheet and suck in

the water (this behavior was captured on film in the third installment of the BBC

series Life in the Undergrowth, The Silk Spinners, narrated by David Attenborough).

They quickly patch these small drinking holes. Many galleries are situated vertically

on a tree as shown in Figure 5.1A. One might expect water to roll off of this vertical,

hydrophobic surface, but amazingly after a rainstorm some droplets of water remain

adhered to the gallery, and are thus accessible to the insects. This phenomenon is

illustrated in Figure 5.1B; an oak leaf with attached silk was removed from the labo-

ratory terrarium and situated vertically against a black backdrop. Water droplets on

the silk surface are nearly spherical in shape (high contact angle) yet remain adhered

to the surface. For comparison, the same sized droplets spread out (low contact angle)
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when they come into contact with the oak leaf. The protective qualities of this silk

might also include prevention of desiccation of these soft bodied insects, which must

survive dry seasons as well as wet. These observations suggested to us that the way

water interacts with embiopteran silk represents an adaptation worth investigating

the hierarchical nature of silk architecture: how the silk is laid down by the spinner,

the microstructure and finally, the nanostructure.

A B

C D

5 μm 5 μm

5 μL droplet
on Oak leaf

Gravity

10 μL droplet
on silk

Figure 5.1: Optical (A, B) and SEM (C, D) images of Antipaluria urichi silk. (A)
A. urichi silk gallery covering over 1 square meter is seen on tree bark in Trinidad.
(B) A silk gallery attached to an oak leaf, held upright so that the axis of the leaf
is perpendicular to the ground. Small drops are 5 µL, while the large drop is 10 µL.
Droplets on the silk bead up yet remain pinned to the sheet against gravity, while
droplets on the oak leaf spread out and drip down the surface of the leaf. (C) SEM
image of webspinner silk, showing the nanoscale thickness (90-100 nm) of the fibers.
(D) A single silk fiber being extruded from one of hundreds of silk ejectors on the
tarsus of an A. urichi adult female.

The hydrophobic nature of the silk may arise from some form of lipid coating on

the surface of the silk fibers. Previous studies have shown the presence of lipids in a
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variety of arthropod silks [9, 10, 11, 12]. A gas chromatography mass spectrometry

(GC-MS) analysis of derivatized lipid extracts from Nephila clavipes major dragline

silks indicated that the lipid profile is mostly composed of long branched and straight

chain alkane species with methyl ether, carboxylic acid , alcohol and diol headgroups

[9]. Green lacewing cocoons also have been shown to contain a significant lipid content

that is integrated into a matrix of silk protein fibers, serving as a waterproof barrier.

GC-MS and thin layer chromatography (TLC) plate analysis showed the presence of

both polar and nonpolar lipids, and some with carboxylic acid headgroups [10].

Previous studies on webspinner silks have focused mostly on initial characteriza-

tions of the amino acid sequence and secondary structure of the silk protein material

[13, 14, 15]. While the amino acid sequence of the silk protein may vary slightly be-

tween taxa and species of Embioptera, the general trend is that webspinner silks are

highly repetitive protein-based biopolymers comprised mostly of glycine, serine, and

alanine. Fourier transform-infrared spectroscopy (FT-IR) measurements have sug-

gested that the secondary structure of the silk fibroin is mostly β-sheet in structure

Collin:2009je, Collin:2011il, Addison:gy. Our recent solid-state NMR and Wide-angle

X-ray Diffraction results on A. urichi silks (see Chapter 4) revealed that approxi-

mately 70% of the protein fiber is composed of nanocrystalline β-sheet structures of

a few nanometers in dimension that are well-aligned with respect the fiber axis. The

high percentage of the silk fibers adopting a β-sheet structure likely accounts for the

reasonably high ( 500 MPa mean ultimate stress) rigidity measured for the silk, which

is a quality expected of a good structural material for building shelters.

The fine structure of webspinner silk galleries arising from the concerted stepping

motions of the insect has a dramatic effect on the function of the silken sheets, and

therefore may be an adaptation based on ecological necessities. We therefore seek

to explore the fine details of A. urichi spinning behavior by filming adult females in
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two different settings and by employing an event recorder designed to allow quantifi-

cation of spinning during slow-speed replay. Our hypothesis, based on preliminary

observations [2] is that when A. urichi are in the open, as on bark, they will express

a complex spin routine that generates a framework for a domicile, followed by rein-

forcement of the emerging silk structure. If they are placed in a burrow-like arena

that by its nature provides more protection for the insect, they should switch to a

different routine to merely coat the arena walls with silk. There would not be a need

for building a framework in this case. Quantifying spin steps will provide insight into

how A. urichi creates structural details reported in other sections of this report. An

alternative hypothesis is that their spinning behavior is stereotypical. If so, their spin

style will be consistent irrespective of arena type. In either case, quantifying details

of spinning will provide insight into how they create silk structures that appear to

protect the occupants from flooding by tropical rain.

Thus, this present study is a combinatorial work that offers insight into both

the molecular-level detail and macroscopic uses and production of these exceptional

silk fibers. The existence, composition, and functional uses of a hydrophobic lipid-

rich surface coating on Antipaluria urichi silk fibers are investigated for the first

time. Additionally, to study a primary function of embiid silk, its hydrophobicity,

the wettability of the silk gallery walls was measured via contact angle hysteresis.

Finally, through carefully monitoring of A. urichi spinning behavior we investigated

if their complex, concerted foot stepping behavior is stereotypical or is a result of

adaptation to microhabitat.

5.3 Materials and Methods

Insect Rearing. Antipaluria urichi were collected from Trinidad and Tobago by

researchers from Santa Clara University, reared in a plastic terrarium with dried Live
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Oak leaves as substrate, and fed fresh lettuce leaves every few days. The terraria were

covered with a fine mesh to prevent insects from escaping. Humidity was maintained

by misting the sides of the container every few days.

Silk Spinning Behavior. Complete experimental details are given in the Sup-

plementary material, but briefly: to induce spinning in the laboratory at Santa Clara

University, five individuals were placed into either a narrow notch into a plywood

block, covered with a transparent plastic lid, or into a bark-line plexiglass box Arena

set-up is shown in Supplemental Figure 1. Behavioral acts were scored using Observer

software (version 5, Noldus Information Technology, Wageningen, The Netherlands).

Videos were replayed at 1/2 speed and the same investigator scored the behaviors to

minimize investigator error.

Infrared Spectroscopy. Two samples of webspinner silk, each approximately

2 mg, were collected by taking sections of silk from the cleanest sections of the gal-

leries in the terrarium. Any debris was removed manually under a microscope us-

ing fine tweezers. One sample was soaked in a 2:1 mixture of chloroform/methanol

(CHCl3/MeOH) for 12 hours, and subsequently rinsed with deionized water. The

other sample was only rinsed with deionized water. Both samples were dried and

then subsequently analyzed using a Nicolet 6700 FT-IR instrument with a Smart

Orbit diamond Attenuated Total Reflectance (ATR) accessory, with spectra collected

for 32 scans at a resolution of 2 cm−1.

Electron Microscopy. Bundles of natural A. urichi silk and of CHCl3/MeOH-

washed silk were imaged with Scanning Electron Microscopy (SEM). Bundles were

first secured to conductive carbon tape, and then were gold-coated using a Denton

vacuum sputter coater desk II for 3 minutes at a deposition rate of 5 nm/min. The

images were obtained using an XL30 Environmental SEM-FEG built by FEI. The

secondary electron (SE) detector was used for imaging. Images were collected under

a vacuum pressure of less than 9 x 10−5 mbar and with a beam current of 10 kV.
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Gas Chromatography Mass Spectroscopy Analysis on Lipid Extractions

The lipid extract was obtained by soaking 6 mg A. urichi silk in either 20 mL of 2:1

CHCl3/MeOH or 1:1 dichloromethane/hexanes (DCM/hexanes) for 24 hours. Any

undissolved material was removed manually or through centrifugation, and the re-

maining solvent was evaporated down to dryness with a stream of N2 gas. The residue

was then dissolved in 250 µL analytical grade dichloromethane for GC-MS. Silyl

derivatization was performed by mixing 50 µL of the DCM/hexanes extract with 50 µl

99% N,O-Bis(trimethylsilyl) trifluoroacetamide (BSTFA) with 1% trimethylchlorosi-

lane (TMCS) and heating in an oven at 65 ◦C for 3 hours. Methyl ester derivatization

was carried out with methylnitronitrosoguanidine (MNNG) in water with potassium

hydroxide to produce diazomethane to methylate 50 µL of the DCM/hexanes extract

diluted in 1 mL of analytical grade DCM. The methylated extract was then evapo-

rated down to 50 µL with N2 gas. An alkane standard containing chains with lengths

between 15 and 29 carbons in length, plus hexatriacontane, was prepared as well. For

the analysis of the underivatized extracts, derivatized extracts, and the alkane stan-

dard, an Agilent 6890N/5973 inert GC-MS was used, operated in electron ionization

mode using a HP-5MS column (30 mm x 0.250 mm x 0.25 µm) with splitless injection

(10 psi) set at 300 ◦C. The helium carrier gas was set at a rate of 1.2 mL/min. The

oven temperature was initially set to 65 ◦C for 10 min followed by an increase to 300

at 10◦C/min and held for 20 minutes.

Contact Angle Hysteresis. Two debris-free sections of A. urichi silk galleries

were collected from the terrarium and wrapped around glass slides. One of the silk-

coated slides was soaked in 1:1 DCM/hexanes for 30 minutes and subsequently rinsed

with water and allowed to dry. The other slide was simply rinsed with water and

dried. A Krss Easy-Drop Contact Angle Goniometer was used to place 5 µL droplets

of Millipore water on the silk surface and measure the advancing contact angles.
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Water was added to the droplet in steps of 2.5 µL until an advancing contact angle

maximum was reached. Five trials were performed for both the solvent-washed and

unwashed samples and an average of the measurements was taken as the advancing

contact angle.

5.4 Results and Discussion

Fiber Morphology and Surface Coating

Embiopteran silk from Antipaluria urichi was studied using SEM, FTIR, GC-

MS, contact angle techniques, and by monitoring their spinning behavior. Electron

Microscopy results highlight the organization and spacing of the exceptionally fine

silk fibers that make up the protective, water-repellant silken galleries. Figure 5.1C

shows an SEM image of A. urichi silk taken from the surface of a native colony kept

in house. As can be seen by the scale bar in the image, individual silk fibers are

approximately 90-100 nm in diameter. Previous reports have listed the diameter of

webspinner silk fibers of various species as small as 65 nm from SEM and Small-

angle X-ray Diffraction techniques [15], and as large as 800 nm from polarized-light

microscopy techniques [13]. This discrepancy in the literature regarding the true

thickness of webspinner silk fibers was attributed to the immature or young nymphs

that presumably produced thinner fibers than adults [14], however our SEM image

of a silk fiber extruding from an adult female webspinner ejector (Figure 5.1D) in

addition to our recent fiber diameter measurements from SEM and TEM images

(Chapter 4) should lay to bed any confusion. Embiopteran silk fibers are indeed on

the order of 100 nm, making webspinner silks among the thinnest of all known animal

silk biopolymers. The texture, nanostructure, and microstructure of a rough surface

have been repeatedly shown to significantly influence the behavior of water when

in contact with the surface [16, 17, 18]. Considering the necessity of embiopterans
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to remain protected from heavy rainfall yet also retain access to water to drink,

the texture and large-order organization of fibers comprising the silken galleries is

of great interest. The SEM image seen in Figure 5.1C from A. urichi silk galleries

reveals that silken sheets are composed of single fibers, bundles of a few fibers, and

also bundles of many fibers that criss-cross and overlap in multiple directions. The

fibers or collections of fibers appear relatively evenly spaced with gaps or open spaces

between the fibers in the range of a few to tens of microns. In addition to the 100

nm thickness of individual fibers, there exists nanometer-scale texture of bundles of

silk fibers as well as intersection points where fibers overlap. Thus, embiopteran silk

galleries are textured surfaces with both microstructural and nanostructural features.

In other words, the textured surface of webspinner silk sheets covers a range of features

from as small as a few nanometers to as large as 10-20 microns. The effects of said

features will be discussed in later sections.

Figure 5.2: Scanning electron microscopy (SEM) image of natural silk. b) SEM
image of silk washed with CHCl3/MeOH. The natural silk has a smooth, uniform
appearance with relatively even spacing between fibers or fiber bundles, while the
washed silk has an uneven surface with small beads and clumps on the silks exterior.
Additionally, the fibers are aggregated into larger bundles and less evenly spaced.
The beaded, rough surface of the washed sample may be the result of undissolved
lipid material remaining on the surface of the silk, and the clumping of fibers may
be a result of the exposed fiber cores aggregating together in the presence of organic
solvent.
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The ability of protective silk galleries to repel water implies there may be some

form of hydrophobic coating on the silk surface. Scanning electron microscopy (SEM)

images of 2:1 chloroform/methanol (CHCl3/MeOH)-washed and native A. urichi silk

show changes in the morphology of the silk sheets upon washing (Figures 2A and

2B). The natural silk has a smooth, uniform appearance with relatively even spacing

between fibers or fiber bundles, while the treated silk has an uneven surface with small

beads or clumps on the silks exterior. Additionally, the fibers appear aggregated into

larger bundles and are less evenly spaced. The beaded, rough surface of the washed

sample may be the result of unremoved lipid material that remains on the surface

of the silk, and the clumping of fibers may be a result of the exposed proteinaceous

fiber cores aggregating together in the presence of the organic solvent. The apparent

removal of an outer lipid coating with an organic solvent is consistent with the study

by Sponner et al. [11] where a lipid coating on Nephila clavipes major dragline silk

was removed by extraction with diethyl ether. In said study, TEM was used to image

cross sections of N. clavipes dragline silk dyed with lipid-specific stains, showing the

lipid layer on the surface of the silk and its subsequent removal after washing with

ether. Unfortunately, the extremely thin fiber diameters of webspinner silks compared

to spider silk has made obtaining similar stained cross sections of webspinner silk

impractical.

The presence of lipids or alkanes on the silk surface was also investigated using

Fourier-transform infrared spectroscopy. Figure 5.3 compares the FTIR spectra be-

tween 2600 and 3600 cm−1 of native A. urichi silk to silk that was washed with 2:1

CHCl3/MeOH for 24 hours. Absorbances at 2922 cm−1 and 2850 cm−1 are associated

with the sp3 symmetric and asymmetric CH2 stretching modes expected for alkanes

[19]. Upon washing with CHCl3/MeOH, the intensities of these peaks are greatly

reduced while the remaining features in the spectrum (not shown) are unchanged. A
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similar result was obtained by Weisman et al. [10] in the analysis of green lacewing

cocoons, where it was observed that the peak intensities of CHCl3/MeOH-washed co-

coons were reduced by approximately 50% when compared to the spectra of natural

cocoons. The observation that CHCl3/MeOH appears to remove material from the

surface of A. urichi silk fibers as seen from the SEM images in Figure 5.2, combined

with the reduction in alkane CH2 IR peak intensity after washing with CHCl3/MeOH,

suggests that the material being removed from the silk surface is an alkane or lipid-rich

surface coating.

2800 3000 3200 3400

Wavenumber (cm   )-1

Natural Silk
CHCl3/Methanol-Washed Silk

Figure 5.3: FT-IR spectra of natural silk (black) and CHCl3/MeOH-washed silk
(red) between the boundaries of 2600 and 3600 cm−1. Peaks at 2922 cm−1 and 2850
cm−1 are associated with the sp3 symmetric and asymmetric CH2 stretching modes
expected for lipids. Upon washing with CHCl3/MeOH, the intensities of these peaks
are greatly reduced while the remaining features in the spectrum (not shown) remain
unchanged.

The source or mechanism of deposition of this lipid coating is not definitive, al-

though it is likely that the lipid layer is co-extruded along with the silk as opposed

to deposited onto the silk post-extraction. A study of the silk gland morphology of

the Japanese embiopteran Oligotoma japonica showed that there exists two distinct

materials within the lumen of each individual silk gland partitioned as a dominant

128



inner layer and a minor outer layer [3]. The outer material was labeled as sericin

while the inner material was labeled as silk fibroin; this convention is consistent with

the composition of Bombyx mori silkworm silk [20]. However, it is suggested from

cDNA studies across the taxa of Embioptera that only one protein is used to produce

webspinner silks [21]. It therefore seems likely that this outer layer is not a sericin-

like second protein material but instead is the lipid coating being co-excreted with

the silk protein. While we believe that co-secretion is a strong possibility for the

source of the lipid material found on the surface of the silk, it is also possible that

embiopterans also lay down cuticular lipids on their silk after spinning as a result

of their exoskeletons coming into physical contact with the silk and rubbing off lipid

material. It could also be that the lipids could come from both co-secretion and from

the cuticle. A hypothesis of a combination of both secreted lipids and cuticular lipids

being the origin of the lipids on the surface of silk fibers was suggested to explain the

difference in lipid profiles between freshly drawn silk and silk obtained from harvested

webs of N. clavipes [9].

GC-MS Analysis of Lipid Extracts

In order to characterize the lipid layer on the surface of embiopteran silk, two sol-

vent systems, 2:1 CHCl3/MeOH and 1:1 dichloromethane/hexanes (DCM/hexanes),

were used to extract lipids from the silk for compositional analysis of the surface

coating using GC-MS techniques. The lipid profile extracted from a biological sam-

ple is highly dependent on the extraction technique [22, 23]. It has been shown that

for biological tissue samples, 2:1 CHCl3/MeOH extracts more lipid material than

other solvent systems [23]. CHCl3/MeOH has also been used by previous studies

of silk lipids [9, 10]. However, in studies of insect cuticular lipids, extraction with

DCM/hexanes has been chosen because this system is better suited for extracting

straight and branched-chain alkanes, and other very hydrophobic lipids found on in-
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sect cuticles [24, 25]. Figure 5.4A shows the m/z = 99 ion chromatogram for the

CHCl3/MeOH extract of the silk, while Figure 5.4B shows the m/z = 99 ion chro-

matogram for the DCM/hexanes extract. The value m/z = 99 is characteristic of

straight chain alkane ion fragments, corresponding to the undecanium cation, there-

fore the majority of the peaks in these two chromatograms are indicative of alkanes.

The m/z = 99 chromatogram of a prepared alkane standard (in red) is included in

each figure for comparison, with the latest eluting peak corresponding to a 36-carbon

chain, and the span of earlier-eluting peaks corresponding to chains of 15-29 carbons

in length.. In the chromatogram of the CHCl3/MeOH extract (Figure 5.4A), two ma-

jor classes of lipids are seen, distinguished by their elution times: an earlier-eluting

group, corresponding to more polar and shorter chain lipid species, and a late-eluting

group, corresponding to very long branched and straight chain lipids. The earlier-

eluting group is absent in the DCM/hexanes extract (Figure 5.4B), while more species

are present in the late-eluting group to such an extent that they broaden into a large

hump. This broad hump is known in petrochemical analysis as an unresolved com-

plex mixture (UCM) [26]. The hump is known to consist of a variety of straight and

branched chain alkanes with varying branch substitution positions and lengths. We

can characterize the UCM by where it elutes with respect to the elution times for

the alkane standards. As it begins eluting near where icosane (20) elutes and extends

past hexatriacontane (36), the lipid species in the A. urichi silk extract therefore span

from around 20 carbons to beyond 36 in length, with various degrees of branching.

While CHCl3/MeOH extracts a wider profile of lipids including both short and long

chain lipids, DCM/hexanes only selects for the fraction of the total lipid profile that

contains the longest chain lipids. We are interested in identifying the presence of

long-chain lipids and alkanes but not necessarily interested in a complete and quanti-

tative analysis of the total lipid profile, thus we elected to derivatize only aliquots of
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the DCM/hexanes extract, thereby focusing on the longer, more hydrophobic species

in the DCM/hexanes extraction. Methyl ester derivatization of carboxylic acid head-

groups in the extract enabled detection of lipid species with fatty acid headgroups,

because peaks corresponding to species that could undergo methyl-ester derivatiza-

tion had shifted in their elution times between the chromatograms of underivatized

sample and the chromatograms of methyl-derivatized sample. This technique was

also used by Weisman et al. [10] to observe the presence of fatty acids in the lipid

extracts of green lacewing cocoon silk. Figure 5.4C shows the ion chromatogram at

m/z = 143, corresponding to the heptanoic methyl ester cation, an ion fragment of

long chain fatty acid methyl esters. Fatty acid esters up to 28 carbons in length could

be resolved at relatively evenly spaced elution times, with hexadecanoic (16) and oc-

tadecanoic (18) acid esters being the highest in concentration and the icosanoic (20)

acid ester being relatively absent. Fatty acids likely exist with carbon chains longer

than 28, but the UCM hump makes them difficult to resolve. The mass spectrum of

the second earliest-eluting peak in the m/z = 143 chromatogram is shown in Figure

5.4D, which identifies it as the methyl ester of octadecanoic acid. The molecular ion

peak is observed at m/z = 298. Silyl ester derivatization of the DCM/hexanes extract

also enabled detection of fatty acids in this same manner. Lipids with other head-

groups such as alcohol and methyl ether groups were not able to be selected out from

the chromatograms as was done for the fatty acids, however this does not necessarily

mean that they are not present in the lipid profile of embiopteran silks. Considering

the microgram amounts of extracted lipid material and the detection limits of the GC-

MS instrument, if they are present, they exist at much lower concentrations. Based

on the presence of straight chain and branched alkanes and long chain fatty acids

observed in the GC-MS analysis from both the CHCl3/MeOH and DCM/hexanes

extractions, the profile of lipids encountered in embiopteran silk appears similar to

the profile seen in the silk of the spider N. clavipes [9].
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Figure 5.4: Normalized GCMS chromatograms of CHCl3/MeOH (A) and
DCM/hexanes (B, C) lipid extracts, with a mass spectrum of one of the lipid species
(D). (A) Ion chromatogram at an m/z = 99 Da comparing the elution time of the
lipid species extracted using CHCl3/MeOH (black) to a standard mixture of alkanes
(red). The highest alkane peak in the standard corresponds to a 36-carbon chain, and
the span of earlier-eluting peaks corresponds to chains of 15-29 carbons in length. (B)
Ion chromatogram at m/z = 99 Da comparing the elution time of the lipid species
extracted using DCM/hexanes (black) to the same standard mixture of alkanes as in
A (red). (C) Ion chromatogram of the methyl-ester derivatized lipid extract at m/z =
143. Labels on peaks indicate the length of the fatty acid chain in number of carbons.
(D) Mass spectrum of the second-earliest eluting peak in C, identifying the lipid as
the methyl ester of octadecanoic acid, with molecular ion peak of m/z = 298.

Also observed in the silyl ester derivatized extract at m/z = 255 were five dis-

tinctly resolved steroid silyl ester species, which is a characteristic ion fragment ob-

served for derivatized steroid species [27]. It is possible that these steroid molecules

are pheromone signals produced by embiopterans used for communication, as it is

well known that many insects communicate by means of pheromones [28, 29], and is

known that embiopterans are capable of other complex methods of communication

such as the transmission of signals via vibration of their silk gallery walls [30, 31]. An-

other possibility is that these steroid molecules could exist as a functional component
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of the lipid coating on the silk. Steroid incorporation in the surface coating could

have the desirable effect of controlling the physical properties of the lipid coating,

such as fluidity and mobility, so that the coated silk is not waxy and hard, yet still

hydrophobic.

Contact Angle Hysteresis of Natural and Solvent-Washed Sheets

To analyze the behavior of water on the surface of webspinner silk galleries, we

performed a study of the contact angle hysteresis for water on a sheet of silk using the

sessile drop method [32]. Measurement of contact angles between liquid droplets and

homogenous solid surfaces can provide information about the surface energy of the

material by Youngs Equation [33, 34]. However, embiopteran silk sheets are hetero-

geneous, rough surfaces, and Youngs equation in the simplest sense cannot be used

to model the system. Despite this, we are still able to characterize that rough surface

to some degree through study of the hysteresis between the maximum and minimum

contact angles observed after changing the volume of water in a droplet on a rough

surface [35]. The maximum and minimum contact angles for a droplet on a surface are

known as the advancing and receding contact angles, respectively. The macroscopic

properties of the advancing and receding contact angles and the hysteresis between

those depend greatly on both the surface chemistry and on microscopic morphology

of the rough surface [16, 36, 36, 37].

Two famous examples of this found in nature are the lotus leaf and the rose

petal. Both the lotus leaf and the rose petal are superhydrophobic surfaces (advancing

contact angle greater than 150◦) that contain micron-scale bumps, or pillars, which

themselves are covered in nanoscale ridges. However, the behavior of a water droplet

on these two surfaces is remarkably different; a droplet will roll off the surface of a

lotus leaf with ease (low contact angle hysteresis), yet the same droplet will adhere

to the rose petal (high contact angle hysteresis). These two phenomena are called
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Figure 5.5: Contact angle hysteresis images (A,B,D) and and SEM images (C,E) of
native and CHCl3/MeOH washed webspinner silk sheets. (A) Droplet on native A.
urichi silk, exhibiting a contact angle of 150.1◦. (B) Droplet suspended upside down
on natural silk, hanging against the force of gravity. (C) Droplet on CHCl3/MeOH
washed silk. Note the reduced contact angle of the droplet in contact with the silk,
and as the droplet seeps through the silk to the glass slide below, the contact angle
of water on the glass beneath can also be seen. (D) SEM image of natural silk. (E)
SEM image of CHCl3/MeOH-washed silk.

the lotus effect and the rose-petal effect, respectively. The difference between these

two hydrophobic states is due to the degree to which the water droplet is capable of

penetrating into the micro- and nanostructural features (for a nice discussion on the

different superhydrophobic states and wetting schemes, see Bhushan and Nosonovsky,

2010) [37]. In the case of the lotus leaf, the geometry and spacing of the microscale

pillars are such that a water droplet is incapable of penetrating and instead sits

on top of both the micro- and nanostructures [38, 39], whereas the geometry and

spacing of the pillars on the surface of the rose petal allow water to impregnate the

microstructure but not into the nanostructure, effectively pinning the droplet in place

[40].

Our contact angle measurements suggest that embiopteran silk sheets show similar

macroscopic water-behavior properties to the rose petal, namely that the surface

is superhydrophobic and shows a large hysteresis between advancing and receding
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contact angles (Figure 5.5). The advancing contact angle between a water droplet

and the surface of natural embiopteran silk sheets was determined to be 150 ± 0.1◦

averaged across five measurements (Figure 5.5A), indicating that the silk sheets are

extremely hydrophobic. A value other than 0◦ was not obtained for the receding

angle. As measurement of the receding contact angle using the sessile drop technique

is a common problem for rough surfaces with high hysteresis, an attempt was made

to determine the receding contact angle in the method suggested by Korhonen et al.

[41], but even the very largest of droplets (75-100 µL) resulted in a receding angle

of 0◦. This result does not necessarily indicate that the contact angle hysteresis of

the silk sheet truly spans between 150◦ and 0◦, but rather that the receding angle is

probably very small, making it very difficult to measure for this surface [34]. The high

contact angle hysteresis is suggestive of water adhesion properties, and indeed Figure

5.5B shows an inverted 20 µL droplet adhering to the surface of the silk suspended

against the force of gravity. Droplets up to a volume of 70 µL could be suspended in

this manner. With this hydrophobic yet adhesive property, webspinner silk galleries

are able to keep insects dry beneath while also maintaining access to drinking water.

The apparent rose-petal effect observed for webspinner silks is likely a result of

a similar superhydrophobic state in which water is capable of penetrating into the

sheets microstructure but not into the nanostructure [40, 37]. However in the case of

A. urichi silk sheets, the micro- and nanostructure are not achieved through pillars

with nanoscale ridges like the rose petal, but instead through the interwoven bundles

of nanoscale silk fibers. As can be seen from Figure 5.5D, the micron-scale structure

arises from the approximately 5-10 micron-wide gaps between silk fibers or bundles

of fibers, and the nanostructure consists of the 90-100 nm thick fibers, the thin ridges

between bundles of fibers, and intersection points of overlapping fibers. We believe

it is these elements that form a microscopic hierarchical structure that creates the
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macroscopic property of the rose-petal effect. It is also clear that the hydrophobic

lipid coating is essential for the observed waterproofing property; after removal of

the lipid coating through washing with DCM/hexanes, the silk sheet becomes com-

pletely permeable to water (Figure 5.5C). The reduced contact angle of the droplet

post-wash is clear, and additionally one notices that the water has seeped through

the silk sheet and is in contact with the glass surface beneath. Figure 5.5E shows

the breakdown of the microscopic hierarchical structure post-wash, possibly due to

exposed proteinaceous fiber cores clumping together, suggesting that the lipid layer

is essential towards maintaining the microscopic fine structure.

Microenvironment and Choreography of Spinning

The structure and morphology of the silk galleries results in a protective shelter

with qualities highly suited for the habitat and lifestyle of rainforest embiids. Most

notably, the silk sheets must be strong and tough to deter predators, must have

waterproofing properties to protect the colonies from the threat of drowning, and

must have water-adhesive properties so that insects maintain access to drinking water

without having to leave the safety of the colony. Therefore we believe it is likely

that in addition to the tough β-sheet-rich proteinaceous core and the hydrophobic

lipid surface coating on the silk fibers, the peculiar and specific silk-spinning motions

of webspinners evolved as a means to create woven sheets that have a micro- and

nanostructure optimal for exhibiting the beneficial rose-petal effect [2, 4]. Careful

control of the micro- and nanostructural surface morphology of synthetic materials

has allowed researchers and engineers to create superhydrophobic surfaces that show

either low or high adhesion to water, thus replicating the lotus effect and the rose-

petal effect, respectively [42, 43, 44, 17, 45]. We hypothesize that when spinning silk

sheets, embiopterans are similarly capable of controlling the surface fine structure

and morphology through their specific tarsal motions, and in turn the behavior of
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water on the surface of the galleries. This hypothesis that embiopterans adjust their

silk spinning behavior in response to habitat is supported by our observations of

individual insects in controlled laboratory environments.

A

B

Framework
construction

Reinforcement

Chamber

Burrow

Dorsal Spinning Ventral Spinning

Figure 5.6: Kinematic diagrams of silk spinning behavior of Antipaluria urichi in
a Chamber arena (A) or in a Burrow arena (B). The bubble size reflects the mean
proportion of steps taken in a particular step position, represented by the position
of the bubble around the body. The black image shows the insect spinning with
her dorsum toward the camera as she sits on the bottom of the arena, whereas the
outlined image shows her flipped over to face the camera, and the emerging silk
covering (or the lid if in the burrow). If they are stepping in a position, the arrow
shows the mean probability of going from that position to the next. Arrows pointing
at a bubble indicate probability of repeating a step. Transitions on only one side are
shown because they are approximately the same of the other side.
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Figure 5.7: Details of spinning over time by Antipaluria urichi in a Burrow (A and
B) or in a Chamber (C and D) arena. Spinning bouts were split into quarters of
spinning and number of steps taken of varying positions displayed as mean values for
four (Burrow) or five (Chamber) females. Positions of steps named here are illustrated
in Figure 5.6. The split into quarters was determined by dividing the number of steps
in a time event report for the female that spun the most in each arena. The records
of the other females were related to this most productive spinner. Sample sizes show
how many females are represented in each quarter of the session. As example, in the
Chamber only one females record is shown for the 4th quarter of spinning because
the others had stopped spinning early relative to the most productive spinner. This
happened because some of them started to spin late in the hour-long trial and were
cut off before they completely switched to full ventral spinning.

As expected if A. urichi were responsive to particular microhabitats, they empha-

sized different spin styles when placed into an open chamber versus a tight burrow.

In the open, on bark, they produced more complex steps overall, as illustrated in the

significantly higher mean step diversity scores when in the chamber (0.844 0.008 (SE)

versus 0.723 0.017 in the burrow; Students t = 6.1716, P ¡ 0.001). In addition, Cham-
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ber spinners displayed significantly more spin steps (mean for Chamber = 2785 ± 161

(SE) and for Burrow = 1252 ± 285; Students t = 5.09, P ¡ 0.001) and spent more time

spinning (Chamber mean time = 1335 ± 52.5 s and Burrow mean time = 649.3 ±

122.7 s; Students t = 5.55, P = 0.0014). The more complex spinning expressed in the

chamber was due to actions early in the trials when they stepped around their bodies

and especially over their dorsums, creating the framework necessary for building a

sheet of silk. These behaviors are shown in Figure 5.7, which illustrates the changes in

spin steps as the silk builds up over time. In contrast, spinners in the burrow showed

only spin steps around the anterior of their bodies, actions that would coat the bur-

rows surface but not create a framework of silk. In contrast to these differences, front

stepping details were similar for spinners in both arenas. Chamber spinners switched

to front steps toward the second half of the trial, while Burrow spinners displayed

these steps throughout their time spinning. Chamber spinners gradually shifted from

creating a domicile covering, using dorsal steps illustrated in green in the graph, to

ventral steps (shown in blue, Figure 5.7C and 5.7D), which appear to reinforce the

emerging structure. In sum, spinners that need to build a covering of silk do so first.

The rapid, complex spinning steps, such as ventral near, reach, cross and so forth,

appear to explain the complex microstructure of their silk walls and these spin steps

were expressed in both situations. The transition arrows in the kinematic diagrams

show that A. urichi switches from foot to foot but also repeats certain steps over and

over before stepping to a different position. Silk is ejected throughout these actions

and repeat stepping thickens the silk patch. Supplemental Figure 2 shows the overall

behavioral acts of individuals in the two arenas demonstrating that throughout the

trials they were also traveling, flipping over and turning around as they spin back

and forth, rather than in one spot. As they move, a tube builds up that can cover

their relatively long bodies (mean body length = 1.6 ± 0.02 cm) [5]. Observations of
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females in the field caring for their eggs showed a similar style of spinning by rapid

steps taken in one spot and indeed, the eggs are covered with very thick silk [5]. The

silk samples used in the subsequent analysis of micro- and nanostructure as well as in

the tests for interactions with water were taken from laboratory cultures where the

embiopterans would have spun with the full complement of stepping displayed in the

kinematics for the open apparatus (Figure 6A; Figure 7C and 7D).

5.5 Conclusions

In summary, we have characterized both the composition and functional use of an

alkane or lipid-rich surface coating on webspinner silk of the species Antipaluria urichi.

Embiopterans create protective shelters and domiciles by spinning silken sheets and

tunnels composed of exceptionally thin (∼ 100 nm in diameter) protein-based fibers.

In addition to providing physical structure and protection from predators, the silk

sheets are hydrophobic surfaces, offering insects protection from tropical rainfall. We

have shown that this waterproof nature is a result of a hydrophobic alkane / lipid-rich

surface coating on the silk fibers. As revealed by SEM images and FTIR measure-

ments, this surface coating is removed when fibers are washed with 2:1 CHCl3/MeOH,

a standard lipid extraction solvent. The lipids extracted using organic solvents were

profiled using GC-MS, providing a first look into the types of lipids present in the

surface coating of A. urichi silk. We revealed the presence of a wide variety of lipid

species including straight and branched-chain alkanes, fatty acids and methyl esters

of chain-length out to and possibly greater than 36 carbons. The water behavior

properties caused by this surface coating and by the silk sheet’s fine structure were

also investigated using contact angle measurements. Just like how the lotus leaf and

the rose petal have evolved fine structure details suited for their habitat, we argue

that the combination of a hydrophobic coating on the nanofibers with the micro- and
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nanostructural details results in a superhydrophobic surface that is adhesive to water,

a property shared with the rose petal, and that the structural detail may be a result

of the peculiar and complex spinning behavior of the insect. This concept of spinning

behavior adapting to microhabitat is supported by our observations that A. urichi

adult females spin more silk using more complex stepping patterns in an open (cham-

ber) habitat than in an enclosed (burrow) environment. With its unique properties,

embiid silk may provide future inspiration to develop biomimetic materials that are

strong, lightweight, and hydrophobic. As the rose-petal effect of the sheets is contin-

gent on the lipid coating, nanoscale fiber polymer sheet materials could be designed

to have varying levels of water-permeability based on the fine structure details and

the degree to which the fibers are coated in hydrophobic material.
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5.6 Supplemental Material

The text and figures below were provided as supplementary material for chapter

5, which was submitted for publication to the Journal of Chemical Ecology. The

information describes the methodology for monitoring silk spinning behavior. All of

the silk spinning behavior data was collected by Dr. Janice Edgerly and her students

at Santa Clara University.

Silk Spinning Behavior Spinning behavior was evaluated only in adult females

to minimize variability due to a sex effect and because adult females produce copious

silk during their stints as caregivers for their young [46]. To induce spinning in the

laboratory at Santa Clara University, five individuals were placed into either a narrow

notch into a plywood block, covered with a transparent plastic lid, or into a bark-lined

plexiglass arena set-up as shown in Supplemental Figure S1. They cannot reach to

spin silk against the top of the box in the chamber arena, unlike in the burrow where

they could easily touch the lid. Females typically spin silk when they are removed from

their domiciles and placed into silk-free habitats and, for the most part, spinning was

elicited with this method. One female was eliminated from the analysis because she

wandered back and forth but did not spin in the burrow. Behavioral acts were scored

using Observer software (version 5, Noldus Information Technology, Wageningen, The

Netherlands). Videos were replayed at 1/2 speed and the same investigator scored

the behaviors to minimize investigator error. The proportion of time spent spinning

and stepping details were calculated for females in the two different arenas.

Spin steps were represented as positional features of stepping displayed as each

individual pressed her silk ejectors against the surfaces of the burrow, the bark, or

against the emerging silk structure. Spin step positions (described in a previous study

[4]) are labeled in the kinematic diagrams in Figure 5.5, which shows the proportion
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of steps taken by the left and right front feet around the body. They usually start

by spinning with their feet planted on the wooden floor of the burrow or against the

bark of the chamber arena, and their dorsum facing the camera lens, an orientation

we named dorsal. They also flip over (to a position dubbed ventral) as they add silk

to previously produced silk above their dorsum. We quantified the stepping patterns

in the two arenas by calculating the mean relative frequency of each step position

and the mean probability of transition between each possible combination of steps.

We also calculated and compared the mean total number of spin steps in the burrow

vs. the chamber with a Students t-test. Finally, a measure of spin step diversity

was computed by adopting a measure used to quantify species diversity in ecology,

Simpsons Species Diversity Index [47], which collapses all spin steps into a number

that reflects the diversity of stepping, by treating each step as a species. A higher

value represents more diverse spin steps during a session. The mean diversity score

was compared for spinners in the burrow and chamber with a Students t-test. We

predicted that the chamber arena would elicit more complex spinning in A. urichi

because of the apparent need to create a framework for their silk domiciles. If they

display stereotypical spinning and are not responsive to situation, then no difference

should emerge between Burrow or Chamber. Either way, the results will provide

insight into the dynamics of weaving silk.
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Figure 5.8: Spinning apparatus for filming webspinners as they spin silk in either a
(A) Burrow (0.3 cm wide X 0.5 cm dep X 5.8 cm long) drilled into a block of plywood
to resemble a crevice in bark or (C)Chamber, a plexiglass box lined on one side with
oak bark (inner dimension of 6 cm long by 6 cm wide by 4 cm deep). Each individual
was filmed with a (B) solid state video-camera with an 18 mm to 108 mm F 2.5
TV-style zoom lens (Javelin Electronics, Torrance, California, USA) for one hour and
recorded onto a DVD to allow playback.
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Figure 5.9: Time budgets shown as mean proportion of time (solid black line) (with
standard deviation as outer dotted line) spent in various activities during filming in
the two arena types (A) Chamber and (B) Burrow. Arrows indicate mean transition
probabilities from one behavior to another. Flip is the action of turning over while
spinning to face the silk or alternatively to face the substrate. Other behaviors are
self-explanatory.
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Jiang. Petal effect: a superhydrophobic state with high adhesive force. Langmuir,
24(8):4114–4119, April 2008.
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[28] L Beaulieu, H Schäfer, M Demura, and T Asakura. Solid-state NMR determi-
nation of the secondary structure of Samia cynthia ricini silk. Nature, 2000.

[29] Gregory P Holland, Melinda S Creager, and Janelle E Jenkins. Determining
Secondary Structure in Spider Dragline Silk by Carbon Carbon Correlation
Solid-State NMR Spectroscopy. Journal of the . . . , 2008.

[30] M S Creager, E B Butler, R V Lewis, J L Yarger, and G P Holland. Solid-state
NMR evidence for elastin-like β-turn structure in spider dragline silk. Chemical
Communications, 46(36):6714–6716, 2010.

[31] Xiangyan Shi, Jeffery L Yarger, and Gregory P Holland. Elucidating proline dy-
namics in spider dragline silk fibre using 2H-13C HETCOR MAS NMR. Chem-
ical Communications, 50(37):4856–4859, May 2014.

[32] Sujatha Sampath, Thomas Isdebski, Janelle E Jenkins, Joel V Ayon, Robert W
Henning, Joseph P R O Orgel, Olga Antipoa, and Jeffery L Yarger. X-ray
diffraction study of nanocrystalline and amorphous structure within major and
minor ampullate dragline spider silks. Soft Matter, 8(25):6713–6722, 2012.

[33] Tetsuo Asakura, Kosuke Ohgo, Kohei Komatsu, Masakazu Kanenari, and Kenji
Okuyama. Refinement of Repeated β-turn Structure for Silk I Conformation
of Bombyx moriSilk Fibroin Using 13C Solid-State NMR and X-ray Diffraction
Methods. Macromolecules, 38(17):7397–7403, August 2005.

[34] A Simmons, E Ray, and LW Jelinski. Solid-state 13C NMR of Nephila clavipes
dragline silk establishes structure and identity of crystalline regions. Macro-
molecules, 27(18):5235–5237, 1994.

[35] Janelle E Jenkins, Melinda S Creager, Randolph V Lewis, Gregory P Holland,
and Jeffery L Yarger. Quantitative Correlation between the protein primary
sequences and secondary structures in spider dragline silks. Biomacromolecules,
11(1):192–200, 2009.

[36] Z Yang, DT Grubb, and LW Jelinski. Small-angle X-ray scattering of spider
dragline silk. Macromolecules, 30(26):8254–8261, 1997.

[37] Gregory P Holland, Randolph V Lewis, and Jeffery L Yarger. WISE NMR char-
acterization of nanoscale heterogeneity and mobility in supercontracted Nephila
clavipes spider dragline silk. J. Am. Chem. Soc, 126(18):5867–5872, 2004.

[38] Sinan Keten and Markus J Buehler. Atomistic model of the spider silk nanos-
tructure. Applied physics letters, 96(15):153701, 2010.

[39] Nathan Becker, Emin Oroudjev, Stephanie Mutz, Jason P Cleveland, Paul K
Hansma, Cheryl Y Hayashi, Dmitrii E Makarov, and Helen G Hansma. Molecu-
lar nanosprings in spider capture-silk threads. Nature Materials, 2(4):278–283,
March 2003.

[40] Yi Liu and Zhengzhong Shao. Elasticity of spider silks. Biomacromolecules,
9:1782–1786, 2008.

152



[41] Matthew A Collin, Janice S Edgerly, and Cheryl Y Hayashi. Comparison of fi-
broin cDNAs from webspinning insects: insight into silk formation and function.
Zoology (Jena, Germany), 114(4):239–246, September 2011.

[42] N Yonemura, F Sehnal, and K Mita. Protein composition of silk filaments spun
under water by caddisfly larvae. Biomacromolecules, 7(12):3370–3378, 2006.

[43] Naoyuki Yonemura, Kazuei Mita, Toshiki Tamura, and Frantǐsek Sehnal. Con-
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lardo, José M Calleja, and Gustavo V Guinea. Old Silks Endowed with New
Properties. Macromolecules, 42(22):8977–8982, November 2009.

156
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