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Abstract: The transition of silk fibroin from liquid to solid is fundamental to silk-fibre production 17 

and key to the superior materials properties of native silks. Here we discover that the fibroin heavy 18 

chain from the silkworm moth Bombyx mori folds into a novel β-solenoid structure, where the N-19 

terminal domain (NTD) promotes higher-order oligomerization driven by pH reduction. These 20 

findings elucidate the complex rheological behaviour of silk and the liquid crystalline textures within 21 

the silk gland. We also find that NTD undergoes hydrolysis during standard regeneration, explaining 22 

differences between native and regenerated silk feedstocks. Overall, this study establishes a fibroin 23 

heavy chain fold, which could be relevant for other similar proteins, and explains mechanistically its 24 

liquid-to-solid transition, driven by pH reduction and stress. 25 

 26 

One sentence summary: This study redefines the molecular structure of fibroin heavy chain and its 27 

role in the transition from solution to fibre. 28 

 29 

Main Text: 30 

Within the larval insect the major protein component of silk fibres, fibroin, is stored as a liquid, 31 

sustaining a triggered conversion to a very stable solid material, the silk fibre. This transformation 32 

starts within the silk gland, a highly specialised sack-shaped organ where not only the silk proteins 33 

are produced but where tight control over pH and metal ion concentrations is exerted (1). However, 34 

the mechanism of this transformation at the molecular level remains largely unknown. There are 35 

some commonly agreed principles, including the contribution of pH and shear stress/strain, energy 36 

input/work (2), in triggering assembly and promoting structural conformational changes (3, 4). 37 

Though, there is less consensus regarding the conformational changes at the molecular level. In 38 

particular, the molecular structure of the liquid state silk, often called silk-I, is heavily debated (5–9) 39 

and is the focus of our research.  40 
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Fibroin, both within the gland and in the fibre, is composed of three different proteins, fibroin heavy 41 

chain (FibH), fibroin light chain (FibL) and a glycoprotein, fibrohexamerin (P25) of molecular 42 

masses 392, 28 and 25 KDa, respectively. These form a complex known as the elementary unit with 43 

molar ratios of 6:6:1, wherein FibH and FibL form a heterodimer stabilized by a single disulphide 44 

linkage located at the C-terminal domain of FibH and the interaction between these and P25 is non-45 

covalent (10, 11). However, the structural details of this system are not well known, except for the 46 

crystal structure of the N-terminal domain (NTD) of FibH. It is generally accepted that only FibH is 47 

essential for fibre formation, with FibL and P25 being auxiliary in the secretion process (12–14) with 48 

some silk-producing moths and other related species lacking these latter proteins entirely (15–17). 49 

Accordingly, due to its dominant mass contribution, FibH is thought to be the main protein 50 

responsible for the properties of fibroin across different length-scales, from the NMR chemical shifts 51 

(18), to the diffraction patterns of Silk-I (liquid state) and Silk-II (fibre) (19).  52 

Silk-I has previously been termed α-silk, as it was erroneously assumed to include α-helical folds, to 53 

distinguish between this conformational polymorph and the better characterised Silk-II, which is 54 

known to be rich in antiparallel β-sheet structure (20). The exact structure of silk-1 remains 55 

ambiguous, and it is often classified as either a random coil or an intrinsically disordered state. 56 

However, discrete reflections in X-ray diffraction data suggest neither of these classifications is fully 57 

adequate (14,15). Currently, the most accepted Silk I model is a type-II β-turn rich structure (23). 58 

However, this model requires extensive intermolecular hydrogen bonding networks to persist (24), 59 

failing to account for the observation of similar chemical shifts both in dilute solutions and in the 60 

solid state measured by NMR, as well as small fibrillar structures observed herein and previously (25) 61 

by electron microscopy. Similarly, modelling of consensus sequences has indicated a right-handed β-62 

helix showing lower relative free-energy values than the corresponding type-II β-turn (24). Moreover, 63 

the observation of a range of distinct liquid crystalline optical textures in vivo between the anterior 64 

section of the middle gland and the spinneret (26) remains unexplained, with the mesogenic 65 

structures being unidentified. Silk goes from an isotropic texture in the posterior and middle gland 66 

sections to a series of complex transitioning optical textures. At the start of the anterior section of the 67 

silk gland, a cellular optical texture is observed, which transforms to an isotropic phase prior to 68 

reverting to a fully nematic phase before the spinneret (27). The emergence of the cellular optical 69 

texture has been attributed to epitaxial anchoring of rod-like mesogens under confinement (28). 70 

However, this model does not adequately account for the subsequent transition to a nematic texture, 71 

under flow, as the tube diameter in the gland decreases towards the spinneret. Curiously, at a similar 72 

position to the cellular optical texture, evidence of cholesteric order has been observed using electron 73 

microscopy (29). More importantly, despite the evidence of supramolecular order, a transition from 74 

the Silk I to Silk II polymorph only occurs later near the spinneret (27, 29). 75 

In this study, we propose that at the molecular level, Silk-I corresponds to a folded fibrillar 76 

conformation of FibH. Furthermore, we rationalise how physicochemical triggers such as pH, metal 77 

ions, and stress/strain induce conformational changes in this mesogen that result in concomitant 78 

supramolecular assembly or reorganization consistent with the observed optical textures inside the 79 

silk gland. The abrupt loss of the cellular texture derives from disruption of the preceding cholesteric 80 

phase, and is a key intermediate to facilitate the minimum energy transition to the ordered nematic 81 

phase, as previously proposed (27, 29). To investigate this hypothesis, we employed a 82 

comprehensive approach combining both computational simulations and experimental methods, 83 

encompassing various length scales ranging from the molecular to macroscopic. Our methodology 84 

involved the utilization of a fibroin solution achieved by dissolving silk fibres, after a proprietary 85 

degumming method, in concentrated LiBr solutions, resulting in a material referred to as native-like 86 

silk fibroin (NLSF). This NLSF exhibits numerous characteristics consistent with those of the native 87 

silk fibroin (NSF), including electrophoretic mobility and rheological properties. It is important to 88 
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differentiate NLSF from standard regenerated silk fibroin (RSF) (30), as the latter fails to accurately 89 

replicate the rheological and mass properties of the native system. 90 

Molecular model creation and validation 91 

Dilute solutions of NLSF were cast and left to dry slowly prior to being characterised by fibre X-ray 92 

diffraction (fXRD) experiments. When the incidence of the X-ray beam was perpendicular to the 93 

film, we obtained a pattern similar to those obtained by powder X-ray diffraction (pXRD), yet, as we 94 

rotated the film, sharper reflections were observed and eventually a highly oriented pattern emerged 95 

(Fig. 1A and fig. S1), consistent with previous Silk-I data (22, 31), see Table S1 for reflections. This 96 

data coupled with the observation of liquid crystalline phases suggest the presence of rod-like 97 

molecules, which would be preferentially oriented parallel to the surface of the film (32). After 98 

running Alphafold2 (AF2) simulation of the repetitive domains of FibH (33–35), we found that these 99 

repetitive domains are predicted to adopt a novel β-solenoid conformation (fig. S2). Briefly, the fold 100 

results from a supersecondary folding of strands, stabilised by inter-strand hydrogen bonds running 101 

along the solenoid axis, as depicted in Fig. 1B. Although in this case the abundance of glycine and 102 

the absence of a tightly packed core lead to motifs structurally closer to a polyproline-II or 103 

polyglycine-II configuration, which can be frequently assigned as disordered by CD spectroscopy 104 

(36). It is possible that other G-rich proteins, such as fibroin heavy chain-like, spidroins, and others 105 

with hexapeptide repeated motifs of GX fold in similar structures (37). Structural evidence of 106 

different spidroins folding into flexible worm-like structures was recently found by SAXS (38), 107 

pointing at the possibility that β-solenoids might be widespread among silk proteins.  Comparable 108 

conformation and interpretation were found for the G-rich snow flea antifreeze protein, which was 109 

crystallized using racemates (39, 40). Similar β-helical configurations have been suggested before for 110 

FibH, mostly via computational approaches (8, 24). 111 

Although the predictions showed low confidence, and relatively high predicted Local Distance 112 

Difference Test (pLDDT) with an average of about 50, all generated models maintained the 113 

solenoidal topology (fig. S3) and were consistent with the topologies we observed by TEM (fig. S4). 114 

Based on these results, we propose a trigonal unit cell containing a single curved strand, as depicted 115 

in Fig. 1C; unit cell parameters are a: 9.4, b: 3.4 and c: 6 Å. We note that the proposed unit cell is 116 

similar to that proposed for the PolyGly-II polymorph (41), known to resemble Silk-I (23) and gives 117 

a simulated diffraction pattern that recapitulated the reflections obtained experimentally (Fig. 1A). 118 

Nevertheless, observed discrepancies can be attributed to experimental constraints in aligning the 119 

sample, inherent heterogeneities in a real sample, and the software's inability to account for helical 120 

symmetry. This unit cell is shown in context of the proposed solenoidal model in Fig. 1B. Given the 121 

markedly repetitive characteristics of FibH, featuring extensive low-complexity domains, 122 

characterized by a hexapeptide sequence (GAGAGX), where X may assume any of the residues A, S, 123 

Y, or V in descending order of abundance, twelve solenoidal domain are expected to form. The 124 

projected architecture of the protein consists of 12 solenoid bodies, interconnected by short linker 125 

regions that appear structurally unorganized, as depicted in fig. S5. 126 
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 127 

Fig. 1. Structural model for fibroin heavy chain. (A) Experimental and simulated Silk-I diffraction128 

pattern obtained from drop-casted film and derived unit cell showing the proposed fibre axis. (B)129 

Proposed unit cell comprised of AGXG motifs. (C) β-solenoid molecular model obtained for fibroin130 

heavy chain, observed from the top and side views (top and bottom, respectively). 131 

Furthermore, both 1D proton (fig. S6) and 2D 1H-1H TOCSY (fig. S7), 1H-13C HSQC, 1H-15N HSQC132 

(fig. S8), 1H-15N TROSY (Fig. 2A)  and 1H-1H NOESY (Fig. 2A and B) were acquired and assigned133 

chemical (Table S2) shifts were very close to those reported elsewhere (42, 43), and predicted shifts134 

from the solenoid models (Table S3). Notably, we did not observe changes in the chemical shifts at135 

pH 8 or pH 6, intended to replicate physiological pH change within the silk gland (fig. S9). The136 

assignment of the amide protons and nitrogen chemical shifts is depicted in Fig. 2A for simplified137 

motifs within FibH. In addition, we note that when predicting the torsion angles for reduced motifs in138 

FibH, two populations for G residues are possible within the generic GX motif (18). One of these (�139 

φ = 77°, 10°) was used to derive the type-II β-turn model for Silk-I. However, the second population140 

of torsion angles (ca. �, φ = -80°, 180°) was not used to constrain the modelling and matches closely141 

those found in the solenoidal model predicted by AF2 as well as previously proposed angles from142 

density functional theory (DFT) calculations on NMR values (9, 44). This conformation implies that143 

in the transformation from Silk-I to Silk-II, G residues would not need to go through sterically144 

hindered angles (see fig. S10) (45), thus reducing the overall energetic cost of the Silk-I to Silk-II145 

transformation. Further to these observations, NOESY experiments, shown in Fig. 2B evidences Y146 

residues close to (~ 3.3 to 3.4 Å) the methyl sidechain of A, (fig. S11), suggesting a possible methyl-147 

pi interaction (46), which could be an inter-strand (within the solenoid) stabilising interaction. There148 
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are numerous Y residues on the predicted models, with the aromatic group hovering over methyl149 

groups from A residues on contiguous strands (see Fig. 2B, bottom). Similarly, we observed other150 

NOE intensities, at the amide proton from S residues, which although showing the strongest151 

correlation with G, it also showed correlation with A-βH. Such patterns can be readily explained by152 

our model, where the strongest correlation corresponds to abundant motifs gS (ca. 2.2 Å), and the153 

weaker correlation with A-βH corresponding to across strand gS--A distance (2.7 Å), both the154 

estimated distances and ratios are in good agreement with the experimental data (more in155 

Supplementary text: NOESY). 156 

157 

Fig. 2. NMR analysis of native-like silk fibroin: (A) Amide shift assignment via 1H,1H TOCSY,158 

Amide region 1H,1H NOESY analysis, and 15N chemical shift assignment of simplified motifs via 1H,159 
15N TROSY. (B) Analysis of the Tyrosine (Y) residue NOE signals showing evidence of proximity160 

to Alanie-CH, and cartoon representation of motif found within the Alphafold2 model showing161 

positions like the measured via NOESY experiment. 162 

The role of NTD, pH effect on rheological properties 163 

It has largely been recognised that in native spinning both shear stress and pH changes are164 

responsible for the transformation of the soluble fibroin into the solid fibre (3, 47). Rheological165 

characterisation of native feedstock has provided snapshots into the strain-induced assembly. In most166 

studies the silk dope is extracted from the posterior segment of the middle gland, where the pH is167 

near neutral (48, 49). However, direct evidence of the structural changes induced by pH and their168 

effects on rheological properties has proved elusive.  169 

Here we used NLSF samples obtained at concentrations of 60 to 80 mg/mL, lower than those found170 

inside the gland (190-300 mg/mL) (49), buffered at pH values to replicate the pH gradient within the171 
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silk gland, going from pH 8 in the posterior section down to 6.2 in the anterior section (50). We 172 

observed that the material goes through a reversible sol-to-gel transition when buffered above pH 7, 173 

with the sample at pH 7 separating into two clear phases, gel-like and liquid-like. Single phases were 174 

observed for samples either below or above pH 7. Using NLSF at pH 7, under oscillatory rheology 175 

testing we were able to replicate many previous features seen in NSF (i.e. observation of crossover), 176 

with the exception of a lower overall modulus and viscosity and a lack of a single relaxation mode in 177 

the terminal region, both of which we attribute to a lower concentration and increased polydispersity 178 

of the NLSF against NSF studies (49). Furthermore, we were able to uncover a reversible pH driven 179 

sol-gel transition occurring at a critical pH of 7, similar to the pH-dependent oligomerisation of NTD 180 

(51). Fig. 3A shows two master curves demonstrating the effect of pH on the obtained material; 181 

master curves were created from the data shown in fig. S12 and the applied shifts are presented in 182 

Table S4; the lineal viscoelastic limit was determined beforehand, and plots are shown in fig S13. 183 

Decreasing the pH further turns the gel opaque irreversibly, providing evidence of larger aggregates 184 

forming. However, no evidence suggests that the pH drops below 6 within the gland. 185 

For samples below pH 7, the observed shear modulus showed a reciprocal relationship with pH, 186 

increasing as the pH decreased. This suggests a more stable molecular network is formed as the pH 187 

decreases, evidenced by increased elastic modulus. Crucially, NLSF at pH 7 (liquid-like) showed 188 

curves like those reported for the extracted liquid SF from the gland, suggested to be “aquamelts,” 189 

due to their similarity to typical Maxwellian polymer melts (52). Notably, the cross-over frequency 190 

seemed to be shifted towards higher frequencies as pH increased, indicating a shortening in the 191 

lifespan of the interaction. Again, at pH lower than 7, the observation of gel phases indicates long-192 

lived and increased stability of the formed structures. In all cases, given that the lineal viscoelastic 193 

limit (LVE) of the material was not exceeded, samples remained clear, and repeated cycles showed 194 

similar behaviour.  195 

Similarly, when measuring viscosity against shear rate for samples at pH 7, the material undergoes 196 

shear-thinning until the shear viscosity increases, preceded by a normal force increase, resulting in 197 

fibrous aggregates akin to NSF (fig. S14, 53). Interestingly, under similar experimental conditions, 198 

this transition seems to be hindered at higher pH values (something also seen for native silks and our 199 

samples in LiBr (54), in congruence with the dominant liquid character and the decreased stability of 200 

the interaction that gives rise to the slowest relaxation mode (55). 201 

The proximity of the critical pH observed here with that reported for NTD (below pH 7, 51), strongly 202 

hints at this domain being involved in the observed structural transitions. Furthermore, the transition 203 

is also reflected in an earlier onset of aggregation observed at pH lower than 7 when temperature 204 

ramps are conducted on CD and DLS, figs. S15-17. Consequently, we hypothesise that the absence 205 

of NTD would render the material pH-insensitive within the range (pH 8-6) and such a rheological 206 

transition would not be seen.  207 

As a means of comparison and in support of our use of NLSF as a model system for NSF, RSF was 208 

also studied for its rheological behaviour and response to pH changes. It is well known that silk 209 

fibroin behaves very differently after standard regeneration/reconstitution (56, 57). For example, 210 

when shear is applied to NSF extracted directly from the posterior part of the middle gland, higher-211 

order assembly into nanofibrils is observed, contrary to RSF at a similar pH of 7 (3, 58, 59). 212 

Similarly, reversible sol-gel transitions have been observed only for NSF when changing pH (47), 213 

while our RSF is insensitive to pH in the studied range. It is possible to promote assembly into 214 

nanofibrillar structures in RSF, but only when the pH is decreased to near the theoretical isoelectric 215 

point (PI) of FibH (ca. 4.7) (60), well below the physiological pH of the gland (56, 58, 61). 216 
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 217 

Fig. 3. The effect of pH on rheological properties of silk fibroin, and the lost domains during218 

regeneration. (A) Master curves created using oscillatory shear data of the liquid and solid-like219 

samples shown on the left and right, respectively. (B) Carton showing the multidomain architecture220 

of the primary structure of FibH (top), followed by an aligned cartoon representing the total sequence221 

coverage from the hydrolysate peptides recovered from RSF. 222 

Many authors argue that the molecular weight (MW) reduction in RSF is solely responsible for these223 

observations (62). However, we considered this reduction insufficient to explain the significant224 

differences in literature found viscosities, or the complete insensitivity to pH (between pH 8 and 6)225 

that we observed. Reported viscosities obtained from NSF are far superior to those reported for RSF226 

even at similar weighted concentrations (between 500-4000 Pa•s for SF and between 0.1-1 Pa•s RSF)227 

(49, 63). Such a significant difference, ~4 orders of magnitude, is not substantiated by the MW228 

difference, which on average only falls by approximately half after 30 mins of boiling during229 

degumming (64), as depicted in fig. S18. This reduction in MW would be translated in a proportional230 

reduction of ~0.088 (calculation in Supplementary text: polymer viscosity), close to one order of231 

magnitude drop in viscosity (3 orders of magnitude away from the experimental difference). Notably,232 

when comparing NLSF and RSF solutions in LiBr (fully denatured) at similar concentrations a drop233 

in this magnitude is observed (fig. S19).  234 

Thus, we hypothesised that coupled with the reduction in MW, RSF is also losing its NTD, which as235 

noted previously, is highly implicated in the improved rheological properties of NLSF and NSF. To236 

prove this hypothesis, we conducted proteomics analysis on the peptide fragments (0.1-6 kDa)237 

obtained directly during the dialysis of the liquid solutions of both RSF and NLSF. It was238 

noteworthy that although substantial material was obtained from RSF, no material was recovered239 
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from NLSF. Together, the SDS-PAGE results obtained from NLSF, and this observation would 240 

indicate a near-native MW and the likely presence of all its functional domains. On the other hand, 241 

LC-MS/MS obtained from the RSF fragments found a total of 113 peptides matched the provided 242 

sequences (FibH, FibL and P25). With 35 matching FibH for 10.17 % coverage, 52 peptides FibL for 243 

a 96.56 % coverage, and 26 matched P25 with total coverage of 89.09 % (fig. S20, A, B and C). For 244 

brevity, the following discussion will be focused on FibH, given the predominant role of this protein 245 

in the system. However, the high coverage of both FibL and P25 indicates a high degree of 246 

hydrolysis in RSF (64). Of the 35 detected peptides from FibH, 22 belong to the first 150 amino 247 

acids; 2 of these have a 100 % confidence match, with other 3 high confidence matches with 81, 78, 248 

and 60 % of confidence. The higher number of matched fragments and their higher confidence 249 

alludes to preferential cleavages at the NTD (fig. S20, D and E). Although the results do not allow us 250 

to unambiguously determine NTD as the sole determinant for the transitions, as P25 and FibL could 251 

play a role in assembly, the high degree of NTD homology and presence across all Ditrysia (51, 65, 252 

66), and the absence of the latter two proteins in Saturniids (15, 67, 68), reinforces the idea that this 253 

domain is critical in driving assembly. 254 

Beyond this observation, the complete sequence coverage plot indicates that most of the matched 255 

peptides correspond to the more hydrophilic segments of the chain (fig. S21 A), i.e. hydrolysis 256 

during degumming in Na2CO3 is likely limited by accessibility. Furthermore, besides G, the most 257 

abundant residues in FibH, S and T are particularly enriched at the terminal positions suggesting 258 

possible intramolecular nucleophilic attack under the alkaline conditions. Other amino acids such as 259 

N, K, and E were found at the terminal position of the peptides. Curiously N, despite its low 260 

abundance with only 20 in FibH, was found predominantly at the C-terminal of the fragments, with S 261 

and T more abundant at the N-terminal positions (fig. S21 B). Overall, during degumming chain 262 

scission occurs mainly at S residues, as suggested by other authors (69), but other hydrolysis 263 

mechanisms are also occurring. The hydrophilic spacers and termini are richer in polar amino acids, 264 

often considered better nucleophiles in aqueous conditions. Residues R, H, and K are only found in 265 

the terminal domains, and E and D both in the spacers and terminals (fig. S21). 266 

Structure and supramolecular ordering 267 

Despite the significant rheological differences observed with pH changes for NLSF, we did not 268 

observe clear differences in the NMR and CD data in the studied pH range, suggesting that most of 269 

the secondary structures of the protein remain unchanged. To better understand the system, we then 270 

conducted TEM of samples at pH 8 and 6, above and below the identified transition. Here we 271 

observed that the protein appeared as globules with an apparent size of about 24 ±8 nm at pH 8, but 272 

elongated fibrillar structures were observed at pH 6 (fig. S22 A and B, respectively). Although these 273 

fibrillar structures were slightly thicker than the expected solenoid (6 ± 1 nm against ca. 3 nm), 274 

acquiring higher resolution images proved difficult given their small size and high sensitivity of the 275 

samples to beam damage. The observation of no change in NMR and CD data with pH, but such 276 

dramatic morphological change observed in TEM suggests that only small subdomains withing FibH 277 

might be changing (such as NTD and the flexible linkers). This would allow for extension of the 278 

solenoid, which seems to be contained within the globules, suiting the observation in DLS and 279 

offering a conciliating explanation between the micelle and liquid crystalline models (70, 71). 280 

Beyond the morphological change, we observed the presence of supramolecular structures 281 

resembling bottle-brush structures (fig. S23) similar to those observed previously from Samia ricini 282 

(Saturniid) fibroin (72), and recently in NSF (73). Based on these observations and the apparent role 283 

NTD has on the reversible sol-gel transition, we propose that FibH can form high-order oligomers 284 

driven by head (NTD) interactions, making the core of the supramolecular fibre. 285 
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286 

Fig. 4. Evidence of a reversible pH-driven assembly. (A) Cartoon of Fibroin heavy Chain with 12287 

repetitive blocks (blue), 11 flexible linkers (red), NTD (green) and CTD (purple), under this a288 

molecular cartoon of one of the folded models corresponding to NTD and first repetitive domain in a289 

beta-solenoid type of fold. (B) Negative stained TEM of NLSF at pH 8. (C) Negative stained TEM of290 

NLSF at pH 6. (D) Surface representation of the proposed biological unit of the NTD tetramer291 

coloured by hydrophobicity with top dimer represented as a cartoon (left) and as seen from the back292 

(right) with black arrows pointing at hydrophobic patches. (E) Proposed NTD tetramer stacking293 

shows 3 tetrameric units stacked from the side (left) and the top (right) with arrows indication the294 

twist of the stacking. (F) Negative stained TEM of NLSF at pH 6 showing supramolecular brush-like295 

structures formed via NTD stacking. (G) Proposed pH driven self-assembly of the protein, from296 

globular unimer, extended solenoid, dimer/tetramers and multimeric brush-like fibril (left to right).297 

Scale bars 100 nm for B and C, and 500 nm for F. 298 

The structure of the NTD solved by X-ray crystallography has a saddle shape, with highly299 

hydrophobic patches on the surfaces, proposed to form tetrameric units (dimer of dimers). The300 

remaining β-sheet surfaces are covered by a short α-helixes linked to the rest of the structure by a301 

flexible spacer (Fig. 4. D). Given that this helix can flip out of the hydrophobic space (51), we302 

propose that NTD tetrameric units could stack leaving the rest of the multidomain protein body303 

protruding laterally. These structures impart great ordering by creating supramolecular brush-like304 

fibres (Fig. 4. E, F) which might be responsible for the cholesteric textures observed previously (29)305 

Hence, we conducted docking simulations from NTD crystal units at pH 8, 7 and 6 to verify that306 

these can undergo pH-dependent oligomerisation (fig. S24 A). Our results suggest that NTD likely307 

forms higher-order oligomers, with the tetrameric interactions being strongly favoured at pH below 7308 

(fig. S24, B-E). At this pH, the protonation of residues Asp44 and Asp89 promote the stability of the309 

interaction; both strictly conserved throughout all FibH in Ditrysia and belonging to acidic clusters310 

(66, 74). Moreover, it was noted that all the interfaces (dimer/dimer and tetramer/tetramer), even if311 

slightly different in estimated ΔG values, were in a similar order of magnitude. Current work is312 

undergoing to obtain high resolution experimental data of this transition. Similarly, we noted that313 

solenoid structures would be left in position for lateral interactions to emerge upon oligomerisation.314 
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Docking simulations of solenoid units verified that such interactions are possible and equally315 

favourable parallelly or antiparallelly driven by the exposed A residues on the surface (fig. S25)316 

providing a foci for network formation (fig. S26). 317 

These structures likely fulfil an early role in the assembly pathway, given the conservation of the318 

NTD domain across all species. However, no evidence of these bottle-brush structures can be found319 

within the fibre (figs. S27 and S28) suggesting that these may exist transiently. NTD-driven320 

oligomerisation facilitates controlled phase separation, thus aiding in the dehydration of the dope and321 

fostering lateral interaction of the solenoid units. Upon acidification, these structures align with the322 

flow generating the cholesteric textures. Here, extensive lateral interaction forms a network. Thus, in323 

these first steps, the system is characterised by two main interactions, NTD-NTD and solenoid-324 

solenoid; the absence of CTD and FibL in Saturniids indicates that these are not essential for fibre325 

formation, as has been suggested recently (75). As the silk duct diameter is reduced, a critical stress326 

is reached, and NTD interactions are disrupted, leaving a network dominated entirely by lateral327 

solenoid interactions (fig. S29). The order imparted by the NTD oligomers is lost, and so the network328 

suffers a reorganisation, with the solenoid axis aligning with the flow and giving rise to the recently329 

observed fractal network, both in NSF and high-quality RSF (70). Fig. 5 summarises the proposed330 

fibre formation model, with illustrations and experimental microscopy data showing snapshots of the331 

observed structures and correlation with the optical textures. 332 

333 

Fig. 5. Summary of the newly proposed assembly pathway for fibroin into the silk fibre.334 

Cartoon with the schematic representation of the proposed self-assembly pathway for fibroin.335 

Illustration with optical textures was adapted from the literature.(22) In the first instance, fibroin at336 

pH greater than 7 exists as a globular unit. At pH lower than 7 extend and form supramolecular337 

brush-like fibrillar structures that would align with the direction of the flow and originate a338 

cholesteric texture. At critical stress, the supramolecular structures break, leaving free isotopically339 

ordered anisotropic oligomers of lower order that align and deform under flow to generate the solid340 

silk fibre after the silk press. 341 
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The described transition explains the transformation of cholesteric-isotropic-nematic observed before 342 

(27). Moreover, the last step leaves the solenoid axis, and thus the hydrogen bonding network, 343 

parallel with the direction of elongation and ideally placed for unfolding and stretching of the 344 

backbone. Similar denaturation of α-helix fold of fibroin in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) 345 

under stretching has been observed recently, with a α-to-β transformation prompted by stretching 346 

(76). These hypotheses are supported by observing two maxima in yield stress in stress-controlled 347 

experiments on gel-like material at pH 7 (fig. S30). Similar stress maxima were recently observed 348 

when pulling fibres from other native-like fibroin solutions (77). The first yield occurs at relatively 349 

low strains and appears narrower than the second. Such a double yield behaviour suggests the 350 

disruption of two different interactions, which we believe correspond to the initial disruption of NTD 351 

interactions, with narrower energy distribution, and secondly, a stress-induced denaturation 352 

(hydrogen bond breakage) with subsequent backbone stretching, similar to the critical amount of 353 

work observed for fibrillation (77). The described process leads to the extension of the backbone and 354 

β-sheet formation with “nano-fishnet” architecture proposed before (79). Based on this hypothesis, 355 

we would predict that if the stress is kept low enough during fibre formation, one would potentially 356 

be able to obtain Silk-I based fibres (or a combination of polymorphs), in agreement with the 357 

observation that the rate of work, and not the amount of work in itself are essential to promote the 358 

transition to solidification (80).  359 

Conclusions  360 

This study employed a comprehensive array of techniques to enhance our understanding of the Silk-I 361 

structural polymorph of silk fibroin. Through our investigations, we made significant advances in 362 

understanding the in-solution structure of FibH and uncovered a pH-induced reversible sol-gel 363 

transition driven by NTD interactions, which we subsequently correlated with morphological and 364 

structural alterations of the protein at the molecular and supramolecular level.  365 

We propose that FibH from B. mori is a multidomain protein with twelve low complexity domains 366 

with the ability to fold into β-solenoids. We accredit the Silk-I diffraction pattern to these domains, 367 

which are linked by flexible spacers and flanked by two terminal domains, of which NTD is the main 368 

driver of supramolecular assembly. As the pH drops below 7, NTD oligomerises forming large 369 

bottle-brush supramolecular fibres. The solenoid units, anchored within the construct are enabled to 370 

form stable lateral interactions driven by hydrophobic Ala-rich surfaces. Stress in the first instance 371 

disrupts the initial bottle-brush structures, leaving behind a fractal network of solenoids interacting 372 

laterally. As stress increases, the fold is denatured and the backbone of the polypeptide is stretched in 373 

the direction of the flow, driving the assembly into a nano-fishnet molecular architecture with β-374 

sheet crystallites as nodes (79, 81). On the other hand, our study on standard RSF showed that these 375 

have largely lost NTD, FibL and P25. Thus, it contains mainly a polydisperse mixture of the low 376 

complexity domains of the protein. In the absence of NTD, these fragments are devoid of the pH 377 

switch, and therefore lack the degree of preorganisation, albeit still retaining most of the Silk-I 378 

features. Our mass spectrometry analysis of proteolysis can therefore provide a powerful method to 379 

assess feedstock quality. 380 

Although the β-solenoid structure might be common among silk proteins, we believe it to be 381 

incidental, as other fibrillar structures are compatible with the proposed assembly mechanism. NTD 382 

being the only essential feature in pH-driven assembly. In silk-spinning Samia ricini, the repetitive 383 

domains are rich in polyA motifs folding in α-helixes (82, 83), and also form the bottle-brush 384 

structures (72). Therefore, our model provides a general description for silk-fibre formation 385 

independent of specific sequences. Beyond insect silk, our work indicates that other low complexity 386 

proteins, especially those rich in GX motifs, such as the class III of G-rich proteins and other non-387 

characterised fibroin heavy chain-like proteins widely found across all kingdoms of life. We also 388 

note the uncanny resemblance of FibH with known toxic GA repeat proteins associated with disease 389 
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(e.g. amyotrophic lateral sclerosis, ALS), which in the monomeric species might have a similar fold, 390 

and their aggregation pathway might be similar as the proposed here. 391 

In a wider context, our work opens the opportunity for further interrogating the structure of simple 392 

repeat proteins, associated both with health and in disease development. Many of these are believed 393 

to be disordered, but superstructures of polyglycine-II or polyproline-II helixes might underpin their 394 

function. Within the silk community, our work also paves the way for the generation of a new class 395 

of materials based on native-like silk fibroins (NLSF). Overall, through our findings, we provide a 396 

unifying model that accounts for the observations on silk-fibre formation made through decades of 397 

research on the fibroin assembly process, from a liquid state to the remarkable structural material that 398 

constitutes silk fibre and might serve as inspiration for the design of novel bioinspired materials.  399 
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