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Most of the research goals discussed in the grant proposal were achieved,
including the design and evaluation of spider silk protein (spidroin) sequence variants to
investigate the role of conserved motifs within the repetitive regions of MaSp2, particularly in the

context of liquid-liquid phase separation (LLPS) behavior and self-assembly into hierarchical
nanofibril structures in response to native-like chemical and physical gradients. In addition, a
novel platform for recombinant MaSpl production was established, allowing the detailed
characterization of LLPS events and development of a method for real-time monitoring of the
self-assembly process from soluble protein state into hierarchically organized fibers. Furthermore,
investigations into the synergistic effects of MaSpl and MaSp2 with respect to dragline fiber
structure and function have been carried out. Finally, a study concerning the self-assembly of
recombinant spider silk via microfluidics has been completed.
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1. WFZERAG S WO

Spider silk is one of Nature’s most remarkable biomaterials, with unmatched mechanical toughness, which,
combined with its biocompatibility and biodegradability, makes it a very attractive source of inspiration for
the development of novel, high-performance materials toward a diverse array of applications. The superior
performance of spider silk fiber derives from its unique hierarchical organization, which extends widely
from the nano- to the macro-scales. This hierarchical structure is produced by a process of bottom-up self-
assembly, whereby environmental changes interact with molecular behaviors encoded within the amino
acid sequence of the component spidroin proteins to trigger a rapid series of structural changes. Replicating
this complex process in the laboratory is a key step towards the successful design of artificial silks and

other novel biomaterials that can be precisely manufactured via benign biomimetic pathways.

We recently proposed a new model to account for the complex biochemical and structural changes of
spidroins during self-assembly, based on their behavior as intrinsically disordered proteins (IDPs) that can
respond to specific external stimuli via the action of the terminal domains. In particular, we showed that
MaSp2 spidroin in solution respond to a phosphate gradient to undergo liquid-liquid phase separation
(LLPS), forming dense protein droplets with dynamic properties. Strikingly, by using a simple combination
of phosphate and pH gradients and shear forces we could induce the rapid self-assembly of hierarchical

spider silk fibers with aligned nanoscale elements and emergent -sheet conformations.

2. HEOHM
In view of the new abovementioned paradigm of spider silk formation, based on LLPS and specific
intermolecular interactions as the driving force for spidroin self-assembly toward multi-level hierarchical

structures, an array of different research questions arise, as outlined here:

(1) Elucidating the "molecular grammar" of spider silk LLPS and downstream self-assembly into
hierarchically ordered fibers. Our previous studies have identified the long, repetitive regions and C-
terminal domain as being largely responsible for LLPS in response to a kosmotropic ion gradient in MaSp2,
whereas the N-terminal domain governs the pH-directed nano-fibrillization. However, this question has not
been resolved at the residue or motif level; in particular, the repetitive region of MaSp spidroins contains
an extensive array of short amino acid motifs with distinct patterns of conservation across evolutionary
times -- this conservation suggests important biological roles, possibly related to the self-assembly process,
yet so far, such sequence-function relationships have not been established. Thus, a major question related
to this grant relates to systematic screening of repetitive sequence motifs (in MaSp2) to determine their
specific functions.

(2) Spider dragline silk is a composite biomaterial that is made up of several types of high-molecular weight
spider silk proteins (spidroins) known as MaSps. Whereas our previous studies focused on MaSp2, the most
abundant spidroin component of dragline is in fact MaSpl. Investigations on MaSpl, however, are
hampered by difficulties in expression and solubility due to its hydrophobic character. Thus, we aimed to
create a viable recombinant platform for MaSp1 production, which will then be used to investigate various

aspects of spider silk assembly.



(3) Having previously established the in vifro conditions for biomimetic self-assembly of recombinant
MaSp2 from soluble state to nanofibrillar networks, we set out to design a microfluidic device that would
permit hands-free, semi-automated formation of macroscopic MaSp2 fibers via controlled delivery of
native-like chemical gradients and application of shear effects.

(4) As alluded to above, spider dragline silk is a multicomponent, structurally complex biopolymer whose
main building blocks are high-molecular weight MaSp spidroins (MaSpl, MaSp2, MaSp3... MaSpN).
While the overall domain-level architecture is conserved between the different MaSp subtypes, there exist
consistent variations with regard to the types of amino acid motifs employed by each variant in their long.
Highly repetitive core domains (which take up the bulk of the MaSp sequences). We hypothesize that the
occurrence of multiple MaSp subtypes enables synergistic effects arising from interactions between the
different types of sequences (for instance affecting phase separation, or localized enrichment of different
subtypes) and that the mechanical properties of the resultant fibers may be modulated through variations in

the relative abundance of the different spidroin components in the silk spinning dope.

3. WEDTIE

The different projects relevant to the present grant, as described above, necessitated a wide range of
experimental approaches and techniques. Since much of the work revolves around the use of recombinant
spidroin proteins with native-like biochemical behavior and structural features, much of the effort was
devoted to the careful design, production, optimization, and assessment of the spidroin (MaSp) building
blocks. For the “molecular grammar” and microfluidics projects, recombinant scaffolds were produced
bearing the native N- and C-termini, flanking a restriction site for the directional insertion of repetitive
sequence variant “cassettes” to produce an array of N-R12-C constructs. For the MaSp1 project, the main
challenge to overcome was the low protein expression and solubility, which was resolved through fusion
of MaSp1 N-R6-C downstream of NusA solubility enhancer. To evaluate the quality of the different protein
products, various methods were employed, including electrophoresis, fluorescence shift assays to evaluate
NTD dimerization, circular dichroism spectroscopy to probe secondary structure changes, solution-state
NMR to monitor protein conformation, microscopy (optical or fluorescence) to evaluate LLPS and fibril
formation, and to map the phase separation boundaries of the different MaSp variants, high-speed
microscopy to monitor real-time assembly under the influence of biomimetic gradients, Raman
spectroscopy to probe the emergence of -sheet conformations in the fiber, scanning electron microscopy,
etc. For some more specialized aspects, work was carried out in cooperation with other groups, such as
size-exclusion chromatography/small-angle scattering (SEC-SAXS), which was carried out at Spring-8
BL38 B1 beamline. In addition, for the microfluidics project, the production of the devices and subsequent

analysis of shear effects were carried out in cooperation with the lab of Prof. Shintaku at RIKEN.

4. WRFERCR

(1) The microfluidics project, based on the use of recombinant MaSp2 domain variants, was successfully
carried out and published in Nature Communications. Here, biomimetic principles were applied in the
context of a hands-free microfluidic device that aimed to replicate the physico-chemical gradients as well
as the shear effects that are generated within the spider silk gland in vivo. Results show the clear progression
form fully soluble protein state, through LLPS droplets (triggered by kosmotropic phosphate ions), and the

crucial transition into insoluble macroscopic fibers with aligned nano-fibrillar substructure (combined



effects of mild acidification + shear effects generated through changes in the internal geometry of the
device). It is hoped that the research will have profound impact on future attempts to generate complex-

structured biomaterials through benign, biomimetic processes (Fig. 1).
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Fig. 1. Development of a microfluidic platform for efficient self—assembly of MaSp2 artificial spider silk

via biomimetic approach. The strategy exploits the structural changes (Chen ef al., Nat Commun 2024).

(2) Investigations on the self-assembly behavior of MaSpl (based on recombinant MaSpl N-R6-C
construct) were successfully completed and written up as a manuscript. Here, it was revealed that MaSp1
has a very high propensity for LLPS in the presence of a kosmotropic ion gradient, in comparison with
MaSp2; this discrepancy is thought to arise from the sequence composition of MaSpl repetitive domain
which contains conserved Tyr and Arg residues, which is hypothesized to enable cation-aromatic
interactions that promote LLPS. An additional advance is the development of a method for real-time
monitoring of the rapid self-assembly of MaSp1 in solution into fibril networks upon initiation of ion and

pH gradients that mimic the chemical changes that take place within the spider silk glands. The paper is

currently undergoing peer review (Fig. 2).
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Fig. 2. Determination of physicochemical parameters governing self-assembly of MaSpl, the major
building block of spider dragline silk. (a) Creation of novel MaSpl N-R6-C recombinant platform. (b)
Combination of kosmotropic and proton gradients leads to rapid self-organization in 3D nanofibrillar
networks of MaSp1. (¢) Development of method for real-time monitoring of rapid MaSp1 self-assembly,

from solution state, toward LLPS and extended, insoluble nanofibril networks (paper under review).



(2) With regard to the “molecular grammar” investigations, the majority of the work has been successfully
completed, however additional experimental studies are still ongoing. In summary, an array of MaSp2
sequence variants were generating, bearing specific changes to the repetitive domain sequences, with the
aim of elucidating the role of conserved amino acid motifs in the context of the self-assembly process from
soluble protein into insoluble, hierarchically organized fibers. Investigations include mapping the LLPS
propensity of the sequence variants, as well as performing SEC-SAXS (at Spring-8) in order to probe the
dynamic intra- and intermolecular interactions between MaSp2 chains and their consequences on structural
conformations of these largely disordered proteins (Fig. 3). Additional investigations, including molecular

dynamics simulations, would be necessary to complete the study for publication.
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Fig. 3. Decoding the “molecular grammar” of spidroin LLPS and self-assembly. (a) MaSp2 N-R12-C
sequence variant contructs targeting the conserved amino acid motifs in the repetitive region. (b) Mapping
LLPS propensity of MaSp2 sequence variants, which identified the aromatic Tyr as the main driver for
LLPS. (c,d) Synchrotron SEC-SAXS sheds insights into the effect of conserved motifs on the dynamic

structural conformation and phase-separation behavior of MaSp2 (Unpublished results).

(4) With regard to investigating the spider dragline silk system as a complex multicomponent system, much
of the proposed work has been achieved. To summarize, compatible recombinant constructs for MaSp1 and
MaSp2 were generated and evaluated. Notably, we show the synergy between the different sequence
subtypes, both in terms of the isolated protein domains as well as the full-domain constructs. Intriguingly,
it was shown that whereas MaSp1 and MaSp2 are able to independently display all self-assembly steps
under biomimetic gradient conditions, when they are prepared as blended “silk dope” solutions, the
individual MaSp! and MaSp2 components are able to act synergistically as one, consistent with overall
levels of intermolecular interactions (Fig. 4). Such synergistic effects are likewise displayed in fibers spun

from different combinations of MaSpl and MaSp2 components, suggesting an efficient strategy for

modulating the mechanical properties of artificial spider silk produced via native-like biomimetic processes.

Fig. 4. Self-assembly behavior of dragline silk proteins as composite of mutiple MaSp subtypes.
Recombinant MaSp! and MaSp2 N-R12-C proteins were differentially labeled with fluorescent
probesand analyzed for synergistic self-assembly behaviours. (a-b) MaSp1/MaSp2 reactions initiated
separately or (c-d) pre-mixed. (a,c) LLPS triggered by 1.0 M potassium phosphate, pH 8.0; (c,d) rapid
nano-fibrillization triggered by 1.0 M citrate-phosphate reagent, pH 5.0 (in progress).
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