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Spider Silk: Rapid, Bottom-Up Self-Assembly of MaSp1 into
Hierarchically Structured Fibers Through Biomimetic

Processing

Ali D. Malay,* Nur Alia Oktaviani, Jianming Chen, and Keiji Numata*

Spider dragline silk’s exceptional mechanical performance, coupled

with its benign production pathway, have inspired the design of diverse

smart materials. Remarkably, relatively little is known about the self-assembly
process of major ampullate spidroin 1 (MaSp1) — the main protein constituent
of dragline fiber — during its rapid conversion from soluble precursor protein
into hierarchically structured mature silk fibers. Herein, the biomimetic
potential of MaSp1 is explored using a new recombinant platform with

1. Introduction

There is an increasingly urgent need to
develop new, greener technologies that
will help shift away from an overreliance
on nonrenewable or environmentally un-
sound components for material production
and processing. Natural biomaterials,
which employ robust, energy-efficient self-

full domain representation. MaSp1 is found to undergo efficient liquid-liquid
phase separation (LLPS) in response to kosmotropic ions, with notably

higher propensity compared to MaSp2, and with MaSp1 exhibiting a more
complex solubility profile relative to levels of sodium chloride. To further the
understanding of silk spinning, the rapid assembly of mesoscale structures

is monitored in real-time in response to ion and pH gradients, revealing

a progression from LLPS droplets toward aligned hierarchical fibers. Fur-
thermore, using this biomimetic system, insoluble macroscopic MaSp1 fibers
can be readily generated, wherein the application of mechanical deformation
triggers the emergence of f-sheet secondary structures. The insights gained
from this study can have broader application in efforts to mimic the formation
of biomaterials with spatially organized features across multiple length scales.
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organization mechanisms that have been
refined through deep evolutionary time,
can be a particularly rich source of inspira-
tion for envisioning alternative modes of
production. A particularly exciting insight
is that in many classes of biomaterials,
including externally processed structural
fibers, common design principles tend
to be shared in common, including the
use of stimuli-responsive biomolecular
building blocks, storage of precursor
molecules in a condensed and inert state,
and employment of sensitive mecha-
nisms to trigger rapid self-organization
into hierarchically structured materials
in response to environmental changes.[!!

Spider dragline silk is a multicompo-
nent protein-based fiber that has long been
the subject of great interest, primarily because of its extraordi-
nary tensile properties, which routinely surpass the performance
of advanced synthetic materials.?] Equally remarkable is the nat-
ural spinning process that directs the conversion of the com-
ponent soluble silk proteins (spidroins) into hierarchically orga-
nized insoluble fibers via a sophisticated self-assembly mecha-
nism, all taking place under benign conditions and with great
rapidity. In brief, dragline silk is composed mainly of major am-
pullate spidroins (MaSps, of which several subtypes exist: MaSp1,
MaSp2, MaSp3, etc.), which are high molecular weight proteins
with a modular architecture consisting of a long repetitive core re-
gion composed of short iterated amino acid motifs (which largely
determine the material properties of the mature fiber), which is
capped by conserved globular terminal domains that act as envi-
ronmental sensors and structural switches that play critical roles
in orchestrating the self-assembly process. During fiber forma-
tion, the MaSp precursor polypeptides stored within the major
ampullate gland migrate through a spinning duct toward the ex-
terior environment where they encounter simultaneously occur-
ring changes in the chemical and physical conditions, including
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a pH gradient (acidification from pH 7.2 to pH 5.7 or lower),
changes in ion composition (exchange from chaotropic to kos-
motropic ion conditions), removal of bulk water, and shear and
elongational flow effects brought about by changes in the inter-
nal duct geometry.*l These changes trigger precise biochemical
responses in the individual MaSp domains, including the dimer-
ization and partial loss of structure in the N- and C-terminal
domains (NTD and CTD)®*** respectively, in response to acid-
ification, or the conversion of the disordered core repetitive se-
quences into more aligned conformations punctuated by f-sheet
nanocrystals characteristic of the mature fiber, in response to the
effects of physical deformation.3¢°]

Recently, we showed that for MaSp2, a main driver of self-
assembly is liquid-liquid phase separation (LLPS) that occurs
in response to critical levels of phosphate,l®! a kosmotropic an-
ion that is enriched in the latter parts of the natural spinning
apparatus.®®) Combined with acidification, LLPS could trigger
the efficient formation of nanofibrillar MaSp2 networks that form
the basis for hierarchically organized artificial silk fibers reminis-
cent of natural spider silk.l®) It was suggested that LLPS could
prime spidroins for assembly by promoting the alignment of
aggregation-prone sequences prior to fiber formation.”]

Remarkably, while MaSp1 — considered the predominant and
archetypal constituent of dragline silk(?8] — has been the subject
of numerous studies, including as a constituent in biomimetic
fiber spinning,!®! its self-assembly behavior has so far been rel-
atively little explored,!') especially at the mesoscale and at short
time intervals that are most relevant to the emergence of hier-
archical architectures in the native silk fiber. A reason for this
relative lack of insight might be related to difficulties in produc-
ing recombinant MaSp1 bearing numerous tandem repeats in
the natively folded state.

To address such issues, we developed a biomimetic platform
based on MaSpl from Trichonephila clavipes that encodes the full
set of functional domains, including 6 tandem repeat elements
and the terminal domains. We analyzed the solution structure
of MaSp1 and mapped out the parameters governing its solubil-
ity, LLPS, and self-assembly into higher-order hierarchical struc-
tures in response to biomimetic gradients. Moreover, we provide
the first visualization of the initial, rapid steps of phase separa-
tion and fibrillogenesis in response to the native-like chemical
gradients. These insights were integrated toward the production
of insoluble macroscopic MaSp1 fibers with aligned fibrillar or-
ganization and featuring deformation-inducible emergence of g-
sheet conformations. The results from this study are expected
to guide future efforts to produce more environmentally friendly
supramolecular biomaterials with enhanced mechanical perfor-
mance.

2. Results

2.1. Design of Recombinant MaSp1

We designed a new recombinant MaSp1 construct, termed N-R6-
C, incorporating the three functional domains of MaSp1 from
T. clavipes: the N-terminal domain (NTD or N), repetitive region
(Rep or R6), and C-terminal domain (CTD or C) (Figure 1a). Rep
consists of six tandem repeats of GGQGAGAAAAAAGGAGQG-
GYGGLGSQGAGRGGL, representing a 33-residue consensus
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deduced from the native sequence. Itis useful to compare the Rep
region of MaSp1 with that of the previously characterized MaSp2
construct (Figure 1b). Whereas both sequences feature alternat-
ing poly-Ala and Gly-rich regions, the latter consisting largely
of GX and GGX motifs (including GGY), MaSp1 can be distin-
guished by the inclusion of the bulky hydrophobic Leu and the
cationic Arg residue; in contrast, MaSp2 incorporates numerous
Pro residues and the characteristic di-Gln (QQ) motif.[**! Conse-
quently, the Rep regions of MaSp1 and MaSp2 produce different
amphiphilicity profiles, with MaSp1 showing frequent alterna-
tions of hydrophilic and hydrophobic character, whereas MaSp2
displays a more uniform polar or hydrophilic profile within the
Gly-rich regions (Figure 1b).

Analysis of the overall MaSpl primary structure predicts a
high level of intrinsic disorder in the Rep regions and the ad-
jacent portion of the CTD (Figure 1c)(!!l consistent with pre-
vious reports.[? Furthermore, implementation of the FuzDrop
method!"3] predicts a high probability for liquid-phase condensa-
tion (LLPS) for MaSp1 N-R6-C.

2.2. MaSp1 Behavior in Solution

MaSpl N-R6-C was successfully expressed as a fusion down-
stream of the NusA protein, the latter being an established solu-
bility enhancer.'>) Under nonreducing conditions, the purified
MaSpl moiety migrated as a dimer with an effective molecu-
lar weight of 81.6 kDa, consistent with disulfide-linked dimer-
ization via the CTD (Figure S1, Supporting Information)!“!
An interesting observation was the crucial dependence of the
MaSp1 solubility on background NacCl levels. For example, at
3.0 mg mL™! protein in 20 mM Tris-HCl, pH 7.5, NaCl levels
ranging from 200-1000 mM was required for full solubility, with
MaSpl1 reversibly partitioning out of solution outside this range
(Figure 2a). These NaCl-dependent solubility effects in MaSp1
differed markedly from observations with MaSp2, where
the solubility was found to be largely independent of salt
concentration.[®!

Far-UV circular dichroism (CD) was used to probe the struc-
ture and stability of MaSpl N-R6-C, as a function of pH
(Figure 2b). CD spectra of the solutions prepared at either a pH
of 7.0 or a pH of 5.0 were characteristic of a-helices at 20 °C, as
expected from the presence of the two largely a-helical terminal
domains.*¢ The sample at pH 5.0, however, showed lower spec-
tral amplitudes compared to pH 7.0 at this temperature, likely re-
flecting unfolding of the CTD upon acidification.*?] Conversely,
the secondary structure of MaSp1 was more sensitive to thermal
perturbation at pH 7.0, with a drastic loss in a-helical signal be-
tween 40 and 50 °C, while at pH 5.0 the thermally-induced sec-
ondary structure loss was less pronounced and more gradual;
this result likely reflects the gain in stability of NTD upon dimer-
ization at acidic conditions.3¥ Overall, the results are consistent
with the complementary effects of pH on the stabilities of the
NTD and CTD.B31¢]

I'H-1’N HSQC NMR was performed to gain further insight
into the structure of MaSpl, including the repetitive region
(Figure 2c). The spectra for N-R6-C (gray peaks) showed a wide
overall amide proton dispersion (>1 ppm), indicating the pres-
ence of well-ordered structure, as contributed by the terminal
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Figure 1. Design of the recombinant MaSp1 platform. a) Amino acid sequence of recombinant MaSp1 construct N-R6-C used in the study. The sequence
is derived from native MaSp1 from T. clavipes and features 6 consensus tandem repeats of 33 residues each and flanked by N- and C-terminal domains. b)
Comparison of the MaSp1 and MaSp2 consensus repeat sequences. The background color corresponds to the hydrophobicity of each residue according
to Kyte—Doolittle,l#] while the cationic charge on the arginine (R) in MaSp1is also indicated. MaSp 1 features a larger proportion of hydrophobic residues
that punctuate the glycine-rich region, [leucine (L) and alanine (A)], whereas proline (P) and di-glutamine (QQ) residues feature prominently in MaSp2,
to present a more uniformly hydrophilic profile outside the poly-Ala region. (c) Analysis of the MaSp1 N-R6-C sequence via different metrics, with domain
boundaries indicated by dotted lines. Top panel, hydropathy plot (Kyte-Doolittle, window = 3); middle panel, structural disorder prediction via fIDPnn(11];

bottom panel, LLPS propensity via FuzDrop.[1%]

domains. Interestingly, despite the high molecular weight of
N-R6-C (81.6 kDa, considering dimer formation via the CTD),
relatively narrow linewidth signals were observed, suggesting
that each domain maintains independent molecular motion, as
suggested.['%! The terminal domains of N-R6-C could maintain
their native folded structure, as observed from the good super-
imposition of the signals with the respective spectra from the
isolated terminal domains (Figure S2, Supporting Information).
However, the CTD signals were considerably broader than those
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for NTD, possibly due to the larger structure of the CTD dimer
or due to its relatively low solubility in aqueous buffer.?*7] On
the other hand, backbone signals attributed to the repetitive re-
gions indicate highly dynamic conformations, as indicated by
the narrow amide proton dispersion (Figure 2c, inside the red
dotted ellipses), consistent with previous reports on dragline
spidroins.!'%12018] Overlaying the N-R6-C spectra with data from
MaSp1 4-tandem repeat R4 (yellow peaks) provides an approx-
imate fingerprint of the different repeat domain assignments,
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Figure 2. MaSp1 structure and behavior in the prefibrillar solution state. a) Dependence of MaSp1 solubility on NaCl concentration. MaSp1 N-R6-C
(at a final concentration of 3.0 mg mL~") maintains full solubility at NaCl concentrations between ~150 mm and 1.0 m; outside of this range, MaSp1
reversibly partitions out of solution, to accumulate in a high-density phase (HDP), with a concomitant depletion from the aqueous phase or LDP. b)
Far-UV circular dichroism of dilute MaSp1 N-R6-C at pH 7.0 and at pH 5.0, taken as a function of temperature at 10-degree intervals from 20-70 °C.
The terminal domains contribute a-helical signals, with apparent trade-offs in structural stability between the NTD and CTD under neutral and acidic
conditions. c) 2D NMR "H-SN HSQC analysis of MaSp1 N-R6-C (red peaks) overlaid with spectra from the isolated MaSp1 tandem repeat (green).
The NMR spectra are consistent with generalized disorder in the repetitive regions, coupled with well-structured terminal domains (see also Figure S2,

Supporting Information).

including clustered signals derived from the various glycine
residues, as well as the alanine residues comprising the polyala-
nine stretches.

2.3. Phase Separation Triggered by lon Perturbations

Consistent with our predictions, recombinant MaSp1 exhibited
a high propensity for LLPS, under conditions approximating
the physicochemical changes encountered in the spider’s natu-
ral spinning apparatus. MaSp1 in solution exposed to potassium
phosphate (KP;) at pH 7.0 above a certain concentration thresh-
old immediately became turbid. Microscopically, this turbidity
corresponded to a two-phase state characterized by numerous
spherical liquid droplets of protein that could readily undergo fu-
sion and surface wetting (i.e., LLPS) (Figure 3; Movie S1, Sup-
porting Information). Eventually, the protein droplets settled via
density to form merged condensate structures on the glass sur-
face. We mapped the MaSp1 LLPS propensity under isothermal
conditions with respect to the molar concentrations of protein
and of the KP; trigger, to thereby delineate the boundaries of the
1-phase and 2-phase regions (Figure 3a). Strikingly, MaSp1 was
found to have a much greater LLPS propensity than MaSp2 with
the equivalent N-R6-C architecture under identical conditions!®!
(see the red dotted curve in Figure 3a). Illustrative of this dis-
crepancy, under 0.5 M KP; conditions, MaSp1l N-R6-C displayed
an LLPS concentration threshold (i.e., apparent saturation con-
centration) of ~8 uM, whereas for MaSp2 N-R6-C the boundary
for spontaneous phase separation was ~80 um, otherwise main-
taining a one-phase solution state at lower protein levels.

To further elucidate the requirements for MaSp1 phase separa-
tion, we screened an array of ion compounds (Table S1, Support-
ing Information), which showed that LLPS could be triggered un-
der a wide range of conditions. Interestingly, the choice of anion
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species was found to largely dictate the LLPS propensity, while
the cation partner seemed to have little effect, at least under the
conditions tested. In summary, we observed that phosphate, sul-
fate, citrate, maleate and fluoride anions could efficiently induce
LLPS; incidentally, such anions are classified as kosmotropic in
character, such as defined by the Hofmeister series,[?] suggest-
ing that LLPS of MaSp1 at least partially arose in response to
perturbations to the water-water and water—solute interactions.
Notably, varying the ion species could create different concentra-
tion boundaries for LLPS, as seen for instance in the response of
MaSp1 to trisodium citrate (Figure 3a, green curve), which pro-
duced lower concentration thresholds for phase separation (i.e.,
higher propensity) compared to the effect of KP; under the same
conditions.

As discussed, recombinant MaSp1 had a narrow solubility win-
dow with respect to the NaCl concentration, outside of which
it partitioned from solution (see Figure 2a), and we confirmed
that this phenomenon likewise proceeded via LLPS, at both
the low- and high-salt extremes (Figure S3, Supporting Infor-
mation). While the shapes and dimensions of the condensates
formed under the high-NaCl conditions resembled those un-
der KP;-induced LLPS conditions, the droplets formed under the
NaCl-deficient conditions appeared larger and had a more spher-
ical morphologies, suggesting a greater degree of fluidity.

2.4. Effect of pH Gradient

During spider silk assembly, the response of spidroins to decreas-
ing pH is a well-characterized phenomenon, enabling the dimer-
ization of NTDs to produce interconnected polypeptide chains.
To study the response of recombinant MaSp1 to acidification, we
first confirmed the NTD-mediated dimerization of dilute N-R6-C
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Figure 3. MaSp1 exhibits a high propensity for liquid-liquid phase separation. a,b) Mapping the LLPS propensity of MaSp1 N-R6-C as a function
of the protein concentration (x-axis), and anion concentration (y-axis). Concentrations correspond to final the values after 1:1 mixing of protein and
the chemical trigger, namely (a) KP; and (b) tri-sodium citrate. The samples were monitored via microscopy at each condition corresponding to the
intersections between the vertical and horizontal dotted lines, and scored for the presence (filled circles) or absence (open circles) of liquid protein
droplets, from which best-fit estimate curves (shaded regions) were constructed. The phase separation map of MaSp2 N-R6-C against KP; pH 7.0 is
also shown in (a) as a red dotted line for comparison, which shows a much lower tendency for LLPS. c) Micrographs showing the representative MaSp1
condensate morphology obtained under the indicated conditions on the maps (numbered labels), taken immediately upon reaction initiation (“initial”)

and in the final deposited state, 30 min after initiation. Scale bars = 10 um.

via the fluorescence shift method.l**?"] Figure 4a shows that the
dimerization response is strongly modulated by the background
levels of NaCl, with midpoints of dimerization estimated at pH
values of ~6.25 and pH 5.75 under 25 mM and 300 mm NaCl,
respectively, which was in agreement with previous findings ob-
tained using NTD in isolation.[*2!]

We proceeded to monitor the mesoscale self-assembly of re-
combinant MaSp1 as a function of pH, under LLPS conditions,

Adv. Funct. Mater. 2025, 35, 2408175 2408175 (5 of 12)

which revealed profound changes in condensate morphology
(Figure 4Db). Upon mixing MaSpl and KP; in the pH range of
8.0-6.5, dynamic liquid-like LLPS droplets were produced, which
merged continuously and deposited onto the glass slide surface
on the timescale of a few minutes. Strikingly, at pH values less
than or equal to 6.0, the MaSp1 condensates exhibited highly
altered behaviors, which were characterized by rapid self-
assembly into protein fibril networks with submicron features.

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

35USD| SUOWILLIOD BAIERID 3|3l [ddke 3Ly AQ paueAoh a1e SaPILe YO B8N JO 3| J0) ARIq 1T 8UIUO AB]IA UO (SUONIPUOD-PUE-SLULISY/W0D" &3] 1M A1 1[ou [UO//SA1Y) SUOIIPUOD Pue SLUK L 8U) 855 *[G20z/70/72] uo Arlqiauliuo )i ‘Ueder aUei4a0D Aq S2T807202 WPe/Z00T OT/10p/wod’A3| Im Akeiq 1 jul U peoueApe//SANY W01} POPeO|UMOQ ‘ST ‘G20 ‘820E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

a
~ 1.35 1
£
=]
B
(42}
2
@ 1.30 1
g
®
[0
o
§ 1.5 | —e—25 mM
2 Fg— —&—150 mM
S § —e—300 mM
[T
b

Y VAR 4, .

KPipH 6.5 (@iCitaid B 6
’s :‘%‘\‘ )q"‘

S _ (h st d “ ]

Figure 4. Acidification drives self-assembly of MaSp1 into submicron fibrils. a) Monitoring pH-directed dimerization of MaSp1 N-R6-C via the NTD
via fluorescence emission shift assays. Curves at three different NaCl ambient concentrations (25, 150, 300 mM NaCl) are shown. b) Confocal light
micrographs showing mesoscale condensate structures of MaSp1 that formed spontaneously upon mixing equal volumes of 20 mg mL~" of N-Ré-
C solution and 600 mm of KP; at the indicated pH values (with a background of 500 mm NaCl). The morphology of the MaSp1 condensates is highly
sensitive to the pH conditions, with acidification leading to self-assembly of submicron fibril networks. Also shown are structures obtained using sodium
citrate buffer (pH 5.0), which produces identical results to KP; pH 5.0. Scale bars = 10 um. (c) 3D reconstruction of self-assembled MaSp1 fibrils showing
propagation of the network across three spatial dimensions. The image is colored by z-depth with a range of 0-30 um. Scale bar = 50 pm.

At the transitional pH of 6.0, mixing of MaSp1 and KP; initially
led to the rapid formation of fine structural networks; interest-
ingly, within a matter of minutes these structures underwent
gradual swelling, resulting in lobed structures with a “soft” ap-
pearance. Under more acidic conditions (pH 5.5-5.0), the imme-

Adv. Funct. Mater. 2025, 35, 2408175 2408175 (6 of 12)

diate assembly of submicron fibril networks encompassing the
entire sample field was observed, which did not undergo any fur-
ther transitions. Spontaneous alignment of the fibrils in parallel
orientation was often observed, likely driven by capillary flow of
the sample on the slide following placement of the coverslip. We
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Figure 5. Probing real-time self-assembly of MaSp1 in response to biomimetic gradients. a) Schematic illustration of the method for observing MaSp1
bottom-up self-assembly in response to ion and pH gradients. Two drops were placed adjacent to each other between glass coverslips, one containing
dilute, fluorescently labeled N-R6-C and the other containing the chemical trigger solution (left). Application of pressure using a micropipette tip was
used to induce the two drops to merge, thus initiating an ion/pH gradient to migrate across the protein sample, with continuous imaging using a confocal
fluorescence microscope. b,c) Monitoring the rapid changes of MaSp1 condensate morphology upon exposure to the mobile ion/pH gradients. The
zero timepoint arbitrarily denotes the timing of the first stable image following gradient initiation. Scale bars = 10 um. Panel (b) shows the effects of a
KP; (pH 7.0) gradient, while panel (c) shows the effects of a sodium citrate (pH 5.0) gradient. In both cases, the chemical gradient moves from left to
right along the frames, which were extracted from Movies S3 and S4 (Supporting Information). Scale bar = 10 pm.

also tested sodium citrate, pH 5.0, as the trigger for assembly,
which produced MaSp1 fibril networks that were indistinguish-
able from those formed with KP; at pH 5 (by taking this phe-
nomenon into account, we substituted citrate-based systems for
phosphate in subsequent low-pH experiments, to exploit the fa-
vorable buffering capacity of citrate compared to phosphate un-
der acidic conditions). Figure 4c shows a 3D reconstruction of
the submicron fibril network structures computed from a series
of stacked images, corresponding to a 30 um section along the z-
axis, which shows the fibrils making numerous interconnections
along the three spatial dimensions (see also Movie S2, Support-
ing Information).

2.5. Real-Time Observation of Rapid MaSp1 Self-Assembly
A major challenge in studying the self-assembly of MaSp1 was

that the initial events occurred very rapidly upon component mix-
ing, making their observation inaccessible through conventional

Adv. Funct. Mater. 2025, 35, 2408175 2408175 (7 of 12)

microscopy. To address this issue, we developed a method for
visualizing rapid mesoscale transitions in recombinant MaSp1
that occurred during the early stages of LLPS and fibrillogenesis
(Figure 5). The method is shown in Figure 5a, and involved track-
ing the assembly of fluorescently-conjugated MaSp1 in real-time
upon exposure to ion/pH gradients in a semi-controlled environ-
ment (details are provided in the Experimental Section). Typical
results of the real-time monitoring performed at pH values of 7
and 5 are presented in Movies S3 and S4 (Supporting Informa-
tion), respectively, with magnified details shown in Figure 5b,c.
Prior to exposure to the chemical trigger, uniform fluorescence
was observed in the sample, corresponding to a homogeneous
solution of labeled MaSp1. In Figure 5b and Movie S3 (Support-
ing Information), as the gradient of KP; (pH 7.0) was initiated
(sweep left to right), MaSp1 LLPS was induced upon contact, as
shown by the appearance of bright yellow spots that coalesced
into larger structures. This process was accompanied by the con-
comitant and gradual loss of fluorescence from the surround-
ing medium, as MaSp1 was progressively depleted from the bulk
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solution, with the entire process taking over one minute. In con-
trast, at a pH of 5.0, MaSp1 phase separation proceeded nearly
instantaneously as the ion front encountered the protein solution
(Figure 5¢; Movie S4, Supporting Information), seen as a sharp
boundary migrating from left to right; in the wake of this bound-
ary, there was an almost immediate depletion of fluorescence in
the aqueous phase and its concomitant accumulation in numer-
ous condensate bodies. The condensates formed at a pH of 5.0
appeared to be sticky and subsequently agglutinated into elon-
gated structures that grew into a mesh-like network, culminat-
ing in extended fibrils that were predominantly oriented along
the direction of sample flow.

Overall, our observations revealed major differences in MaSp1
phase separation behavior under the high and low pH regimes,
with the pH 5.0 results suggesting higher rates of nucleation of
condensate formation and suggesting an intriguing link between
LLPS and self-assembly of hierarchically organized fibrillar struc-
tures.

2.6. Biomimetic Production of Hierarchically Organized
MaSp1 Fibers

Based on the insights established in the previous sections,
we aimed to generate macroscopic recombinant MaSp1 fibers
with hierarchically organized substructures, reflecting the native
dragline fiber organization (Figure 6). We focused on three main
parameters, namely ion-dependent phase separation, acidifica-
tion, and tensile deformation to mimic the pultrusion process
encountered by the nascent silk fibers during the natural fiber
spinning. Briefly, a highly concentrated solution of MaSp1 N-R-6-
C (120-150 mg mL! “silk dope”) was processed by successive ex-
posure to 1.0 M citrate-phosphate buffer (CPB) at pH 7.0, which
leads to LLPS, followed by 1.0 M of CPB at pH 5.5, which induced
fibrillar self-assembly via the NTD. The viscous condensate mass
was then subjected to unidirectional deformation through man-
ual drawing using forceps (in buffer, followed by in air) to re-
sult in high-aspect-ratio solid fibers with a diameter of 10-15 pm.
The morphological changes at the microscopic level are shown in
Figure 6a.

Analyses of the biomimetic MaSp1 fibers by scanning electron
microscopy (Figure 6b) and by confocal optical microscopy in wa-
ter (Figure 6c¢) revealed the presence of a true hierarchical archi-
tecture, consisting of densely packed nanoscale fibrils oriented
parallel to the longitudinal axis, including within the fiber core.
The latter experiment furthermore demonstrated that the result-
ing MaSp1 biomimetic fibers were insoluble, and could retain
their structural integrity upon immersion in water or in physi-
ological buffer conditions, although a moderate swelling (lateral
expansion) could be observed.

Confocal Raman spectroscopy was used to evaluate changes
in the secondary structure of MaSp1 during the different steps
of biomimetic fiber assembly (Figure 6d). The results clearly
revealed the evolution of f-sheet structures within the fiber,
which was triggered in response to the mechanical deformation,
as demonstrated by the appearance of signature peaks in the
amide I (%1664 cm™') and amide III (%1240 cm™') regions.(]
Conversely, samples that had not been subjected to mechanical
perturbation produced peaks consistent with a-helical conforma-
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tions (amide I peak at #1653 cm™'), as expected from the high
relative molecular weight of the predominantly a-helical termi-
nal domains in N-R6-C.

3. Discussion

In this study we created a novel recombinant platform for MaSp1
that allowed us to interrogate the self-organization behavior of
spider silk under controlled conditions that approximate the
physicochemical changes in the spider’s native spinning appa-
ratus.

One interesting finding was that MaSp1 exhibited a much
greater sensitivity to kosmotropic anions (such as phosphate)
than MaSp2, as evidenced by the lower concentration thresh-
olds for LLPS induction. This finding was initially surprising,
given that the two recombinant spidroin constructs had identical
domain architectures (N-R6-C) and similar molecular weights.
However, analysis of the repetitive domain sequences of the two
spidroins suggested some clues to explain these results. Based
on studies exploring the molecular grammar governing LLPS
in various biological systems, it is becoming clear that cation-
pi interactions, which typically involve arginine and tyrosine
residues, respectively, provide potent drivers of biomolecular con-
densation, especially in systems featuring multivalent, repetitive
sequences.[?] Notably, MaSp1 has one residue each of Tyr and
Arg in its consensus repeat sequence, whereas the MaSp2 re-
peat contains Tyr but no Arg residues. It would be interesting
to test this and other sequence-function hypotheses in future
studies.

We found that MaSp1l presented a rather complex solubil-
ity behavior with respect to ambient NaCl levels, such that out-
side a certain range of background salt concentrations, MaSp1
readily unmixed from solution in the form of LLPS droplets,
in a reversible manner. In contrast, no such NaCl-dependent
boundaries were observed with recombinant MaSp2, which ap-
parently could maintain full solubility under similar conditions,
including under conditions without salt. This unexpected behav-
ior of MaSp1 recalled the so-called re-entrant phase transitions
described in some intrinsically disordered proteins,?*! whereby
changes in a single parameter (in this case, NaCl concentra-
tion) could produce multiple phase transitions between single
and two-phase states. These solubility requirements could sug-
gest additional factors to consider when designing biomimetic
spinning platforms that incorporate MaSp1, especially in the con-
text of multicomponent systems. Additionally, the variability in
phase separation behavior between MaSp1 and MaSp2, and per-
haps other MaSp subtypes as well, raises the intriguing possibil-
ity that within the silk gland the different subtypes could form
quasi-discrete, preorganized ensembles or clusters prior to fiber
assembly, which could account for the nonhomogeneous dis-
tribution of the subtypes in the mature fiber that have been
reported.!?*]

Some of the more intriguing results of this study came
from the real-time observation of MaSp1 self-assembly at the
mesoscale using fluorescence microscopy. To our knowledge,
visualization of the complete assembly process from soluble
spidroin state into hierarchically organized fibrils has not been
reported previously, at least at the short time scales and under
the biomimetic conditions explored in this study. In particular,
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Figure 6. MaSp1 biomimetic fibers exhibit hierarchical structures and deformation-induced crystallization. a) Microscopic analysis of concentrated
MaSp1 N-R6-C (120 mg mL™") at different stages of fiber assembly: (i) in CPB pH 7.0, showing dense droplet formation; (ii) in CPB pH 5.5, showing
viscous protein condensate with trapped aqueous droplets; (iii) after subjection to mechanical deformation within the CPB pH 5.5 buffer, showing a
dense mass with numerous parallel striations; (iv) upon further uniaxial deformation of the protein condensate in air, and subsequent replacement in
CPB. Scale bars = 10 um. b) SEM image of MaSp1 N-R6-C fiber fracture surface showing internal submicron fibril bundle arrangement, with the inset
showing clearer details. Scale bar = 10 um. c¢) Confocal microscopy image of MaSp1 fiber immersed in 1.0 m CPB reveals an internal organization of
extended fibrils oriented along the longitudinal axis of the fiber. The inset highlights a single fibril within the fiber which apparently sprung back from an
extended state. Scale bars = 10 um. d) Confocal Raman spectroscopy was used to evaluate secondary structural changes of the MaSp1 condensates at
the different stages of assembly represented by samples (i)-(iv). The individual spectra are staggered on the y-axis to facilitate viewing. Two highlighted
areas representing the amide | and amide 1l regions are expanded on the right-hand panels, and show the emergence of f-sheet conformations in
samples (iii) and (iv) in response to mechanical deformation; these are indicated by clear peaks at ~1664 and 1240 cm~'. Shown are representative
spectra from at least five experiments.

the apparent differences in the rates of nucleation of LLPS that
were observed relative to pH conditions could help elucidate the
self-assembly mechanism that leads to the rapid spinning of hier-
archically organized spider silk observed in nature. The develop-
ment of experimental methods that enable greater spatiotempo-
ral resolutions will likely yield significant advances in this regard.

The study also demonstrated that the recombinant MaSpl
construct could be efficiently converted from disordered pro-
tein condensates into solid, water-insoluble macroscopic fibers
with an internal hierarchical architecture consisting of aligned
nanofibrillar bundles through the application of directional ten-
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sion. Crucially, deformation applied to the fibrillar condensate
could also trigger the emergence of f-sheet conformations, with-
out the need for prolonged postprocessing, such as reported for
the 2-repeat MaSp1 constructs;?°! this difference could perhaps
be attributed to the higher number of tandem repeats in the N-
R6-C construct (6 tandem repeats) used in this study. Overall, our
results are consistent with the role of deformational stress, as at-
tributed to the pultrusion process, in inducing the emergence of
B-sheet nanocrystals within the fiber matrix that are considered
to be a prerequisie for achieving the characteristic high tensile
strength of the material.32°]
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4. Conclusion

The aim of the present study is to lay the groundwork for facilitat-
ing the inducible biomimetic self-assembly of MaSp1 at multiple
length scales, from a largely disordered, soluble state to a state of
hierarchically organized macroscopic fibers. In future research,
an important consideration that deserves further attention con-
cerns the internal geometry of the fiber spinning system, as in-
deed parameters such as shear and elongational flow are known
to exert profound effects on spider silk self-assembly. In this re-
gard, studies on MaSp1 bottom-up assembly can greatly benefit
from the use of microfluidic approaches for the controlled de-
livery of chemical triggers and for the modulation of rheological
parameters, as we recently explored in the context of recombi-
nant MaSp2.1%”] Beyond the spider silk field, we hope that our
current study will inspire further investigations into the mecha-
nisms that govern the sequence-encoded self-assembly of other
complex supramolecular biomaterials.

5. Experimental Section

Plasmid Construction: The T. clavipes MaSp1 gene construct N-R6-C
was purchased (GenScript) and subcloned into a pET43.1 vector (No-
vagen) for expression downstream of the NusA protein moiety. Subcloning
of the MaSp1 gene was carried out by PCR amplification of the insert
from the pET15b construct using KOD-Plus-Neo polymerase and primers
capped with Sacl and Xhol restriction sites on the upstream and down-
stream primers, respectively. The PCR product was purified from 1%
agarose gel using a Qiagen kit, followed by restriction digestion using Sacl
and Xhol (Takara) and purification of the digested product (Qiagen). The
pET43.1 plasmid was digested with the same restriction enzymes and puri-
fied on a 1% agarose gel. DNA ligation was performed using Ligation high
ver.2 (Toyobo) under standard conditions, followed by transformation into
DH5a. Transformants were screened by colony PCR followed by DNA se-
quencing. The original vector sequence was further modified to remove
the enterokinase cleavage site and thus bring the thrombin cleavage site
in proximity with the MaSp1 coding sequence. Plasmid modification was
carried out via standard PCR-based site-directed mutagenesis, using KOD-
Plus-Neo DNA polymerase (Toyobo), Dpnl digestion (Takara), and trans-
formation into Escherichia coli strain DH5a. Transformants were screened
by colony PCR using GoTaq polymerase (Promega) and T7 primers, and
confirmed by DNA sequencing using BigDye Terminator v3.1 cycle se-
quencing (Thermo Fisher Scientific). The synthetic gene containing iso-
lated MaSp1 4-repeat sequence R4 (ThermoFisher) was subcloned into
pET15b vector and transformed into E. coli DH5a strain.

Expression of Recombinant MaSp1 Protein: The engineered plasmid
was transformed into E. coli BLR(DE3) strain and inoculated into 100 mL
of LB medium (BD) with 100 ug mL~" ampicillin (Sigma) and incubated
overnight at 37 °C with shaking at 180 rpm as a preculture, which was then
used to inoculate 2 L of main culture in baffled culture flasks and shaken
at 37 °C until ODgqy was ~0.8-1. Temperature was lowered to 20 °C and
after 30 min additional shaking, isopropyl-g-D-1-thiogalactopyranoside
(Wako) was added to 0.4 mwm final concentration to initiate expression
of the NusA-MaSp1 fusion protein, followed by overnight shaking. Cells
were harvested by centrifugation, resuspended in buffer A (20 mm Tris-
HCl pH 7.5, 500 mM NaCl and20 mwm imidazole), and stored at —80
°C in 40 mL aliquots (corresponding to 2 L cell culture volume), until
purification.

For production of labeled protein for NMR, singly labeled ('*N) MaSp1
N-R6-C and ("*N) CTD were prepared by growing BL21(DE3) in M9 mini-
mal medium containing unlabeled D-glucose (4 g L™! culture, Wako) and
15N-ammonium chloride (1 g L™ culture, Cambridge Isotope Lab). For
doubly labeled samples, ('3C, >N) MaSp1 NTD and (*C, '>N) R4 (four
tandem repeats), proteins were prepared by growing BL21(DE3) in M9
minimal medium containing *C-glucose (2 g L~!, Cambridge Isotope

Adv. Funct. Mater. 2025, 35, 2408175 2408175 (10 of 12)

www.afm-journal.de

Lab) and "> N-ammonium chloride (1 g L™, Cambridge Isotope Lab). Cul-
tures were initially grown in 5 mL LB medium with 100 ug mL~" ampicillin,
which was used to inoculate a 200 mL preculture of M9 minimal medium
containing 100 ug mL~" ampicillin and grown overnight with shaking at
160 rpm, 37 °C, and then transferred into 2 L of main culture in the same
medium. The cells were grown until ODgy, &1, upon which expression
was induced with 0.4 mm IPTG at 20 °C followed by overnight shaking at
160 rpm.

Protein Purification: ~ For MaSp1 N-R6-C, frozen cell slurry (40 mL) was
thawed in a water bath at room temperature, to which was added 40 mg of
hen egg lysozyme (Wako), 500 units of TurboNuclease (Accelagen), 4.5 mL
of 10% Triton X-100 (to 1% final concentration) and supplemented with
cOmplete EDTA-free protease inhibitor cocktail (Roche). Cell lysis was al-
lowed to proceed for 1h at 4 °C with stirring, followed by centrifugation at
8000 rpm for 30 min at 4 °C, and the supernatant fraction transferred to
fresh 50 mL tubes and centrifuged again for 30 min. The cell pellet was fur-
ther treated with BugBuster cell lysis reagent (Merck) to maximize protein
extraction, and the supernatant fractions from the two lysis steps were
combined. The clarified supernatant fractions were loaded onto Ni-NTA
HisTrap column (2 5 mL columns in tandem; Cytiva) and washed exten-
sively at 4 °C with buffer A via AKTA Explorer (GE Healthcare) until base-
line levels of absorbance were reached. Bound protein was eluted using
buffer B (20 mm Tris-HCl pH 7.5, 500 mm NaCl, and 250 mm imidazole).
The eluted fraction was concentrated and buffer-exchanged using in a Vi-
vaSpin centrifugal concentrator with 10-kDa cutoff (Merck) at 8000 rpm
at 4 °C against 20 mwm Tris-HCl pH 7.5, 0.5 m NaCl. The fusion protein
was cleaved using bovine thrombin (Sigma) by overnight incubation at
4 °C. MaSp1 was further purified from NusA and other protein contam-
inants by taking advantage of the propensity of recombinant MaSp1 to
undergo reversible phase separation in the presence of potassium phos-
phate buffer (KP;) at neutral pH: 1.0 m KP; pH 7.0 was added dropwise
until the protein sample turned irreversibly turbid, indicating phase sepa-
ration; the sample was centrifuged to produce two phases, a high-density
phase (HDP) containing highly concentrated MaSp1 and a low-density
phase (LDP) containing the rest of the sample. The LDP was removed
and the HDP was reconstituted in a small volume of 20 mm Tris-HC| pH
7.5, 0.5 M NaCl by careful pipetting. High-speed centrifugation was ap-
plied to remove any aggregated material, and the concentration of purified
MaSp1 was calculated using A280 measurements of diluted sample using
NanoDrop (Thermo Fisher). Protein purity was assessed by SDS polyacry-
lamide gel electrophoresis (SDS-PAGE). Purified MaSp1 was used as-is or
otherwise flash-frozen in liquid nitrogen in small batches and stored at
—80 °C until further use. In the case of the incomplete protein constructs
(isolated NTD, CTD, arepetitive domains), purification was performed es-
sentially according to previous protocols.!®]

Circular Dichroism:  Far-UV CD spectra were measured using a JASCO
820 instrument and a Starna 21Q quartz cuvette. N-R6-C was diluted to
0.1 mg mL™" in buffer consisting either of 5 mm potassium phosphate,
45 mm NaCl (pH 7.0) or 5 mm sodium acetate, 45 mm NaCl (pH 5.0).
Spectra were collected from 260-190 nm at a scan rate of 50 nm min~" at
1 nm intervals and 4 s response time and 2 accumulations. Spectra were
recorded from 20-70 °C at 10-degree intervals, using a temperature ramp
of 1°Cmin~".

NMR Experiments:  Prior to NMR analysis the (">N) N-R6-C was pre-
pared in 10 mm phosphate buffer, pH 7, 500 mm NaCl, while the (>N)
CTD, ("*C, "N) NTD, and ('3C,’*N) R4 samples were prepared in 10 mm
phosphate buffer, pH 7, 300 mm NaCl. All samples were supplemented
with 10% D, 0 and 0.1 mm 4.4-dimethyl-4-silapentane-1-sulfonate (DSS).
2D "H-SN HSQC spectra of N-R6-C, CTD and NTD were recorded at
35 °C with 144, 4, and 4 scans, respectively, and recycle delay of 1 s.
For MaSp1 R4, 2D and 3D NMR experiments were performed with 2
scans and recycle delay of Ts, at lower temperature (10 °C) to avoid
signal loss due to rapid amide proton exchange of unfolded peptide at
higher temperature. To assign the 2D ("H, >N) HSQC of R4, 3D NMR ex-
periments, including 3D HNCO/3D HN(CA)CO,[?%] 3D HN(CO)CA/3D
HNCA[?®] and 3D CBCA(CO)NH%were performed. All NMR spectra
were processed using NMRPipel®'l and visualized and analyzed using
SPARKY.[32]
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NTD Dimerization Assay: NTD dimerization was monitored based on
a tryptophan fluorescence shift upon pH-driven dimer formation.[*3] The
assays were prepared in 96-well black plates (Iwaki), with each 100 pL re-
action containing 5.0 um of recombinant MaSp1, background NaCl con-
centrations of 25, 150, or 300 mwm, and a mixed buffer system containing
20 mm each of sodium acetate, MES, and HEPES, with pH adjusted to val-
ues ranging from 4.75-7.5 in increments of 0.25 pH units. Fluorescence
spectra were measured at 25 °C using Spectramax M3 (Molecular Devices)
with excitation at 280 nm and an emission range from 300-400 nm. The
response curves were generated by calculating the fluorescence intensity
ratios between 339 and 351 nm and plotting the results against pH values.

Phase Separation Map Construction:  Different combinations of MaSp1
N-R6-C concentration (ranging from 2.5 to 90 um) and KP; pH 7.0 concen-
tration (ranging from 0.1 to 0.8 m), against a constant 0.3 m NaCl back-
ground and at 23 °C, were evaluated for LLPS formation by optical mi-
croscopy. Components were initially mixed in PCR tubes (20 uL final vol-
ume), and 5 pL aliquots of each were evaluated for the formation of liquid-
like droplets using Olympus BX53 microscope equipped with a DP73 cam-
era. Each data point was tabulated onto a grid representing MaSp1 ver-
sus KP; concentration, from which best-fit curves were constructed by eye.
Each sample point was prepared at least twice to ensure reproducibility.

Fluorescence Labeling of MaSp1: MaSp1 N-R6-C was labeled with NHS
ester of Dylight-550 (Thermo Fisher Scientific) according to the manufac-
turer’s protocols. No changes in phase separation behavior were observed
between the labeled and unlabeled protein samples.

Confocal Laser Scanning Microscopy: Differential interference con-
trast (DIC) images of unlabeled MaSp1 condensate structures were col-
lected using Zeiss LSM 700 confocal microscope using a Plan-Achromat
40 x /0.95 Korr M27 lens and pinhole size of 1T AU. Samples were excited
at 488 nm and imaged using the T-PMT channel.

For the 3D reconstruction experiments, 20 mg ml~! MaSp1 N-R6-C (at
1:4 ratio Dylight-500 labeled: unlabeled) was mixed with an equal volume
of 1.0 M sodium citrate pH 5.0 in a glass slide chamber and sealed with a
coverslip. The resulting nanofibril networks were imaged on a Leica TCS
SP8 scanning confocal microscope equipped with a white light laser us-
ing the HC PL APO CS2 40 x /1.30 oil objective and pinhole size of 1 AU.
Samples were excited at 549 nm and images collected using PMT detector.
Image stacking was performed under z-wide mode and system optimized
settings for a range of 30 um along the z-axis. The final 3D reconstruc-
tion was achieved using the Leica LAS X software with slight sharpness
adjustment applied using ProcessTools.

Direct Observation of Biomimetic Self-assembly:  Two droplets were de-
posited onto a 24 x 50 mm coverslip (Matsunami) at a proximity of a few
mm, one containing 10 mg mL~" of Dylight-550 labeled MaSp1 N-R6-C
solution, and the other droplet consisting of either 1.0 m KP; (pH 7.0) or
1.0 M sodium citrate buffer (pH 5.0). A smaller coverslip (18 x 18 mm),
coated with silicone grease on the edges, was placed above the sample,
thereby sandwiching the two drops between the two glass planes, with-
out them touching. This setup was placed onto the stage of Zeiss LSM
700 microscope and allowed to equilibrate for 5 min. Continuous imaging
was initiated at 555 nm excitation and 573 nm emission using Plan Achro-
mat 20 x /0.8 M27 objective while focused on the MaSp1 drop. The ion
gradient was initiated by applying gentle pressure onto the smaller cover-
slip using a micropipette tip, to push the ion solution droplet toward the
protein sample until the two droplets merged. Time-lapse images were
collected continuously at 0.64 or 1.03 frames per second for up to 10 min.

Biomimetic Fiber Formation: To produce fibers, a small volume (typi-
cally 0.5 pL) of concentrated recombinant MaSp1 solution (150 mg mL™")
was pipetted onto a glass slide and immediately layered with 4 uL of 1.0
M CPB, pH 5.5, which led to immediate turbidity. By means of forceps,
the protein material was pulled carefully from one edge of the condensed
mass and drawn unidirectionally in air until the nascent fiber attained a
length of ~10 cm.

Raman Spectroscopy: Raman spectra were measured using a JASCO
NRS-4100 instrument combined with a DU420-OE charge-coupled device
detector (Andor). The 532 nm laser was used with the 100 x /0.90 oil im-
mersion objective, with grating set to 1800 grooves mm~" and slit size of
10 x 8000 um, for a nominal resolution of 0.7 cm~". Spectra were recorded
from 500 to 2000 cm~" with a beam intensity of 16.9 mw and exposure
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time of 30 sec for 8 accumulations. At least five spectra were collected
for each sample to ensure reproducible results. The raw spectra were pro-
cessed by adjusting the background signal using a spline method inte-
grated with the JASCO software followed by intensity normalization via
the peak at 1453 cm™".

Scanning Electron Microscopy: Dried fiber samples were placed on an
aluminum stub covered with conductive carbon tape, sputtered with gold
using a JEOL Smart Coater, and visualized on a JCM-6000 instrument
(JEOL) at 5 kV using secondary electron imaging mode and under high
vacuum conditions.
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