International Journal of Biological Macromolecules 329 (2025) 147712

Contents lists available at ScienceDirect

International Journal of Biological Macromolecules

journal homepage: www.elsevier.com/locate/ijbiomac

ELSEVIER

Temperature and time induced assembly phase changes of engineered
spidroin protein solutions

Dmitry Tolmachev *, Isabell Tunn ™““, Adam L. Harmat *°, Nea B. Mottonen by
Alberto Scacchi ™“¢, Markus B. Linder ™, Maria Sammalkorpi "

2 Department of Chemistry and Materials Science, Aalto University, P.O. Box 16100, FI-00076, Aadlto, Finland

b Department of Bioproducts and Biosystems, Adlto University, P.O. Box 16100, FI-00076, Adlto, Finland

¢ Academy of Finland Center of Excellence in Life-Inspired Hybrid Materials (LIBER), Adlto University, P.O. Box 16100, FI-00076, Aalto, Finland
4 Fraunhofer Institute for Applied Polymer Research (IAP), GeiselbergstraBe 69, 14476, Potsdam, Germany

€ Department of Mechanical and Materials Engineering, University of Turku, Vesilinnantie 5, FI-20014, Turku, Finland

ARTICLE INFO ABSTRACT

Keywords:

Spidroins

Silk-like proteins
Temperature response
Liquid-liquid phase separation
Gelling

Here, we explore the molecular level origins of the curious temperature and time dependent assembly phase
response of silk-like protein materials. Combining molecular dynamics simulations, CD and FTIR spectroscopy, as
well as optical microscopy, we examine the assembly phase response of model engineered tri-block protein
constructs with a middle intrinsically disordered region and folded terminal domains. We show that, the as-
sembly phase response over a broad temperature range between 20 and 80 °C arises from strong interprotein
interactions. The phase transitions are governed by the interplay of changes in the entropy of the flexible glycine-
rich regions and the hydrophobic interactions between the a-helices rich in alanine (Ala). Furthermore, we
observe irreversible gelation at high temperatures and during aging (time-induced gelation). Thermal gelation
rises via interactions between the Ala-rich regions and subsequent formation of p-sheets that crosslink the protein
network. On the other hand, the time-induced gel is formed with no notable secondary structure transitions of
the middle block via percolation of the protein, which is sensitive to the dimerizing interactions of the terminal
domains. Overall, the significance of this work is that we identify time as a separate design variable from the
molecular level characteristics and solution conditions of the silk-like protein gels, and extract assembly
guidelines for the gel formation and its characteristics.

1. Introduction silk-like materials stem from the possibility to tailor the material prop-

erties through precise control of the amino acid sequence and the mul-

Propelled by bioinspiration and the emerging prospects of biosyn-
thetic production approaches, protein-based materials hold immense
possibilities in biomaterials solutions for advanced materials [1-3].
Specifically, silk-like proteins offer fascinating materials solutions, e.g.,
tissue engineering, wound dressings, drug delivery, intelligent health
monitoring, food packaging, and textile industry [4-6]. Besides
advanced solutions for static, traditional materials characteristics, these
protein-based materials also show great promise in dynamically rear-
ranging and adaptive materials [7-9]. The diversity of available appli-
cations emerges from the exceptional mechanical properties [10],
biocompatibility [11,12], biodegradability [13,14], and high thermal
conductivity [15], but also the intrinsically disordered, multi-
conformational assembly of the proteins [16,17]. Additional appeal of

tiscale assembly structure of the protein material.

Significant interest in silk-like proteins for materials solutions has
focused on spidroins, silk proteins produced by spiders [18,19]. Spi-
droins have a tri-block structure where an intrinsically disordered region
(IDR) is terminated by two folded domains [18]. The IDR has a structure
of alternating hydrophilic disordered glycine-rich regions and hydro-
phobic alanine (Ala)-rich regions which form a-helices in solution and
B-sheets in fibers [18].

The interactions between the terminal domains of silk-like proteins
enable governing the structure and properties of protein materials [20].
For example, simple temperature treatment leads to structural changes
in silk protein-based materials, including significant changes in their
hydrophobicity and mechanical properties [21,22]. The complex
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interprotein interactions inherent to protein systems can make the ma-
terial structure, assembly dynamics, and the resulting properties sensi-
tive to the processing pathway [23]. This is evidenced also by silk-like
protein phase response presenting metastable and sample history
dependent properties [24]. The processing dependency also offers
advanced tunability of the material. At the same time, processing de-
pendency requires comprehensive understanding of both the thermo-
dynamic and kinetic assembly phase responses of the protein system.
Furthermore, amino acid sequence and solution conditions specificity
can be expected, complicating further using the time-temperature de-
pendencies in engineering assembly response.

Addressing this, key relations between structure and phase behavior
of proteins have been resolved [25-29]. General level overview of the
thermodynamics and kinetics of protein solutions follows from consid-
ering solutions of folded proteins, which effectively follow colloidal
theory [30]. However, IDRs in the protein can radically change both
thermodynamic and kinetic assembly response from the colloidal
response of folded proteins [20]. This is not surprising, as IDRs enable a
high variety of conformations which makes the assembly free energy
landscape and transitions more intricate. The increased complexity re-
sults in more time and processing pathway dependent assemblies, for
example kinetically arrested states, such as gels. To understand the as-
sembly response in the presence of IDRs, one simplifying consideration
is that depending on its structure and length, the IDR can be considered
to be a block-copolymer that forms diverse structures [31]. Further-
more, the time dependent solution response of a multidomain protein
with both IDRs and folded domains strongly depends on the protein
structure and interprotein interactions [29,32]. Simplified models of
polymer physics aid in generalizing the assembly dependencies. For
example, the Flory-Huggins theory [33,34] predicts that an increase in
the polymer length leads to an increase of upper critical solution tem-
perature (UCST) of liquid-liquid phase separation (LLPS), and intrinsi-
cally disordered proteins (IDPs) also follow this [35].

Besides length, also temperature is a key control parameter in the
LLPS of silk-like protein solutions. Depending on the amino acid
composition, IDPs can have an UCST (LLPS induced by a temperature
decrease), a lower critical solution temperature (LCST) (LLPS induced by
a temperature increase), or different combinations of these [28]. For
example, glycine rich IDP sequence makes UCST more likely due to the
flexibility of glycine promoting significant changes in entropy when
temperature decreases [28]. In contrast, hydrophobic amino acids can
lead to the appearance of LCST, since hydrophobic interactions become
stronger with rising temperature [35-38]. Generally, stronger inter-
protein interactions promote forming solid-like states, such as gels
[36-39].

Also, the amino acid content and their specific sequence influence
the kinetic and thermodynamic response of silk-like proteins. For
example, Rekhi et al. [37] have shown that distributing multiple weak
interaction “stickers” along the protein chain favors LLPS [37]. In
contrast, sparsely distributed strong interaction “stickers” more likely
result in aggregation and gelling of IDPs. Harmon et al. [36] demon-
strated that the gel-liquid transition undergoes a drastic change when
the amino acid sequence of multivalent IDPs was altered. A high density
of attractive interaction sites (“stickers”) led to gel formation occurring
uniformly at elevated protein concentrations. Opposed to this, “stickers”
sparsely distributed along the protein chain at relatively low concen-
trations drove gelation by the increase of local protein concentration due
to phase separation [36].

The IDR interactions both with IDRs and folded domains are essential
for the kinetic and thermodynamic assembly response of multidomain
proteins. We examine this here using a model silk-like spidroin tri-block
protein system. The engineered spidroin AQ12 [40] (also called eADF3)
protein with two different types of folded terminal domains, cellulose
binding module (CBM) [41] and fibronectin type 3 module 10 (FN) [42],
is chosen as the focus model protein system. The phase behavior and
properties of AQ12-based protein systems and the influence of amino
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acid sequence on it have been studied previously both in experiment
[20,43-48] and in simulations [49-51], which makes it an ideal model
system to study. Specifically, we have previously shown the important
role of interactions between the folded terminal domains in driving LLPS
propensity on a related tri-block silk-like protein system [20,49]. The
IDRs in condensates interact via a-helices hydrophobic attraction [49].
Prior experimental work indicates that isolated blocks of AQ12 can
undergo LLPS [45], but the mechanism of the phase separation remains
unclear. Notably, since AQ12 contains both hydrophobic amino acids
and flexible glycine-rich regions, both entropic and enthalpic factors can
promote LLPS. This could lead to both LCST and UCST response,
depending on conditions. Indeed, an AQ12-based protein with a highly
hydrophobic a-helical terminal domain has been reported experimen-
tally to have a pronounced LLPS transition already at 25 °C [45].

Besides LLPS, large a-helix content can also lead to gelation via
secondary structure transition from o-helices to p-sheets. Arndt et al.
[52] have demonstrated that another spidroin, NT2-Rep-CT, gels at
37 °C due to secondary structure transitions and aggregation of the NT
domains. The gelation of regenerated Bombyx mori silk fibroin with
temperature increase has also been observed by Nagarkar et al. [53].
Moreover, silk fibroins also gel at low temperatures during storage [54].
In these studies, the gelation by both temperature and time was
accompanied by an increase in fB-sheet secondary structure [53-55].
Furthermore, peptides with repetitive hydrophobic/hydrophilic motifs
tend to form f-sheet-rich gels [56]. Despite the attention that the topic
has received, the gelation mechanism of silk-like proteins remains un-
clear: p-sheet formation but also percolation driven by non-specific in-
teractions further inducing p-sheet formation have been proposed as
mechanisms [53,57,58]. Moreover, silk fibroins also gel at low tem-
peratures during storage at low temperatures [59].

Here, we target resolving the molecular processes responsible for
gelation of silk-like (AQ12-based) multidomain proteins via elucidating
both amino acid and domain specific gelation responses. First, the
relation between amino acid sequence and temperature response of the
solution interactions in the IDR are extracted by atomistic detail mo-
lecular dynamics (MD) simulations. The assembly phase response, its
temporal dependencies and the gelation of the corresponding silk-like
protein is then mapped experimentally comparing two different types
of terminal domains, CBM and FN. Simulating the IDR separately from
the terminal domains enables to extract the role of the IDR in the tem-
perature response of the protein. Based on our observations, to aid
materials design via post-processing protocol and sample preparation
conditions, we propose a simplified assembly phase diagram for the
gelation regions separating temperature- and time-induced paths. This,
together with the MD simulations that offer molecular-level insight into
assembly phase response, paves way for the rational design of silk-
protein materials. The findings provide a fundamental framework for
the controlled production of silk-like protein hydrogels but also high-
light the importance of optimization of their storage conditions.

2. Methods
2.1. Experimental methods

2.1.1. Protein expression and purification

The silk proteins, CBM-AQ12-CBM and FN-AQ12-FN, and isolated
terminal domains CBM and FN were cloned into Escherichia coli for re-
combinant protein expression as described previously [47]. Amino acid
sequences are presented in supporting information (SI). The expression
and purification of the silk proteins were carried out as described by
Tunn et al. [47]. No heat treatment step was carried out for CBM, while
heat treatment purification was carried out at 60 °C for 30 min for FN.
All proteins were further purified using immobilized nickel ion affinity
chromatography (Akta pure, cytiva) by means of HisTrap FF columns
(cytiva). After this, the buffer was changed to deionized water using
Econo-Pac 10DG gel filtration columns (Bio-Rad Inc.). The purified
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proteins were frozen with liquid nitrogen and stored at —80 °C until use.

2.1.2. Sample preparation for gelation tests

The silk-like proteins were concentrated in water with 100 mM NaCl
using centrifugal concentrators at 1200 rcf at 20 °C with a 30 kDa cut-off
(Vivaspin20, Satorius AG). The isolated terminal domains were
concentrated at 2000 rcf at 20 °C (5 kDa cut-off, Vivaspin20, Satorius
AG). Unless otherwise stated, the silk-like proteins were concentrated to
1 mM, which is equivalent to 85 mg/ml for CBM-AQ12-CBM and 71 mg/
ml for FN-AQ12-FN. To achieve the same mass concentration, the iso-
lated terminal domains were concentrated to 85 mg/ml for CBM and 71
mg/ml for FN. For the heating experiment of CBM-AQ12-CBM (Fig. 4),
1.7 mM protein solution (equivalent to 140 mg/ml) were prepared with
centrifugal concentrators at 1200 rcf at 20 °C with a 30 kDa cut-off
(Vivaspin20, Satorius AG). This concentration allowed us to observe
the sample at LLPS conditions.

2.1.3. Temperature and time stability tests

The temperature stability of the 1.0 mM protein solutions was tested
using a thermocycler (PTC-100, MJ Research Inc.) in 0.2 ml tubes filled
with 20 pl of the sample. The samples were incubated at 20 °C or heated
to 70 °C, respectively 80 °C, for 10 min. To study the effect of temper-
ature on CBM-AQ12-CBM condensate, 20 pl aliquots of a 1.7 mM sample
were heated for 10 min at 20, 40, 50, 60, 70, or 80 °C using the same
thermocycler described above. All samples were imaged with light mi-
croscopy after heating (Zeiss Axio Vert Al, Carl Zeiss AG, 40x/0.6 Ph2
objective lens). The time stability of the silk proteins and the isolated
terminal domains was examined by incubation at room temperature
until irreversible changes of the samples (gelation, aggregation) were
observed. Aging took 12-21 days depending on the sample (see details
in the discussion section).

2.1.4. Fourier transformed infrared (FTIR) spectroscopy

The secondary structure of the samples obtained from temperature
and time stability test was investigated using FTIR (Spectrum Two,
Perkin Elmer). A small amount (10 pl) of the sample was applied to the
crystal and spectra were collected with 0.5 cm™! intervals in the range
750-2000 cm L. The number of averaged accumulations per sample was
16 for all samples, but for the isolated FN protein, the spectra were ac-
quired with 32 accumulations to increase the signal-to-noise ratio. The
amide I peak intensity was normalized using OriginPro 2024
(10.1.0.178, academic version).

2.1.5. Circular dichroism (CD) spectroscopy

To study the contribution of the IDRs and the terminal domains to the
structural transitions of the silk-like protein with increasing tempera-
ture, CD spectroscopy (JASCO J-1500-150ST) was performed. The iso-
lated terminal domains were measured at 0.75 mg/ml protein
concentration in 100 mM NaCl, while the silk proteins were measured at
10 pM concentration in 100 mM NaCl in a 1 mm Quartz Suprasil cuvette
(Hellma). The spectrometer was equipped with a Peltier element to
enable the acquisition of spectra while applying a temperature ramp
from 20 to 90 °C with a 1 °C/min heating rate. Spectra were acquired in
1 °C intervals from 200 to 250 nm with 2 s integration time and 1 nm
data pitch. The mean residue ellipticity (MRE) [60] was calculated from
the data with

MRW x 6

10dc M

HMRE =
with the mean residue weight (MRW) (g/mol), the observed ellipticity 6
(deg), the path length of the cuvette d (cm), and c the protein concen-
tration (g/1).

2.1.6. Rheology
The rheological properties of the samples were tested using a stress
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controlled MCR 302 Rheometer (Anton Paar). As a measurement tool
CP15-1 (0.03 mm gap) was used and 55 pl of sample was loaded. The
sample was sealed with 10 cSt silicone oil to prevent evaporation of
water. For the temperature induced gels, the sample was heated to 80 °C
with 5 °C/min heating rate to induce gel formation. The temperature
was kept at 80 °C for 7 min and lowered to 20 °C and equilibrated for 30
min. For the aged gel the sample was loaded and allowed to equilibrate
for 5 min before the amplitude sweep. The amplitude sweep was per-
formed from 0.1 to 1000 % strain at a constant frequency of 10 rad/s to
obtain information about the elastic storage modulus G' (Pa) and the
viscous loss modulus G" (Pa), as well as the linear viscoelastic range of
the formed gel.

2.2. Molecular dynamics simulations models and methods

2.2.1. Models

For simulating IDRs, the AQ3 sequence was chosen as a model spi-
droin IDR (see Fig. 1a). This sequence corresponds to three repetitive
subunits of the intrinsically disordered part of the AQ12 (eADF3) protein
examined experimentally. Simulating the shorter AQ3 sequence enables
atomistic detail simulations. While coarse-grained models, such as the
recent MARTINI 3 force field for IDPs [61], claim accurate reproduction
of IDP conformations, the coarse-graining still leads to incorrect esti-
mation of the entropic contribution to the free energy [62]. This makes
temperature response challenging to capture via coarse-grained ap-
proaches. The amino acid sequences of the AQ3 and AQ12 proteins are
listed in the SI. Three distinct types of silk-like protein systems were
examined in water solution: i) a single AQ3 chain, ii) two AQ3 chains,
and iii) a fibril model consisting of 36 AQ chains. The first simulation set
reveals intraprotein interactions and the effect of temperature on them.
The second set (ii) enables extracting interprotein interactions and the
correlations between inter- and intra-protein interactions, and in iii) the
fibril mimics conditions expected when the IDR undergoes transition to
B-sheet [63].

The length of the AQ3 unit in the simulations of i) and ii) is 132
amino acids and due to the glycine-rich regions making up 75 % of the
protein it is highly flexible. Because of the long, flexible chain, the
simulations are run for 1 ps to obtain sufficient sampling to reach reli-
able intra- and inter-molecular interaction fractions. Opposed to this, in
setup iii), the crystalline f-sheet-rich region of a fibril was modelled by
36 AQ repeat units set initially into a p-sheet configuration and simu-
lated for 0.5 ps. This was done to compare the stability of f-sheets vs
a-helical structures in solvated molecule. Notably, AQ12 can form
B-sheets in coacervates [25,61-66]. The shorter AQ sequence is
employed because of the crystalline initial configuration. Details of the
simulation systems are collected in Table 1 and representative snapshots
of the simulated systems are presented in Fig. 1.

For setups i) and ii), we have assumed that single or two chain sim-
ulations allow extracting information on phase transitions in protein
solutions. This assumption is common in the field, but not obvious.
Indeed, multiple studies have linked the conformation of a single diluted
IDP with its phase behavior for a wide range of IDPs [25,64-69]. A clear
relation between the critical temperature of the protein solution phase
transition and the Boyle temperature (corresponding to vanishing sec-
ond virial coefficient) has been established [65]. Connecting micro-
scopic and macroscopic measurable quantities are rising from the
similar nature of intra- and interprotein interactions of IDPs. The cor-
relation between conformations of single chains and dynamical prop-
erties of the condensates [70] have also been established. Furthermore,
the relation between single polymer molecule conformation transition in
a diluted solution and the corresponding phase transition in a concen-
trated solution is well-known within homopolymer theory [71,72]. For
IDPs, this relation was demonstrated [64] and explained [69] only
recently.

Besides this, comprehensive coarse-grained simulations have shown
a clear correlation between protein conformation in solution and the
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Fig. 1. Snapshots of the simulated systems. a) A single AQ3 protein, b) two AQ3 proteins, and c¢) model of an AQ fibril, all in their simulation boxes with box
dimensions shown. Water as explicit molecules is present in the simulations but omitted in the visualizations. The simulation snapshots visualize representative

configurations from the end of the production run of each setup.

Table 1
Summary of the simulated systems, simulation conditions, and system sizes.

System Number of protein Total simulation time Data analysis time Examined temperatures Number of water Size of the box (nm®)
molecules (ns) period (ns) () molecules
Single AQ3 1 1000 800 10, 20, 30, 40, 50, 60, 70, 43,448 11.0 x 11.0 x 11.0
chain 80, 90
Two AQ3 2 2000 1600 20, 60 42,894 11.0 x 11.0 x 11.0
chains
AQ fibril 36 500 450 90 49,684 10.1 x 10.1 x 17.2

phase transitions that its solution experiences over a very wide range of
the IDP sequences [70]. Such correlation can be expected to be valid
only for long enough chains, and in the studies in which the correlation
has been observed it varied from 50 [64] to 167 [65] amino acids. The
length of the AQ3 unit in the simulations of i) and ii), 132 amino acids,
falls into this range.

2.2.2. Simulation setup

For the simulations, we used the Gromacs 2022.3 software [73,74]. A
common issue in atomistic MD simulations of proteins is the over-
estimation of protein-protein interactions in contrast to protein-water
interactions [75,76]. This can lead to inaccurate prediction of IDP
conformations and excessive binding affinity in protein complexes. A
possible solution is the reparameterization of the solvent model [77,78].
Here, we use a special force field, AmberO3ws, that was developed for
simulations of IDPs [79]. The TIP4P-2005s water model, specifically
designed for this force field [79,80], is used. AmberO3ws has been
shown to have a good quantitative agreement with experimental
structural data for IDPs [81], particularly for spidroins [49,50,82].

Temperature was controlled by the Nosé-Hoover thermostat [83,84]
with a time constant of 1 ps, while pressure was maintained at 1 bar by
Parrinello-Rahman isotropic barostat [85] with a time constant of 3 ps.
Electrostatic interactions were treated with the particle-mesh Ewald
method [86,87] using a cutoff distance of 1.0 nm. The cutoff distance for
Lennard-Jones interactions was set to 1.0 nm with the smooth shift to
zero at the cutoff distance. The P-LINCS algorithm was used to constrain
the bond lengths of the hydrogen atoms [88]. The integration time step
was set to 2 fs. For the single AQ3 chains, temperatures between 10 °C
and 90 °C, at 10 °C intervals were examined. The total simulation times,
the time periods used for data analysis for the different systems, and the
corresponding examined temperatures are listed in Table 1.

The equilibration time for each system was determined based on the
time evolution of radius of gyration of the protein (R;) for i) (Fig. S1a, b),
the number of interprotein contacts in the assembly (Fig. S1c) for ii), and
the secondary structure of the protein (Fig. S1d) for iii). From the total
simulations time, the time during which the systems evolved from the
initial configuration to equilibrated values of the assessed quantities was
omitted in the data analysis. Details of the simulation and analysis
protocols are presented in the SI. Data analysis was performed using the
Gromacs tools [62,63] and in-house python scripts with use of MDA-
nalysis library [89,90]. Visualization of the MD trajectories was

obtained from VMD [91]. Error estimates correspond to standard devi-
ation of the data. The non-Gaussian distribution box plot shows the first
to third quartiles of the distribution. The whiskers in the box plots show
data range corresponding to 1.5x the interquartile range from the box in
the plot, and the points indicate outliers.

3. Results
3.1. Effect of IDR interactions on LLPS

3.1.1. Solvent quality. Single chain MD simulation

To elucidate the phase response and gelation of AQ12-based pro-
teins, we first examined the solvent (water) quality for the IDR. To
achieve this, a single AQ3 chain was simulated. These simulations shine
a light into the molecular interactions involved in the temperature
dependent response.

Fig. 2a collects the temperature dependent radius of gyration (Rg) of
the protein in water. The data shows variation of the AQ3 conformation
from a collapsed chain (Rg = ~ 1.5 nm, bottom inset of Fig. 2a) to
elongated conformations (R; = 3.5 —4.5 nm, top inset of Fig. 2a)
through the entire range of examined temperatures. The R, distribution
does not change significantly as a function of temperature. Therefore,
the temperature induced conformational changes were further analyzed
by principal component analysis (PCA) carried out on distance matrices
of backbone C-alpha atoms, see Figs. S2-S3. The strong correlation
observed between Ry and the principal component 1 (Fig. S3) indicates
that R effectively captures the structural changes that account for the
highest variance in the simulations data. This means that the highest
structural variability is because of a continuous transition between an
elongated and collapsed state in the simulation. PCA has also been
previously reported to reveal changes in both the value of R; [92] and
secondary structure [93].

In Fig. 2b, the Flory scaling exponent extracted for the AQ3 chains at
different temperatures is presented. It is a measure of the polymer
conformation and thus the quality of the solvent [94-96]: a value of v =
0.5 corresponds to 6 -solvent for the polymer, while v < 0.5 corresponds
to a bad and v > 0.5 to a good solvent. The Flory scaling exponent v can
be extracted by measuring the distance R; between two separated seg-
ments (i and j). Here, these segments were chosen to be amino acids
which lead to the following relation
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Fig. 2. The temperature dependency of a) the radius of gyration R; and b) Flory scaling exponent v of AQ3 protein. The green area in b) shows values corresponding
to good solvent conditions, while dashed line at » = 0.5 corresponds to the 0 condition of the solution. The colors indicate the temperature of the solution (blue is the
lowest temperature, red is the highest temperature). The solid lines provide a guide for the eye showing the change in average values. Insets present illustrations of

the protein at R = 1.5 nm and Rg = 4.0 nm, respectively.
Ry =bli—jI", )

where the prefactor b is the effective bond length, equal to Kuhn length
for an ideal chain. For IDPs, the average value of b is ~0.55 + 0.05 nm
[65,97]. The v parameter values for Eq. (2) can be extracted from our
simulations data as the linear slope of the logarithmic relationship:

log(Ry) = logb + vlogli — jl. 3)

The detailed results of the fittings to the simulations data are pre-
sented in Fig. S4 and Table S1. Notably, the obtained b values range from
0.53 to 0.83 nm (see Table S1), which corresponds to the average b value
of IDPs [65,97].

Data of Fig. 2b shows that the value of the Flory exponent v is lower
than 0.5 across the entire examined temperature range. This indicates
the low quality of water as a solvent for AQ3. The observation implies
that the interactions within the middle IDR of the spidroin can be ex-
pected to be a sufficient driving force for phase separation
[25,64-66,98,99]. Furthermore, the Flory exponent values indicate a
collapsed conformation of the protein in our simulation, which corre-
lates with the IDP conformation in the dilute phase in LLPS systems
[100]. This matches with the findings of a recent coarse-grained simu-
lation study where IDPs were more collapsed in the dilute phase than in
the dense phase [100]. Also, the results of our simulation explain the
observation by Exler et al., who demonstrated the ability of pure AQ12
protein solution to undergo LLPS, but noted the absence of temperature
induced phase separation for this protein [61].

However, most v values are close to 0.5, indicating that the proper-
ties of the protein and its phase response can be controlled by small
structural modifications, such as changing the folded terminal units, as
demonstrated in our recent experiments [62]. The low v values could be
artificial due to poor fitting quality: more collapsed conformations have
higher structural correlations within the chain due to specific in-
teractions between amino acids, which affects the fitting quality

(Fig. S4). This phenomenon has also been observed for different IDPs
[65].

Notably, the simulations were conducted for a shorter protein (AQ3)
than the one used in experiments (AQ12). As the molecular mass of an
IDP increases, its solubility is expected to decrease [101,102]. The
decrease in solubility of AQ12-based protein as a function of molecular
weight was also observed in our recent work [72]. Another key factor
affecting IDP simulation results is the force field. While many protein
force fields are known for protein overbinding and underestimation of
protein-solvent interactions [75], the Amber03ws force field used in our
study was specifically parameterized to address this issue [79]. Force-
field benchmarking studies [79,80] show that Amber0O3ws has a better
balance of interactions. However, in some cases, it underestimates
protein-protein interactions [103,104]. This means that the chosen
simulation model may overestimate slightly the solvent quality.
Nevertheless, this should not affect our simulation results qualitatively.

3.1.2. Intra/inter-protein interactions from MD simulations

The IDR conformation in solution is a balance of protein-protein and
protein-solvent interactions. For this reason, we next analyzed the
temperature dependency of intraprotein and protein-solvent in-
teractions by assessing the hydrogen bonding and aggregation of the Ala
regions that form hydrophobic a-helices at different temperatures. The
data is presented in Fig. 3, where panel a) presents hydrogen bonding,
both within the protein and between the protein and the water mole-
cules, and panel b) the number of contacts between Ala regions.

Fig. 3a shows that hydrogen bonding between the protein and the
solvent decreases with increasing temperature. A two-stage drop in the
number of hydrogen bonds is observed: first between 10 °C and 30 °C,
and then between 60 °C and 70 °C. Likewise, intraprotein hydrogen
bonding also decreases. This response is opposite to the LCST response of
elastin-like peptides [66,105-107]. However, Fig. 3b shows that the
hydrophobic interactions, measured here as contacts within the Ala-rich
regions, increase with temperature. Furthermore, at temperatures of
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Fig. 3. Temperature dependence of a) the average number of protein hydrogen bonds (orange line with square markers - with solvent, blue line with circle markers -
intraprotein). Inset presents a visualization of hydrogen bond between protein and water (orange dashed lines) and intraprotein hydrogen bond (blue dashed line). b)
The average number of hydrophobic contacts between Ala-rich domains over the simulation time (blue line with circle markers - single contact, orange line with
square markers - multiple contacts due to Ala clustering). Insets illustrate the scheme of single and multiple hydrophobic contacts between the helix forming Ala-

rich domains.

60 °C and above, the Ala-rich domains show a clear tendency to
aggregate. This quite expectedly keeps the protein molecule in a
collapsed conformation. The negative correlation between the Ry values
and the number of contacts between the hydrophobic Ala-rich domains
increases with the temperature (Fig. S5). In the multiprotein system,
interprotein interactions replace some intraprotein interactions, but the
temperature response observed for the single AQ3 persists (Fig. S6). As
noted, the protein remained mainly in collapsed conformations (Fig. 2).
The change of the interaction balance reveals that the overall hydrogen
bonding is decreasing while hydrophobic contacts are increasing with
the increase of temperature. At different temperature ranges, the
collapsed configuration is a result of different protein interactions. At
high temperatures, hydrophobic interactions prevail, and at low tem-
peratures hydrogen bonding is dominant. Contact map information is
provided as Fig. S6.

Notably, recent studies have highlighted the significant role of
tyrosine (Tyr) amino acids in the phase transition of various silk-like
proteins and materials based on them [44,108-110]. However, in our
simulations, we did not observe z-n stacking involving Tyr amino acids,
and their hydrogen bonding was similar to the one of glutamine (GIn)
amino acids (see Fig. S7).

It is important to note that the AQ12 sequence lacks charged amino
acids, leading to the absence of cation-n interactions. This contrasts with
other silk proteins, such as the NT-2Rep-CT protein, where the IDR
contains both Tyr and arginine (Arg) amino acids. In this case, cation-n
interactions explain the importance of Tyr for NT-2Rep-CT phase sepa-
ration observed previously in multiple studies [108,110]. Recently,
Landreh et al. [109] proposed the “sticker-spacer” model of spidroins,
where Tyr acts as a “sticker” and other amino acids, including Ala, serve
as “spacers.” Based on our simulation results, we propose that for the
AQ12-based proteins, it would be more accurate to consider the Ala-rich
domains as “stickers” and the glycine-rich domains (including Tyr) as
“spacers.” In this context, it is important to highlight a recent publica-
tion by Hu et al. [111], which demonstrated the crucial role of the Ala
sequence in the assembly response of spidroins. The length of the Ala

motifs in the protein significantly affects the assembly response: short
motifs lead to silk nanofibrils that are prone to disassembly, while long
motifs result in nanofibril aggregates that resist disassembly upon
dilution [111].

3.1.3. Phase separation and gelation of CBM-AQ12-CBM

The balance of protein-protein interactions revealed by the data in
Fig. 3 results in complex temperature-dependent phase response of AQ3-
based proteins. Phase separation is governed by hydrophobic in-
teractions at high temperatures, while at low temperatures it is due to
the increase in conformational entropy [109]. Considering the simula-
tion results on AQ3, the longer CBM-AQ12-CBM sequence can also be
expected to exhibit phase separation. We pursued experimental verifi-
cation of this, obtaining an indirect confirmation from a solution of
CBM-AQ12-CBM protein at 1.7 mM protein concentration (Fig. 4).

In Fig. 4, the microscopy images show that from 20 °C to 60 °C the
solution contains protein condensates. Most of the observed condensates
were liquid-like (spherical condensates that exhibit fusion and growth)
but some were solid-like aggregates (irregular shaped condensates that
do not fuse). This is consistent with the assumptions made based on our
MD simulations, and it indicates that water acts as a poor solvent
throughout the examined temperature range. Specifically, phase sepa-
ration into protein condensates is observed at the examined tempera-
tures. In the experimental characterization, the examined protein
construct includes, in addition to the IDR, also the CBM terminal do-
mains. The terminal domains can influence the system phase response.
Specifically, the interactions between CBM terminal domains [82] can
be expected to increase the temperature range corresponding to the
phase separation region due to the hydrophobic motifs on its surface
[112]. At 70 °C, the sample gelled. Similar temperature-induced gela-
tion has been observed for different silk proteins, and it has been asso-
ciated with the formation of B-sheet structures [52-55]. However,
resolving the molecular mechanisms of gelation requires additional
research. Reflecting this, Nagarkar et al. [53] proposed that protein
aggregation and fibroin gelation can be caused by p-sheet formation
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Fig. 4. Microscopy images of CBM-AQ12-CBM 1.7 mM solution at different temperatures. In the temperature range 20 to 60 °C, the solution contains protein
condensates. At 70 °C and above, the sample is homogeneously gelled. The scale bar is 50 pm.

inducing association. Matsumoto et al. [109] observed that early stages
of gelation can take place without f-sheet formation. However, as
gelation can also be governed by specific interprotein interactions
[110], changes in the amino acid sequence can significantly bias the
molecular mechanisms of gelation. Inspired by this, we studied sec-
ondary structure changes as a function of temperature and its effect on
gelation.

3.2. Temperature-induced gelation

3.2.1. CD and FTIR analysis

To reveal the molecular mechanism of gelation, we next analyzed the
secondary structure of the proteins, both experimentally and with sim-
ulations, at different temperatures. The experimental protein concen-
tration was chosen in such a way that coacervation was minimal for
simplicity of the setup. The protein concentration was set to 1.0 mM to
achieve this. In agreement with prior findings on fibroin proteins [111],
here we found that gelling of the recombinant AQ12-based proteins is
accompanied by p-sheet formation. The corresponding FTIR and CD data
for CBM-AQ12-CBM is presented in Fig. 5. For FN-AQ12-FN, the data is
presented in Fig. S8.

The stretching mode of C=0 groups in the peptide backbone (amide
I) serves as an indicator of protein secondary structure: f-sheets
contribute to the signal at 1610-1640 cm !, while a-helices and disor-
dered structures are associated with signals at 1650-1660 cm ™' and
1640-1650 cm_l, respectively [113]. Thus, the rapid shift of the amide I
band maxima from 1635 cm ! (at 20-70 °C) to 1621 cm ' at 80 °C
indicates a rise of p-sheet content. A similar response on the FTIR signal

was observed during the crystallization of silk fibroin by Hu et al. [114].
The same transition to more ordered structures around the gelling
temperature was observed at low protein concentrations (10 pM) by CD
(Fig. 5a, b). The minima of the CD spectrum at 216 nm and at 20 °C
indicates a high content of f-sheets [115]. This results from the folded
B-sheet structure of the CBM. A temperature increase from 20 °C to 70 °C
leads to only a slight monotonic decrease of CD signal at 216 nm, which
indicates an increase in ordered structures. Closer to gelling tempera-
ture, at approximately 80 °C, a rapid increase of p-sheet secondary
structure was observed in the CD spectra. The observed increase in or-
dered structures is consistent with a recently reported study of tem-
perature induced secondary structure of silk-based coating [114].

As both CD and FTIR show similar secondary structure changes with
temperature variations across different concentrations and assembly
phases where the measurements were carried out, the secondary struc-
ture changes are independent of gel formation. In contrast to CBM-
AQ12-CBM, the FN-AQ12-FN protein experiences an increase in or-
dered p-sheet structures with increasing temperature over the whole
temperature range tested (shown by both methods, CD and FTIR), with
gelation occurring at 70 °C (see Fig. S8). This phenomenon is attributed
to the secondary structure transitions of FN terminal domains, as evi-
denced by the behavior of isolated FN protein (see Fig. S9).

To determine the role of the middle IDRs in temperature-induced
gelling, we performed the same experiments using terminal domains
only (CBM and FN) (see Figs. S9-S10 in the SI). Notably, an increase in
temperature did not lead to gelation in the solutions. However, the
terminal domains formed finite-sized aggregates. Furthermore, based on
the FTIR and CD data detected, CBM does not change secondary
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structure in the studied temperature range (see Fig. S10). This indicates
that the observed structural changes mainly occur in the silk-like pro-
teins IDRs.

Unlike CBM, FN experienced a conformational change with tem-
perature (shown both by CD and FTIR) (see Fig. S9). FN showed a shift of
the amide I band in FTIR spectra in the range 1635 cm™! to 1622 cm ™,
indicating an increase of the p-sheet structures. A similar temperature
response has been reported for the entire fibronectin construct by
Pauthe et al. [116]. They observed an increase in the signal corre-
sponding to B-sheets accompanied by protein aggregation and proposed
that the formation of intermolecular p-structures occurs through partial
unfolding of the initial structure and transformation of turns to addi-
tional B-sheets. Interestingly, the fibronectin thermostability study by
Litvinovich and Kenneth [117] suggested that the less thermostable
domain, module 9, is responsible for these changes. However, we
observe a similar shift in the FTIR spectra of the here studied module 10.
This indicates the appearance of additional intermolecular p-sheet
structures at higher temperatures (80 °C), which remains below the
reported melting temperature of this domain (>110 °C [117]). The
temperature of 80 °C is, however, probably sufficiently high to enable

partial unfolding and further aggregation. The formation of the p-sheet
aggregates can be expected to result in additional crosslinks, and to
affect the properties of FN-based hydrogels.

3.2.2. Molecular mechanisms of gelation

To reveal the molecular mechanism of the observed gelation
response of the IDR, we analyzed the effect of temperature on the IDR
secondary structure using atomistic detail molecular modelling of the
solvated AQ3 protein and the same AQ sequence with only one AQ unit
(AQ1) as a fibril. Fig. 6 illustrates the change of the secondary structure
in a single solvated AQ3 chain with increasing temperature. The analysis
details are provided in the SI. The data show how the ordered and
disordered structure changes with increasing temperature, and the dis-
tribution of lifetimes of the conformations of Ala related to ordered
structures for a model of single solvated chain (a-helices) and the model
of a fibril (B-sheets). Detailed secondary structure analysis data are
presented in Fig. S11.

Single-chain simulations show a significant decrease in the helical
content and an increase in disordered structures with increasing tem-
perature. The largest contribution to the helical content comes from
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solvated in water solution at different temperatures. ¢) Fraction of amino acids in disordered structures in AQ3 single protein. d) Total lifetime durations of ordered
structures in a single AQ unit of AQ3 protein (a-helices) and in an AQ1 fibril (B-sheets). Lifetimes were calculated as the duration that individual amino acids
remained in a conformation associated with a specific secondary structure. The total duration of a specific lifetime weights the data to show the impact of a specific
secondary structure in the conformations. It is calculated as the sum of the observed individual events corresponding to that particular lifetime. The details of the
analysis are provided in the SI. Most p-sheet structures in the fibril simulation remain stable the entire simulation time (500 ns), signifying that their lifetimes exceed
500 ns. The coloring indicates temperature (with blue corresponding to low temperatures and red to high temperatures). e) A schematic cartoon visualizing the
molecular mechanism of the formation of p-sheet crystals with temperature increase.

a-helices (Fig. S11). At 10 °C, the fraction of helices is 0.17. This implies
that almost all Ala-rich regions (a fraction of 0.18 of the AQ3 protein)
are in o-helical conformation. When the temperature increases further,
the average fraction of helices decreases to 0.08 at 50 °C (Fig. 6a). This
means that as a-helices form the ordered structure in the AQ3 protein,
half of the amino acids that are in ordered structures at lower temper-
atures become disordered at 50 °C. Furthermore, the remaining helices
are highly unstable at higher temperatures (Fig. 6¢). At 90 °C, the
maximum lifetime of the Ala helical conformation was below 50 ns,
which is an order of magnitude shorter lifetime than at 10 °C. In
contrast, in the fibril, Ala conformations in p-sheet crystals remained
stable for temperatures up to 90 °C for the entire 0.5 ps simulation.
Actually, almost all Ala amino acids in the fibrils maintained their sec-
ondary structure conformation for the entire simulation time [118].
These results are consistent with previous experimental observations of
the stability of poly-Ala ordered structures [119,120], which also
demonstrate the higher thermal stability of f-sheets compared to
a-helices.

The discussed observation explains the drastic increase in p-sheet
content with increasing temperature (see CD/FTIR data in Fig. 5). The
temperature-induced conformational change accompanied with aggre-
gation of hydrophobic Ala-rich regions is the main driving force of
gelation. As a result, the p-sheet crystals act as crosslink connection

nodes in the silk-protein hydrogel structure and determine its main
properties, such as mechanical [121] and thermal [122,123] charac-
teristics, as well as biodegradation rate [124,125]. Furthermore, the
structural rearrangements between different ordered and disordered
structures could affect interface interactions in silk-based composite
materials. This affects especially preparation protocols involving tem-
perature treatment during preparation, see for example Refs. [21, 126].

3.2.3. Time-induced gelation

In a molecular system where a transition between two states is
governed by one primary process that associates with an energy barrier,
the process rate can be expected to be governed by Arrhenius's law,
which represents the exponential relation between temperature and
reaction rate. For the silk-protein system, such a process could be, e.g.,
gelation. However, protein gelation is known to occur through different
mechanisms for both globular proteins and IDRs. Gelation can occur for
example through dynamic arrest of globular proteins due to their high
concentration and attractive interactions [52,125], the denaturation of a
globular protein and its further aggregation [52,127], or the percolation
of IDRs, as well as suppression of their dynamics through specific
interprotein interactions [128]. Here, the increase in temperature drives
gelation of AQ12-based proteins via the interaction between Ala-rich
regions, which is due to strengthening hydrophobic interactions and
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secondary structure transitions.

Temperature and time-induced structural transitions in silk-like
protein solutions are likely to result from different interactions, such
as from changes in hydrophobic (entropy driven) interactions at low and
high temperatures. At low temperatures, non-hydrophobic interactions
may be governing, while at high temperatures hydrophobic interactions
may become more prominent. This could lead to different gelation
mechanisms. Fig. 7 presents the comparison of the structures resulting
from temperature-induced and time-induced structural changes of the
silk proteins studied by FTIR spectra, and optical microscopy images of
the silk proteins along with a comparison with their temperature-
induced gels. The studied systems correspond to the silk-protein solu-
tion aged for 12-14 days, with the time determined based on the day of
the observed protein aggregation and further sedimentation or/and
homogenous gelation.

The microscopy images of Fig. 7 show that the time-induced changes
differ from those induced by temperature. Both studied proteins, FN-
AQ12-FN and CBM-AQ12-CBM, exhibit similar responses to tempera-
ture, both in terms of gelation and secondary structure changes, as
discussed in detail above. However, aging at room temperature leads
FN-AQ12-FN to gel uniformly throughout the solution volume, while
CBM-AQ12-CBM aggregates and sediments. For both proteins, minimal
changes in secondary structure over time take place. This can be seen by
the shift of the amide I band being insignificant with the maxima shifting
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from 1636 cm ™! to 1634 cm ™! for FN-AQ12-FN and from 1635 cm™! to
1634 cm™! for CBM-AQ12-CBM (Fig. 7a, b). This demonstrates the
ability of AQ12-based proteins to gel without forming p-sheets. Here, the
gel formation is driven by the combination of the interaction of both IDR
and terminal domains. However, given that the p-sheet structure is
energetically more favorable [120], structural rearrangements are ex-
pected to occur with further aging.

To investigate the differences between the temperature-induced and
aged gels, we conducted rheological characterization. The amplitude
sweeps reveal that the elastic storage modulus G’ of the aged gel is about
3 times higher compared to the temperature-induced gel. The higher G’
of the aged gel might be due to a higher amount of network connections
via entanglements of the silk protein, that can form with time. In addi-
tion, the shape of the amplitude sweeps, i.e. the linear-viscoelastic
(LVE)-range, is different for the two types of gels. The LVE-range pro-
vides information about the onset of irreversible changes to the gel
network when applying stain. While the temperature-induced gel is LVE
up to about 300 % of strain, the time-induced gel has a LVE range of only
10 % strain. This indicates that different types of crosslinks are present
in the aged vs. temperature-induced gels. According to the FTIR data,
these differences might originate from the presence of f-sheets formed
by the poly-Ala stretches in the AQ12 midblock in the temperature-
induced gels while no additional f-sheets form in the aged gel.

The FTIR and optical microscopy results correlate with a prior study
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of silk fibroin proteins, which revealed that at room temperature the
fibroin undergoes a preliminary step of gelation without an increase in
B-sheets. Notably, solutions of isolated terminal domains without IDRs
are more stable and require a longer aging time to observe the irre-
versible protein aggregation (Fig. S12). These observations are in line
with our conclusions from the simulations that AQ12 has poor solubility
in water.

The aggregation and gelation of tri-block silk-like proteins at low
temperatures observed over time is governed not only by hydrophobic
interactions between the Ala-rich domains of the IDR, but also by the
terminal domains. Difference in aging processes between CBM-AQ12-
CBM and FN-AQ12-FN can be explained by the difference in the
percolation threshold of these two protein constructs which is the crit-
ical concentration at which the protein forms a spanning network
[36,128,129]. At the studied conditions, CBM-AQ12-CBM has a higher
percolation threshold than FN-AQ12-FN. The higher percolation
threshold of CBM-AQ12-CBM results in the formation of protein aggre-
gates which sediment without forming the system-spanning network
required for gelation at 1.0 mM protein concentration. Notably, in a
prior study, we have demonstrated the significant effect of the terminal
units on the properties of the protein solution and LLPS [127-129]. CBM
and FN exhibit substantial differences in interaction strength, direc-
tional anisotropy of binding, as well as the nature of their interactions
[128-130]. All these factors drastically affect the percolation threshold
[130-132], which makes it challenging to identify a single reason for the
difference in aging.

3.2.4. Proposed minimalist “phase” diagram

Recently, we showed similar temperature and time response for so-
lutions of a minispidroin NT-2Rep-CT [128]. NT-2Rep-CT has a tri-block
structure analogous to the proteins investigated in the current study
[129]. We used a minimalist “phase” diagram to demonstrate that the
NT-2Rep-CT solution has an intricate temperature vs time response in its
assembly, including metastable LLPS, dynamically arrested aggregates,
and also gel states [130]. Solution metastability and the stochastic na-
ture of the dynamic arrest led to a temporal evolution (aging) of the
protein solutions [131]. In the current work, we observed a similar
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and dynamically arrested states observed in the experiments are represented by
the gray region. The gelation mechanisms identified for the AQ12-based pro-
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vertical arrows show the temperature-induced change to gel. Second, the
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at fixed temperatures to the dynamically arrested states. The light gray area
identifies a difference in the propensity of dynamic arrest of tri-block protein
with the two different terminal units studied here (CBM and FN). The two inset
circles visualize temperature-driven and time-driven mechanisms responsible
for gelation.
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response for AQ12-based silk proteins. This response is summarized in
Fig. 8, which presents the simplified “phase” diagram based on our
observations of the protein system studied here. It is important to note
that by definition, a phase diagram only represents equilibrium phases
[133]. The presented and discussed “phase” diagram shows also meta-
stable and dynamically arrested states and consequently does not adhere
to the formal definition of a phase diagram. While state diagram would
be a more appropriate term, the widespread use of phase diagrams in the
literature prompts us to use the term “phase” diagram also here
[109,134].

We observed LLPS and the formation of finite sized aggregates or
system spanning gels for the investigated temperature range (20-80 °C)
and both examined concentrations (1 and 1.7 mM) of the two studied
AQ12-based protein solutions, see Fig. 8. Similar to our recent work on
NT-2Rep-CT solutions [24], the finite sized aggregates and system-
spanning gels observed in this work for the AQ12-based proteins are
likely to result from dynamic arrest. The type of terminal domains in-
fluences strongly the AQ12-based proteins assembly response, especially
temporal evolution (aging). For example, at 1 mM and 20 °C FN-AQ12-
FN forms system-spanning gels while CBM-AQ12-CBM forms finite-sized
aggregates. Interestingly, at the same mass concentration, solutions of
isolated terminal units show higher resistance to gelation (Fig. S11). The
IDRs in the protein enhance entanglement, akin to polymer solutions,
and this is known to increase propensity for dynamic arrest [135].
Additionally, attractive sites, such as the Ala-rich regions, can be
responsible for a slowing down of the dynamics [51,136]. For the AQ12
system at room temperature, entanglement is likely to be one of the
main drivers for dynamic arrest (bottom inset in Fig. 8).

On the other hand, at higher temperature, all studied samples formed
system-spanning gels with the formation of p-sheets between Ala-rich
regions, which act as crosslinks in the network (top inset of Fig. 8).
The gelling temperature (70-80 °C) was much higher than in the case of
the previously investigated NT-2Rep-CT protein (37 °C) [24], which is
due to the difference in the amino acid sequence of proteins. In the case
of AQ12-based proteins, the gelling is governed by Ala-rich regions,
whereas for NT-2Rep-CT, it is driven by the aggregation of terminal
units [52].

A similar difference was observed in the aging time necessary for
irreversible gelation to occur. For NT-2Rep-CT, irreversible aggregates
formed after two days [24]; however, for AQ12-based protein (at four
times higher concentration), it took 12 days. Although the temperature
and time required for gelling significantly vary between the work of
Ref. [24] and our data studying different protein constructs, the results
clearly point toward dynamic arrest being important in forming silk-like
protein materials. This underlines the crucial role of the processing
pathway in making silk-based materials [24].

4. Conclusions

In this work, we focused on the temperature and time dependent
assembly responses of tri-block silk-like proteins with AQ12 as the
middle IDR segment and CBM or FN as terminal units. Molecular level
mechanism differences for the temperature and time driven changes
were charted by combination of MD simulations and experimental
characterization of the assembly dependencies by light microscopy, CD
and FTIR spectroscopy. At molecular level, the MD simulations revealed
that the AQ3 fragment of the longer AQ12 is poorly soluble in water over
a broad temperature range, evidenced also by our experimental char-
acterization of the respective proteins over a wide temperature range
between 10 and 90 °C. For the triblock protein (CBM-AQ12-CBM), this
meant that the intrinsically disordered middle part, the AQ12 sequence,
decreased the solubility of the protein. This led to the triblock protein
being able to undergo liquid-liquid phase transitions over a wide tem-
perature range.

The broad temperature range for the liquid-liquid phase separation
of the AQ12-based silk-like proteins rises from the altering hydrophobic
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Ala-rich domains and hydrophilic disordered glycine domains. Tem-
perature increase led to protein-protein interactions changing.
Increasing temperature decreased the number of hydrogen bonds be-
tween amino acids, but glycine-rich domains contributed to increasing
the free energy contribution via conformational entropy in the MD
simulations. Increasing temperature also made the hydrophobic in-
teractions within the Ala-rich region stronger, leading to the insolubility
of AQ12 at high temperatures.

Light microscopy demonstrated that the AQ12-based protein solu-
tions form system spanning gels at high temperatures (>80 °C).
Consistently, CD, FTIR and MD simulations pointed to the molecular
mechanism of this transition being based on secondary structure
changes. At low temperatures, the Ala-rich regions formed stable a-he-
lices but at high temperatures they clustered, which, together with the
decreasing stability of a-helices, led to B-sheets as the energetically more
favorable structure. The B-sheets acted as crosslinks in the temperature-
induced gels.

The AQ12-based triblock protein solutions at room temperature
experienced dynamic arrest during the aging of the samples. The solu-
tions response in time showed that the interaction between the terminal
domains is more important at lower temperatures than the weaker hy-
drophobic interactions between the IDR domains in determining the
protein solutions response. This can be interpreted as different terminal
domains leading to different assembly states when aging. This is
demonstrated by the CBM-AQ12-CBM protein solution forming aggre-
gates and sedimenting while the FN-AQ12-FN protein solution forms
system-spanning gels. In both cases, the secondary structure did not
change with aging. This is a clear difference from the high-temperature
gelation, where the mechanism is p-sheet formation of Ala-rich regions.
At room temperature, percolating proteins entangle, and this combined
with the interactions between the terminal domains and the IDR do-
mains cause gelation. The differing gelation mechanisms in terms of
underlaying interactions resulted in different percolation thresholds for
the different terminal units. Consequently, this led to the CBM-AQ12-
CBM and FN-AQ12-FN protein solutions behaving differently in their
assembly response and their time evolution.

Additionally, we used a simplified “phase” diagram to summarize
our computational and experimental observations. The “phase” diagram
approach aids in generalizing the results and developing approaches for
designing protein-based materials. Priorly, we have observed similar
“phase” behavior also in another spidroin, NT-2Rep-CT protein, but with
significant differences in gelling temperature and aging time [24]. The
differences in the findings here highlight the importance of the protein's
amino acid sequence in the assembly response.

We identified and reported two different mechanisms of gelation
(temperature and time-induced) for the same system, which enable fine-
tuning of the resulting gel properties. The significance of differentiating
the gelling mechanisms is that this enables designing solution prepara-
tion parameter combinations in which optimal protein percolation and
B-sheet formation are coupled to the control of temperature and time of
incubation of the protein solution. The molecular level dependencies
revealed in this work highlight the potential for engineering gels from
silk-like proteins by adjusting protein composition and temperature. The
findings also draw attention to the importance of the preparation pro-
tocol. Specifically, we identified time as a separate variable dimension to
the physicochemical molecular characteristics and sample conditions in
understanding and engineering the self-assembling protein materials
and their gelation response.
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