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Metastable Liquid-Liquid Phase Separation and Aging Lead
to Strong Processing Path Dependence in Mini-Spidroin

Solutions

Dmitrii Fedorov, Fred-Eric Sammalisto, Adam L. Harmat, Martin Ahlberg, Salla Koskela,
Mikko P. Haataja, Alberto Scacchi, Maria Sammalkorpi, and Markus B. Linder*

Recombinant silk proteins provide a route toward sustainable

and biocompatible materials. For making such materials, the assembly
process from dilute protein into a functional material is central. The assembly
mechanism in engineered materials is by necessity different from the natural
ones—this poses challenges but also opens opportunities for scaling up and for
developing novel properties. The phase behavior of a mini-spidroin, NT-2Rep-
CT is studied, which is a widely studied variant of recombinant silk. NT-2Rep-CT
can be triggered to assemble by lowering the pH, but even at high pH—
considered as storage conditions—it can be in various states, such as forming
condensates, clusters, gels, and soluble protein. It is shown how its assembly
phases evolve through both metastable and dynamically arrested states. The
observed behavior of silk protein solutions is highly complex, and elements
thereof from phase diagrams associated with polymers, colloidal systems, and
globular proteins are found. Based on the characterization of cluster formation
and structural intermediates, a minimalist phase diagram is proposed for NT-
2Rep-CT and argues that the understanding and insight into silk assembly via
its phase behavior, and especially the arrested states, is central for designing
recombinant silk proteins and their processing for materials applications.

1. Introduction

Silk is one of the most studied biomimetic
models for materials and biosynthetic silk
holds much potential as a sustainable ma-
terial for a wide range of applications.!"]
Spider silks in particular have impressive
properties that have received much atten-
tion for understanding and mimicking.
They form a family of sequences and have
different repetitive motives depending on
their origin.”) Spider silks, or spidroins—
with dragline silks as the main model—
contain hydrophobic alanine repeats that
are initially a-helical or adopt a random
coil secondary structure. These undergo
structural transitions into g sheets which
form crystallites that interconnect silk pro-
tein molecules.?* These long and repeti-
tive sequences are initially not folded into
defined structures but are in their sol-
uble state disordered. Such proteins are
termed intrinsically disordered proteins
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(IDP) or are said to contain intrinsically disordered sequences or
regions (IDR).l)

Recombinant production of silk proteins opens possibilities to
industrially produce silk materials in a scalable way.[®! The chal-
lenge has been to understand how the silk proteins can be as-
sembled into a material using industrially compatible processes.
For designing such proteins, the structural engineering of silk
proteins should be carried out in synchrony with process devel-
opment so that an optimal process is obtained. In such a process
the structural features of the protein optimally fit the assembly
steps during processing and also result in an excellent material.']
A breakthrough was reached when it was understood that the N-
terminal domain of spider silk is a folded domain functioning
as a pH switch that is monomeric at pH above 7, and forms a
dimer at pH 5.7l The silk proteins also contain C-terminal do-
mains that are dimeric under most conditions.®! The basic unit
of silk proteins are therefore dimers through their C-termini, and
can be switched by a lowering of pH to become—in principle
infinitely long—multimeric chains. This understanding has re-
sulted in processing designs where a soluble silk dope is kept
at a pH above 7 and then extruded as a filament into a coagula-
tion bath with a pH of 5. Typically, the starting buffer for the silk
dope has been a 20 mM Tris buffer at pH 8.0.°! During assem-
bly, it has been observed that the C-terminal domain is not only
functioning as a passive dimerizing unit but undergoes complex
structural transitions resulting in f-sheet conformations that are
linked to solidification mechanisms.[®1%11l By making a smaller
engineered variant—called a mini-spidroin—that has functional
N- and C-terminal domains, but only two repetitive sequence
units, an efficient assembly protocol could be established.l'!] The
engineered mini-spidroin variant was named NT-2Rep-CT, ac-
cording to its structure. The short repetitive units gave excellent
production yields and good processing properties for the spin-
ning dope.['?! Silk proteins not only undergo transitions into fila-
ments but also gels. For example, the NT-2Rep-CT was heated to
37 °C, which resulted in a strong hydrogel.['3] Surprisingly even
NT itself could form a gel when heated.**]

Wider studies of silk proteins have led to the conclusion that
it is not only the terminal domain dimerization that is impor-
tant for their molecular assembly process. Especially the occur-
rence of phase transitions, such as liquid-liquid phase separa-
tion (LLPS), forming intermediate states between soluble protein
and final material, has received much attention.['*!5] LLPS is a
phase transition where a protein solution forms a coexistence of
high- and low-density liquid phases. The protein-rich droplets,
often referred to as biomolecular condensates, biocondensates,
or coacervates in the literature, are thought to preassemble silk
proteins, and it was found that pulling fibers from silk solutions
was strongly enhanced if the dope had undergone LLPS.'®! Also
functions such as adhesiveness have been shown to be strongly
enhanced.'”] More widely, phase transitions involving proteins
are receiving much attention as a research topic.'™®1°! On the
one hand, other research on the assembly of biological materials
also highlights the importance of LLPS as a pre-assembly step in
materials formation.[?%l These studies include examples such as
marine adhesives, squid beak proteins, and elastin.!-23] On the
other hand, in cell biology phase transitions take part in a large
variety of cellular processes, such as during cell development and
in response to stress.2+%
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Figure 1. Schematic illustration of a state diagram for globular pro-
tein solutions assuming the interactions and secondary structure do not
change with temperature. Replacing temperature in the y-axis by inverse
attraction strengths allows for higher generalizability, see, e.g., McManus
et al.3" The continuous lines represent phase boundaries (three equi-
librium phases: solution, solid-solution coexistence, and solid), while the
dashed lines mark regions (metastable solution, LLPS, gel) where interme-
diate states may form. The precipitation line indicates where the solution
becomes unstable and spontaneously forms a solid. The presence and lo-
cation of the depicted states are not universal for all proteins and depend
on solution conditions. Points x1 and x2 represent different compositions
that evolve into different co-existence phases. Refs. [28,31,48,53] provide
a more extensive discussion.

Given the importance of LLPS in biological processes, sev-
eral attempts to construct a unified framework for describing
protein solution phase transitions exist.[?®-**] For miscible solu-
tion species, the two-phase co-existence region arises when the
effective interactions between the solution species are stronger
than a critical interaction strength, resulting in a miscibility gap.
The two liquid phases are characterized by equal pressures and
chemical potentials. This picture is considered, e.g., in poly-
mer physics approaches adopted for describing solutions and
assembly phases of IDPs.[>33¢] However, in vitro experiments
have shown that over time, protein solutions of IDPs exhibit-
ing co-existing phases may form solid-like aggregates or other
assembly structures,’’3°) suggesting that the original coexis-
tence is not a thermodynamic equilibrium state, but rather a
metastable one.*3540 This metastability of the coexistence re-
gion is in fact well-established for globular protein solutions.!l
For example, complete temperature-concentration phase dia-
grams demonstrating the metastable character of several assem-
bly phases, including the liquid-liquid co-existence phase, ex-
ist for several globular proteins such as y-Crystallin[*=* and
lysozyme.[*] This variety of assembly states in globular protein
solutions is presented in Figure 1, where an idealized schematic
of the assembly phases for a globular protein solution is shown.
We note that the assembly response in such protein solutions
bears close resemblance to colloidal phase diagrams.[?#*1] Now,
in a colloid phase diagram, and in the globular protein pic-
ture, the solution, solid-solution co-existence, and solid regions
are equilibrium phases. The coexistence region associated with
LLPS in colloids and globular protein solutions is a metastable
state within the equilibrium solid-solution coexistence region,
which may persist over experimentally relevant timescales (up to
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several hours).[*~*8] Such metastability has been shown to arise

from the presence of short-range attractive interactions relative to
their size.[*#9°°] Due to the potentially slow transient nature of
LLPS (several hours) compared to the typical experimental char-
acterization time (minutes), the observed response can resemble
the one predicted by an equilibrium two-phase coexistence state.
Thus, it is not surprising that the equilibrium two-phase model
is often invoked to describe liquid-liquid coexistence. However,
the presence of long-range interactions, i.e., electrostatics, or the
addition of IDPs are known to increase the diversity of obtainable
assembly states.!?] Specifically, the mini-spidroins here, consist-
ing of multiple domains including IDPs and globular domains,
are hence likely to exhibit an assembly response more complex
than those associated with globular proteins. The increased com-
plexity in the assembly also gives rise to dynamically arrested
nonequilibrium states.

Here we investigate the phase behavior of the mini-spidroin
NT-2Rep-CT. To understand the assembly of NT-2Rep-CT into
various forms of materials, a critical step is to unravel the relation
between self-assembly and the underlying phase diagram. Re-
cently, the formation of condensates of mini-spidroins has been
observed, and connections to materials formation have been sug-
gested. LLPS is strongly promoted in buffers such as phosphate
and ammonium acetate.l’%2] A thorough understanding is not
only needed for the wider theme of protein-based materials, but
such well-defined artificial systems can also shed light on the
fundamental processes in cells, where biological materials nat-
urally form. To this end, we have carried out an extensive exper-
imental characterization effort to probe the temporal evolution
of NT-2Rep-CT solutions over a wide range of temperatures, so-
lution pH conditions, and protein concentrations. We have ob-
served simple uniform solutions in dilute systems, the presence
of metastable liquid-liquid coexistence, and the emergence of ir-
reversible aggregates at higher concentrations. Perhaps most im-
portantly, our experiments highlight the critical role of aging on
the final state of the protein solution. Finally, based on our ex-
perimental observations, we construct a minimalist phase dia-
gram for NT-2Rep-CT and highlight its salient features vis-a-vis
colloidal/globular protein systems.

2. Results and Discussion

2.1. Clusters of NT-2Rep-CT are Widely Observed at pH 8 at
20 °C

The state of NT-2Rep-CT at 20 g L~! in the spinning starting
buffer—20 mwm Tris at pH 8.0—was first analyzed by analytical ul-
tracentrifugation (AUC). In this condition NT is monomeric, and
this buffer is frequently used when preparing spinning dopes.
Analysis of the distribution of the sedimentation coefficient, c(s),
revealed the presence, along with NT-2Rep-CT dimers, of a sig-
nificant amount of very high molecular weight assemblies. In
this work, we call these assemblies that have a varying number
of NT-2Rep-CT monomer, clusters. The protein clusters in this
work can be dynamic or arrested in nature. More specifically,
Figure 2A shows that the molecular weights of clusters reached
up to tens of MDa. The peak at s = 4 S is identified as the NT-
2Rep-CT dimer peak, indicating that the clusters contain well
over 500 dimer units for s =300 S (f/f, = 1.5). The overall fraction
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of high molecular weight clusters in the range of sedimentation
coefficient from 10 to 500 S corresponds to ~#40% of the total sig-
nal. Previous studies using mass spectrometry initially demon-
strated that NT-2Rep-CT produces clusters larger than the ex-
pected dimers, forming structures up to octamers, although mea-
surements were done at different buffer and pH conditions—not
in the spinning starting buffer as here.l***] By AUC, both the
fraction of molecules as clusters and the molecular weight of the
clusters were much larger than the previously applied mass spec-
trometry technique allowed for observation. The ability of AUC to
detect large structures is enhanced by its minimal perturbation to
the system, as it does not require ionization or other interference
with the sample itself.

2.2. NT-2Rep-CT solution is metastable and undergoes dynamic
arrest while storing at pH 8, 20 °C

In the model phase diagram, as shown in Figure 1, a metastable
solution can exist between the solubility and precipitation lines,
and metastable liquid-liquid coexistence can also be observed in
the experimental observation timescale. Furthermore, the solid-
solution coexistence region can become dynamically arrested and
evolve to form a gel. To investigate NT-2Rep-CT solution in terms
of the model phase diagram under storage buffer conditions
(20 g L~} NT-2Rep-CT at pH 8, 20 mwm Tris), the changes over time
in the fraction of higher order clusters present in the solution
were quantified using AUC. An increase in these clusters infers
metastability of the protein solutions.[*®! To this purpose, we per-
formed the AUC measurements at different times 0, 18, 48, and
120 h, with time 0 meaning directly after thawing the stock sam-
ple. At time 0 the protein solution was clear by visual and micro-
scope inspection. Figure 2B shows primary AUC sedimentation
velocity data demonstrating qualitatively that cluster formation
increases markedly in the protein solution over the time interval
studied, i.e., up to 120 h. The strong decrease in signal inten-
sity shows that a large portion of protein clusters with rapid sed-
imentation so that the overall signal (protein content) decreases
to 20% over the time interval (Figure 2C). Simultaneously the
proportion of the signal from the smallest unit—NT-2Rep-CT
dimer—in solution decreases from ~45% to 10% of the original
concentration in a continuous manner over 120 h (Figure 2D).
Corresponding samples were studied visually (Figure 2B). At the
protein concentration of 40 g L~! the solution was liquid for up
to ~120 h (at 20 °C) and then formed a gel. The transition from
liquid to gel was determined by vial inversion tests. The observa-
tion that clusters grow over time suggests that the protein solu-
tion is metastable in relation to solid-solution coexistence, how-
ever, the solution can also form dynamically arrested states as it
evolves in time, see Figure 1. In the schematic phase diagram,
this means that the 40 g L~! NT-2Rep-CT pH 8.0 Tris 20 mwm so-
lution is in the vicinity of state point x,. While evolving toward
solid-solution coexistence, the kinetic path of the system is such
that the local concentration surpasses the concentration thresh-
old for gelation, thus triggering its formation. To further probe
the mechanisms of NT-2Rep-CT gelation and to understand the
kinetics of this transition, we performed a set of experiments at
increasing temperatures, 20, 25, 30, and 37 °C to study the time
until gelation. We found that the time until gelation decreased

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

85UB017 SUOWIWIOD aA 11810 3[el|dde auy Ag peusenol a1e sajolue YO 9Sn J0 Sa|nJ 10} Aeiq1T 8UlUO /8|1 UO (SUORIPUOD-PUE-SWLBIALIO A3 | 1M Ale.d 1[Bu UO//SdIL) SUORIPUOD PUe SWS 1 8} 88S " [7202/0T/20] U0 A%eiqi8uliuo A8]1A ‘P11 suoiedlidnd [eo1ps i Wisepond Aq Tey0TyZ0Z WiPe/Z00T 0T/I0p/L0d™A8 | im Ake.d Ul |uo//sdily woly pepeojumod ‘0 ‘8Z0£9TIT


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

ADVANCED ADVANCED
SCIENCE NEWS PAATLRIALS

www.advancedsciencenews.com

www.afm-journal.de

a) 20 mM Tris pH 8.0 b) t=0h t=18h t=48h t=120h
0.20 | 0.008 A
= 0.15 4 0.004 A
iy
3 e
B 0.10 4 0.000
v
/ | 6.2 6.4 ) 6.6 6.8 6.2 6.4 X 6.6 6.8 6.2 6.4 ) 6.6 6.8 6.3 5.5 6.7
0.05 A L‘A‘L\A ~40% | Radius [cm] Radius [cm] Radius [cm] Radius [cm]
0.00 ¥ 7. N —t Y
2 10 30 100 300 S
Sedimentation coefficient [S] 8
o) €
1.0 7 b
R?= 0.9923 2
R
§ o8 " -
=] |
& By .
s s
qC) 0.6 1 S&
o (%)
c c
S 044 2
® . 9]
c ] >
(2] p =
iy 0.2 .T;
8
0 T T T T T T
0 24 48 72 9% 120
Time [hours]
d) e ¢
0.5 R?=0.9698
T ome R?=0.9870 5
c “m u
S 0.4+ S #
= . 41
2 LE 5 o
§ 0.3 4 s
= £
S 02 5 »
‘_E ‘m
=2} J ..
vl 0.1 1
0 T T T T T T 0 T T T T
0 24 48 72 9% 120 32 325 33 335 34

Time [hours]

1/T[103K"]

Figure 2. The phase behavior of NT-2Rep-CT at pH 8.0. A) Sedimentation velocity experiments show that NT-2Rep-CT forms large clusters of over 300 S
at pH 8.0 in 20 mwm Tris buffer. The dimer peak at 4 S is prominent. B) Sedimentation velocity curves from overtime for pH 8.0 samples that were stored
at 20 °C after thawing for 0, 18, 48, and 120 h. The initial curve (magenta, uppermost) is at 2 min after starting the AUC experiment and the last data
collection curve (lowermost, red) was at time 700 min. The more rapid decrease of signal for samples stored longer shows an increase in clustering in
the sample. Samples were inspected visually by light microscopy. Scale bar 20 um. The time point of gelation was determined by vial inversion tests. C)
The increase of large clusters is such that the proportion of soluble protein (detection signal) that is not immediately sedimented decreases from 90%
to 20% over 120 h. D) The fraction of NT-2Rep-CT in the dimer form in solution decreases from ~45% to 10% over 120 h. E) Arrhenius plot over the

temperature dependence for gel-formation.

with increasing temperature. Plotting the data according to a lin-
earization of the Arrhenius law we found a good fit and an ac-
tivation energy toward gelling of 164 k] mol~! (Figure 2E). This
value is consistent with protein studies where the activation en-
ergy was associated with secondary structure change.>*-81 We
note that the Arrhenius response here implies a fixed effective ac-
tivation energy toward cluster growth until a percolating system
is reached. This points toward the secondary structure change
being the rate-limiting step throughout the examined tempera-
ture range for gelation.®! This is consistent with the findings of
Arndt et al. where the NT terminal domain secondary structure
change was attributed to gelation.(!]

Next, we studied the size and the time dependence of clusters
at much lower concentrations. AUC sedimentation velocity ex-
periments were performed for samples containing 0.05, 0.1, 1,
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5,and 10 g L=! NT-2Rep-CT in 20 mwm Tris pH 8.0. We observed
that clusters were smaller overall, and the growth of clusters was
suppressed at the lowest concentrations of 0.05-1 g L~! (Figure 3;
Figure S1, Supporting Information). Meanwhile, number of clus-
ters was growing over time at concentrations of 5 and 10 g L1
Compared to the model phase diagram (Figure 1), the results are
consistent with the solubility line being in the region between
1and 5 g L1, To the left of the solubility line, the solution is
thermodynamically stable, and cluster growth was not observed.
Cluster formation inside the solid-solution coexistence region
has been attributed to the formation of pre-nucleation clusters
described by classical nucleation theory as well as the formation
of mesoscale high-density liquid-like clusters that are considered
to be a preassembly step for crystal nucleation.[®) A two-step nu-
cleation mechanism was proposed for the latter case.l**¢2] More
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Figure 3. AUC analysis of the effect of dilution on NT-2Rep-CT clusters. A) The ratio of integrated signals from all clusters larger than the dimer to the
signal of the dimer for different concentrations of protein as a function of protein concentration. The fraction of molecules in large clusters compared
to dimers decreases strongly below 5 g L™'. B) The time evolution of cluster growth is shown as the signal ratio for the clusters larger than the dimer to
the dimer. At concentrations of 1g L™! and under, clusters did not grow, while clusters grew strongly with time at concentrations above 5 g L™".

recently, clusters have also been observed to the left of the sol-
ubility line in the stable undersaturated solution for globular
protein,’>) amino-acid,!®! and salt solutions.[*®] The cluster
lifetimes in these undersaturated solutions were shown to be

short-living and dynamic, with lifetimes ranging from ms to
.[55.66]

2.3. Altering Phase Behavior by Changing Solution Conditions

By decreasing the solution by 0.8 units to pH 7.2 and increasing
the Tris concentration from 20 to 110 mM, we found that the be-
havior of NT-2Rep-CT mini-spidroin changed markedly. We stud-
ied the effect of the pH change in the size distribution of clusters
in solution by AUC at 20 °C. At pH 7.2 the NT domain is still
monomeric,”! but our AUC results show a marked increase in
clusters over a broad range of sizes, up to over 300 S (Figure 4A).
The amount of high molecular weight clusters grew by ~12% by
the pH change. Simultaneously, two additional peaks appeared
in the range of sedimentation coefficients between 1 and 10 S.
The pronounced peak at s = 6.0 S corresponds to tetramers while
the peak at s = 8.1 S, corresponds to hexamers. These two addi-
tional peaks accounted for #25% of the total signal, and ~23%
of the sample remained in dimeric form. The remaining 52% of
the signal were from clusters more than s = 10 S. Previous mass
spectrometry investigations suggested that the largest clusters at
pH 7.5 were traces of tetramers, and even at pH 5.5 only small
amounts of octamers were found, with no signal from larger clus-
ters than this.>

The samples also changed visually. We observed the forma-
tion of condensate droplets instantaneously when the conditions
were changed from pH 8.0-pH 7.2 (Figure 4B) at 20 °C. We
studied the effect of sample age in two ways, first by letting
the pH 8.0 sample age for different times and then making the
pH change. Alternatively, we imposed the pH change at time
0 and then allowed the sample to age. In both cases, a strong
time dependence was observed. When the pH drop was done
at different time points after thawing the pH 8.0 solution, we
observed at time 0 liquid-like condensates, at 18 h gel-like con-
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densates, at 48 h irregular assemblies, and at 120 h a gel had
already formed in the pH 8 sample which remained even af-
ter the pH drop (Figure 4B). We describe condensates as liquid-
like if we observed droplets that underwent rapid fusion events,
and as gel-like if no fusion events could be observed. Often such
gel-like condensates had a rough surface structure. Droplet fu-
sion events were in the timeframe of 1-10 s depending on initial
droplet sizes and age (Video S1, Supporting Information). Let-
ting the samples age after the pH drop led to a change in the
appearance of the condensates (Figure 4D). The condensates be-
came gel-like and after 120 h the sample still flowed in the vial
inversion test and the sample contained irregularly shaped as-
semblies. If the sample was at 8 °C during pH change in the ag-
ing experiments, we found a very different outcome. Condensate
droplets formed initially as at 20 °C but over time the droplets
remained liquid-like and grew larger (Figure 4E). After 120 h at
8 °C the droplets were still liquid-like, but with increased viscosity
(Figure 4F).

Comparing our results to the phase diagram in Figure 1, we
note that the data fits with a system where the pH change leads
to a shift of the diagram upward so that the initial timepoint lands
in a region below the binodal, into a liquid two-phase region. The
position would correspond to point x, of the phase diagram in
Figure 1. The observed changes in the phase diagram point to an
increase in protein—protein interactions. This is consistent with
previous work where an altered surface charge distribution of
the NT domain was attributed to the increased propensity of the
protein to form higher-order assemblies, although at a lower pH
6.3.7] Also, itis important to point out that dynamic arrest result-
ing in the formation of gel-like condensates, irregularly shaped
assemblies or gels happens within experimental observation time
(120 h) in all experiments within the solid-solution coexistence
region. While the size of these solid-like assemblies varies, from
system-spanning gel-like states to finite-sized irregular assem-
blies, we hypothesize that the structure of the assemblies is com-
parable and is a consequence of the dynamics being restricted
on a short timescale. Therefore, the pathway to equilibrium can
be so long that it becomes unobservable in experimental obser-
vation timescale. This makes these solid-like assemblies highly
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Figure 4. The phase behavior of NT-2Rep-CT at pH 7.2. A) Distribution of sedimentation coefficients for NT-2Rep-CT at 20 g L' in 110 mm Tris buffer
at pH 7.2. B) The outcome of changing pH from 8.0 to pH 7.2 depends strongly on how long the sample had been kept at 20 °C before the pH change
was made. Liquid-like condensates were formed if the change was made at t = 0 while a change at t = 120 h resulted in a gel. C) For samples, where
the pH change was made at t = 0 and the sample kept at 20 °C, condensates initially formed and changed into irregularly shaped assemblies over time.
D) For samples where the pH change was made at t = 0 and the sample was kept at 8 °C, condensates initially formed, and stayed in a liquid form
over extended times. E) Liquid-like condensates showing fusion events on the time scale of a few seconds. Snapshots from a sample where LLPS was
induced by the pH change from 8.0 to 7.2 at 8 °C at t = 0. F) Condensates after 120 h at pH 7.2 at 8 °C showing slow fusion (on the time scale of tens
of seconds). This indicates an increased viscosity.

important to study when dealing with protein material process- 30, and 37 °C. The pH was then changed to 7.2 and Tris concen-
ing, such as spider silk fiber spinning. tration increased to 110 mm. Condensation was clearly observed
at 8 °C (al), noticeably weaker at 20 °C (a2), and did not occur
at 30 °C (a3) and 37 °C (a4) (Figure 5). At the latter two tempera-
2.4. Sample History Strongly Affects the State of the Sample tures, irregular assemblies were observed instead. Compared to
the model diagram in Figure 1, these observations suggest that
To obtain a more complete picture of the phase behavior interms  the points for 8 and 20 °C are now below the binodal and for 30
of experimentally observed metastability and dynamic arrest of  and 37 °C above the binodal.
the different assemblies, we further studied the effect of tem- At t = 20 min, the temperature of all samples was set to 8 °C.
perature and the pathway dependence on the appearance of the  For the samples at temperatures initially higher than 20 °C (b3
sample. Pathway dependence is especially important when ob-  and b4), liquid-like condensates were observed together with the
serving metastable and dynamically arrested states.l®’] Starting  irregularly shaped assemblies. The condensates were however
with an initial sample of 40 g L~' NT-2Rep-CT at pH 8, 20 mm  smaller than those in samples which had been at lower temper-
Tris we subjected the samples to a range of temperatures: 8, 20,  atures. At t = 30 min, we elevated temperatures to 20 °C for the
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Figure 5. NT-2Rep-CT is induced at different temperatures (column a) and brought to the same thermodynamic state point (column b) leading to
different observations based on the state at induction. The temperature of the samples was then elevated again (column c) resulting in shape differences
in the persisting coacervates (c1 and c2) and showing the reversibility of NT-2Rep-CT LLPS (c3 and c4). Scale bar 20 um. The schematic plot illustrates

the temperature time-dependency of the sample in each panel.

sample originally at 8 °C (c1) and for the samples originally at 20,
30, and 37 °C back to their original temperatures (c2, c3, and c4).
The condensates in ¢3 and c4 disappeared while condensates in
cl and c2 remained liquid and increased in size with time. The
results show that liquid-like condensates were highly reversible
with temperature while the irregular assemblies were not readily
reversible. This suggests that the irregular assemblies are dynam-
ically arrested clusters or that they are thermodynamically stable
with respect to liquid-liquid coexistence. Furthermore, the obser-
vations suggest that in the experimental timescale, the liquid-like
condensates are reversible in their formation/dissolution and do
not become dynamically arrested. Altogether, the metastable bin-
odal for the NT-2Rep-CT appears to be between 20 and 30 °C
(20 g L7, 110 mm Tris, pH?7.2) based on these observations.

We next studied the time evolution of NT-2Rep-CT at 20 g L~!
for a more extended time. Samples were originally at 8 °C (al),
20 °C (a2), 30 °C (a3), and 37 °C (a4) when the pH was altered
from 8 to 7.2 (Figure 6). Similar to the above, arrested clusters
were observed at the two higher temperatures. We then lowered
the temperature to 8 °C for all samples. In samples originally
at 30 °C (b3) and 37 °C (b4) condensates formed, but arrested
clusters also remained. There was a noticeable effect of sample
history on the growth rate of condensates. The samples originally
at 30 and 37 °C showed a faster initial growth of some conden-
sates. All samples showed the evolution of liquid-like conden-
sate droplets toward irregular shapes over time and forming at
~48 h. These irregular condensates did not fuse nor grow, indi-

Adv. Funct. Mater. 2024, 2410421 2410421 (7 Of'”)

cating that they were gel-like. The observations imply that the dy-
namic arrest line crosses the binodal at these temperatures (see
Figure 7) and the experimental timescale (48 h) is long enough
to observe dynamic arrest.

3. Conclusion

In this work, we have reported on an extensive experimental char-
acterization effort to probe the temporal evolution of NT-2Rep-CT
solutions over a wide range of temperatures, solution pH con-
ditions, and protein concentrations. We have observed simple
uniform solutions in dilute systems, the presence of metastable
liquid-liquid coexistence, and the emergence of irreversible ag-
gregates at higher concentrations. Perhaps most importantly, our
experiments have highlighted the critical role of aging on the
processing path dependence of mini-spidroin solutions. Based
on our experimental observations, a minimalist mini-spidroin
phase diagram inspired by colloidal/globular protein systems can
be constructed (Figure 7). It is characterized by a solubility line,
metastable liquid-liquid coexistence, and a region at high pro-
tein concentrations associated with the emergence of irreversible
solid/gel aggregates. Upon aging, a system initially located to the
right of the solubility line will eventually enter the region asso-
ciated with irreversible aggregates as indicated by the horizontal
squiggly lines in the phase diagram. Quenches in pH or temper-
ature can be represented as vertical lines, and if the quenches
occur on time scales faster compared to aging, the system may

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. Time evolution of NT-2Rep-CT after phase separation is induced at different temperatures and phase-separated samples are brought down
to the same temperature (8 °C) and kept at that temperature for 48 h. Scale bar 20 um. The schematic plot illustrates the temperature of the sample in

each panel at the given time points.

display apparently reversible behavior upon repeated cycling
across the metastable binodal line, resulting in the formation and
dissolution of condensates; at sufficiently late times, however, the
system will enter the irreversible aggregate region. Importantly,
subjecting the system to different aging and quench protocols
with the same thermodynamic end variables (pH and temper-
ature) will result in widely varying end morphologies as differ-
ent processing pathways enter the irreversible aggregate regime
at different points in the phase diagram. In this work, we used
zero-time as the starting point for the study of time-dependent
behavior. However, the sample had of course a history prior to
this zero-time that could affect the outcomes of the experiments.
The zero-time was selected to be the same as used in other stud-

Adv. Funct. Mater. 2024, 2410421 2410421 (8 of 11)

ies on the mini-spidroin, for ease of comparison and because
no adverse behavior such as precipitation was observed by this
procedure.l%] We also note that the sample at the zero-point al-
lowed a wide range of phase behaviors—including dilution to the
solubility line—which indicates that the history of the sample did
not lead to restriction of available assembly states.

Several recent works have reported on the metastability
of LLPS and consequent aging of IDR-containing protein
solutions.**%7% These systems are highly complex and ratio-
nal approaches to understanding their behavior are often miss-
ing. Efforts have been made to construct unified frameworks,
for example, for amyloid self-assembly!®}] and extensive litera-
ture exists on globular protein phase transitions.[?83!] However,
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Figure 7. A schematic showing the equilibrium (e.g., solution at 20 °C
0.01 g L"), metastable (e.g., solution at 20 °C and 5 g L' and
liquid-liquid coexistence in all state points), and arrested states (aggre-
gate/solid/gel at 8-37 °Cand 20 g L™") observed in the experiments of NT-
2Rep-CT solutions in the temperature range of 8-37 °C and concentration
range of 0.01-40 g L=". The grey region approximately represents where
irreversible solid-like states were observed in the experiments. The hori-
zontal squiggly lines represent the evolution of the sample toward such
arrested states during aging, while the solid vertical line corresponds to
quenches in pH or temperature.

complete phase diagrams of multidomain proteins and IDPs are
lacking due to the complex assembly response and time depen-
dency. It is easily overlooked that it is experimentally difficult to
identify true equilibrium states due to the presence of long-lived
metastable or dynamically arrested intermediate states. Interest-
ingly, a recent study showed that laser pulses affected the aging
of condensates of NT-2Rep-CT, possibly suggesting new routes to
expose dynamically arrested states.””!] We urge future experimen-
tal and industrial designs to add time as an additional dimension
in their study and consider the strong likelihood of encountering
metastable and arrested states.!!

Future efforts in developing particle-based coarse-
grained’>78] and atomistic detail simulation models!”*-8!]
will be key in systematically uncovering molecular-level depen-
dencies of the formation of various protein assembly structures
and aging in protein solutions. Atomistic models can provide
local structure and uncover individual interactions that lead to
specific phase responses, but are currently limited by timescales
of up to several us. On the other hand, coarse-grained models can
reach much larger time and length scales to uncover assembly
structures and phase response, however, the connection to real
systems becomes rather tenuous due to simplifying abstractions.
Data-based approaches identify the condition and molecular-
level dependencies.[#2#] Often a combination of two (or more)
approaches is needed.”>%2] Finally, continuum approaches may
be employed to further develop thermodynamic and kinetic
insights into complex mixtures of protein solutions.!®#8 In our
approach, we make use of a generic phase diagram to understand
the time evolution of the protein solution. This strategy facili-
tates rational techniques for designing and applying methods
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to produce protein-based materials while also offering valuable
insight for understanding protein assembly in living systems.

4. Experimental Section

NT-2Rep-CT Expression: The NT-2Rep-CT construct consists of an N-
terminal 6xHis-tag, an N-terminal domain sequence and a repetitive do-
main sequence from a major ampullate spidroin 1 (MaSp1) sequence
from Euprosthenops australis, and a C-terminal domain from a minor am-
pullate spidroin (MiSp) sequence from Araneus ventricosus (see Support-
ing Information for detailed sequences). The DNA sequence encoding NT-
2Rep-CT was inserted into a pET28a expression vector using golden gate
cloning. The DNA sequence of the expression vector was otherwise the
same as the commercially available one, except for two Bsal recognition
sites added to the multiple cloning sites.

The plasmid containing the NT-2Rep-CT gene was transformed into the
BL21-Al E. coli strain (Thermo Fischer Scientific) for protein expression.
Cell cultures were grown in TB medium (Terrific Broth, Invitrogen) contain-
ing 50 ug mL~" kanamycin overnight at 30 °C with 220 RPM shaking. After
overnight growth, the culture was diluted 1/100 with the growth medium
and incubated in the same conditions until ODg reached a value of 0.6,
measured with a BioPhotometer Plus (Eppendorf), after which the tem-
perature was lowered to 20 °C and protein expression was induced with
1mm IPTG (Isopropyl g-D-1-thiogalactopyranoside) and 0.2% L-arabinose
and carried out for 18 h. Expression was carried out in a 500 mL culture
volume in 2 L shake flasks. Cells were harvested by centrifugation (3900
RPM, 4 °C, 10 min) and cell pellets were frozen at —20 °C.

Protein Purification: ~ Frozen cell pellets were thawed and resuspended
in 20 mm Tris-HCl buffer pH 8.0 containing 15 mm imidazole. Cells were
lysed using a Q500 tip sonicator (Qsonica) with a 1/2” tip (2 s pulse on,
2 s pulse off, 1 min total at 40% amplitude three times per tube). The cell
lysate was centrifuged (14’000 RPM, 4 °C, 20 min) to separate the soluble
fraction, which was purified using immobilized metal affinity chromatog-
raphy (IMAC). The soluble fraction was loaded onto a 5 mL HisTrap FF
(GE Healthcare) Ni-NTA column connected to an AKTA pure (GE Health-
care) fast protein liquid chromatography (FPLC) system. The target pro-
tein was eluted with 20 mwm Tris-HCl at pH 8.0 containing 300 mm imida-
zole. The eluted protein was dialyzed against 20 mm Tris-HCl at pH 8.0
and at 4 °C using SnakeSkin dialysis membrane (Thermo Fischer Scien-
tific) with a 3.5 kDa My, cut-off.

The purified protein solution was concentrated to 40 mg mL™" using a
Vivaspin centrifugal concentrator with a My, cut-off of 10 kDa (4’000 RPM,
4 °C). The concentration was determined by measuring the absorbance at
280 nm using a spectrophotometer. Aliquots of concentrated stock solu-
tion were snap-frozen with liquid nitrogen and stored at —20 °C. For each
experiment, a new aliquot was used.

Analytical Ultracentrifugation: ~ Analytical ultracentrifugation sedimen-
tation velocity (SV) experiments were performed using Beckman Coulter
Optima analytical ultracentrifuge. The measurements were carried out at
30’000 RPM using an An-60Ti rotor. All measurements were performed at
20 °C and with the use of an absorbance detector. The measuring cells
used standard 12 mm thick Epon centerpieces with quartz windows and
3 mm thick titanium centerpieces with sapphire windows at protein con-
centrations higher than 5 g L~'. Samples were measured over a range
of protein concentrations and wavelengths: 0.05-0.1 g L~" (230 nm),
0.675-1.25 g L™ (280 nm), 2.5-20 g L™" (300 nm). The 20 mm Tris pH
8.0 and 110 mm Tris pH 7.2 buffers were used.

Data analysis of obtained sedimentation profiles was performed by Sed-
fit software using ¢(s)[#°] and nonideal ¢(s)[°°! analysis models.

Microscopy: Frozen protein stock solutions were thawed and cen-
trifuged to remove aggregates prior to subsequent experiments. The state
ofthe protein solution after thawing and centrifugation was regarded as t =
0. The proteins were mixed with the same buffer conditions as described in
the previous section. Samples were kept on temperature-controlled blocks
for the duration of the experiments. For image analysis, samples were
taken and placed on microscope slides and analyzed immediately. Phase
contrast images were taken with an Axio Observer Z1 microscope (Carl
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Zeiss, Germany) equipped with a 40x magnification objective and an Axio-
cam 503 camera. Images were processed using the Zeiss ZEN Blue soft-
ware.

Statistical Analysis: The raw AUC data were analyzed using 100 scans
in each experiment and fitted to the c(s) model in sedimentation coeffi-
cient range 0-600 S. Positions of dimer peak were specified using a smaller
fitting range and higher resolution. Analysis was performed with a floating
meniscus and frictional ratio with a starting value of 1.5 f/f0. Maximum en-
tropy regularization with a factor of 0.51, 0.7, and 0.9 was used. The root-
mean-square deviation was in the range from 0.002 to 0.006. The percent
of the signal corresponding to dimer and high molecular weight assem-
blies was calculated using the trapezoidal rule. Trend lines for the time
evolution of cluster growth were plotted using second-order polynomial
fit. Fitting with the classical Freundlich model was used to make a trend
line of the clusters/dimers signal ratio as a function of protein concentra-
tion. In all other cases, trend lines were plotted using linear fit.
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Supporting Information is available from the Wiley Online Library or from
the author.
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