Cell Biomaterials

Stimuli-triggered formation of de novo-designed
protein biomaterials

Graphical abstract

Protein Building Blocks Triggered Material Formation

Multimer + FKBP Dimer + FRB

De novo Designed Proteins

Small Molecule-Induced Dimer

+ t;{ \

FKBP

Assembled Product

Variable Material Properties and Structures

- B

12
Valency/Rapa

-Rapa

Stiffness

o v

S

| )
g

b

Highlights

Self-assembling multimeric proteins are created using de
novo design methodologies

Gel and condensates form via small molecule-mediated
protein heteropolymerization

Material viscoelasticity readily tuned with protein structure
and rapamycin addition

Gregorio et al., 2026, Cell Biomaterials 2, 100239

January 20, 2026 © 2025 The Author(s). Published by Elsevier Inc.

https://doi.org/10.1016/j.celbio.2025.100239

Authors

Nicole E. Gregorio, Zhe Li, Jack W. Hoye,
David Baker, Cole A. DeForest

Correspondence
profcole@uw.edu

In brief

This work introduces a modular platform
for creating protein-based biomaterials
using de novo-designed proteins that
self-assemble into hydrogels and
condensates upon small-molecule
addition. By tuning protein valency and
trigger concentration, the material’s
mechanical properties and formation
dynamics are precisely controlled. These
materials can be formed both in vitro and
in cellulo, offering new tools for studying
biomolecular condensates and enabling
the development of customizable,
responsive biomaterials for biomedical
and synthetic biology applications.

¢ CellPress


mailto:profcole@uw.edu
https://doi.org/10.1016/j.celbio.2025.100239

Please cite this article in press as: Gregorio et al., Stimuli-triggered formation of de novo-designed protein biomaterials, Cell Biomaterials (2025),
https://doi.org/10.1016/j.celbio.2025.100239

Cell Biomaterials o CellPress

OPEN ACCESS

Stimuli-triggered formation of de novo-designed
protein biomaterials

Nicole E. Gregorio," Zhe Li,>%* Jack W. Hoye,>¢ David Baker,>* and Cole A. DeForest'-4:5:6:7,8,9,*
1Department of Bioengineering, University of Washington, Seattle, WA 98105, USA

2Department of Biomedical Engineering, Southern University of Science and Technology, Shenzhen 518055, China
3Department of Biochemistry, University of Washington, Seattle, WA 98105, USA

4Institute for Protein Design, University of Washington, Seattle, WA 98105, USA

SDepartment of Chemical Engineering, University of Washington, Seattle, WA 98105, USA

SInstitute of Stem Cell & Regenerative Medicine, University of Washington, Seattle, WA 98105, USA
“Department of Chemistry, University of Washington, Seattle, WA 98105, USA

8Molecular Engineering & Sciences Institute, University of Washington, Seattle, WA 98105, USA

9Lead contact

*Correspondence: profcole@uw.edu

https://doi.org/10.1016/j.celbio.2025.100239

THE BIGGER PICTURE Biomaterials are revolutionizing how we study biology and treat diseases, offering
new platforms for tissue engineering, drug delivery, and cellular modulation. Among these, protein-based
materials stand out for their ability to mimic biological environments with unmatched precision. Despite
this, most protein hydrogels rely on a narrow set of naturally occurring building blocks, limiting their versa-
tility. This work introduces a new frontier in biomaterials by leveraging de novo protein design, a computa-
tional approach that creates entirely new proteins from scratch. By engineering proteins that self-assemble
into defined architectures and respond to external stimuli, such as small molecules, we demonstrate the cre-
ation of customizable bulk hydrogels and intracellular condensates with tunable mechanical properties and
formation dynamics.

These materials not only expand the toolkit for bioengineers but also provide a powerful platform for probing
fundamental biological processes. For example, the ability to trigger condensate formation inside cells opens
new avenues for studying intracellular liquid-liquid phase separation, a phenomenon increasingly linked to
aging and disease. Moreover, the modularity of this system, where protein components and triggers can
be swapped, suggests broad applicability across biotechnology, synthetic biology, and regenerative medi-
cine. As de novo design continues to evolve, it promises to unlock a vast landscape of protein-based mate-
rials with properties and functions beyond what nature has provided, reshaping how we build and interact
with biological systems.

SUMMARY

Protein-based biomaterials have risen in popularity in recent years owing to their genetic encodability,
sequence specificity, monodispersity, and ability to interface with biological systems in comparison with syn-
thetic polymer-based materials. Though naturally derived and minimally engineered proteins have been at
the forefront of these efforts, recent advances in computational protein design offer exciting opportunities
for next-generation biomaterial development. In this work, we employ de novo protein design methodologies
to generate a suite of self-assembling multimeric proteins, whose step-growth heteropolymerization into
bulk hydrogels and condensates can be exogenously triggered through small-molecule addition. Our results
highlight how changes in programmed multimer valency and their triggered assembly yield materials with
varying structures and viscoelasticity. We anticipate that these approaches will prove useful in rapidly gener-
ating large libraries of stimuli-responsive biomaterials that are precisely tailored to specific applications in the
biosciences and beyond.
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INTRODUCTION

Biomaterials have provided us with a multitude of new ap-
proaches to study biological systems and devise novel medical
treatments. Hydrogels have been of particular interest for poten-
tial use as three-dimensional (3D) cell culture matrices, tissue
engineering scaffolds, and therapeutic delivery vehicles.' His-
torically, hydrogels have most typically been constructed from
synthetic polymers. More recently, protein-based hydrogels
have gained additional popularity in the biomedical space due
to their improved ability to replicate biological microenviron-
ments both chemically and structurally.>~° Many such materials
rely on naturally occurring proteins extracted from biological
samples or those which have been recombinantly expressed,
potentially with minor redesigns to better suit their intended
application. This work has led to an impressive collection of pro-
tein-based biomaterials with varied mechanical and responsive
properties.®” Of specific note in the responsive materials space,
hydrogels with triggerable formation have proven to be essential
for many applications. These materials enable more straightfor-
ward cell encapsulation, in vivo formation, and secondary
network polymerization within an existing material.®°

Despite the many unique and desirable properties of recombi-
nant proteins—namely their perfect sequence specificity and
monodispersity, intrinsic biofunctionality and biodegradability,
and scalable synthesis through fermentation —most biomaterials
based on these structures have been constructed from a surpris-
ingly limited number of building blocks used as intrinsically disor-
dered linkers (e.g., elastin-like polypeptides, XTEN), crosslinking
chemistries (e.g., Tag/Catcher chemistries, coiled-coil interac-
tions), and responsive domains (e.g., PhoCl, Dronpa, and
calmodulin).®'%"'* While these efforts have proven useful in
many applications, recent advances in computational protein
design near-limitlessly expand the available space for biomate-
rials development. De novo design has already enabled the cre-
ation of countless new-to-nature proteins with demonstrated
utility as multivalent vaccines and protein binders.'® Especially
with the advent of diffusion-based methods like RoseTTAFold
diffusion (RFdiffusion),'® de novo design is well poised to trans-
form the future of protein engineering, with its impacts undoubt-
edly extending into the realm of protein-based materials.

In the first report of its kind, our labs recently demonstrated the
potential in using de novo-designed proteins for hydrogel syn-
thesis.'” Using self-assembling multivalent protein oligomers
fused to crosslinking protein domains, macroscopic materials
with varied viscoelastic properties were formed spontaneously
upon component mixing. This work demonstrated that modifica-
tions of the individual protein components, including linker
lengths, geometries, and valencies, can give rise to significant
changes in bulk material properties. However, the rapid and
spontaneous formation of these materials can limit their applica-
tion, especially in biological contexts where controlled formation
is often more replicative of natural processes. As such, the inte-
gration of controlled formation in de novo materials would be a
great step forward in enabling simultaneous user control over
both material properties and material formation.

This previous work also provided evidence that these de novo
materials could be formed within cells due to their genetically en-
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coded nature. Such intracellular materials are reminiscent of bio-
molecular condensates, or localized, membraneless compart-
ments within the cell cytoplasm. Condensates play diverse and
essential roles in maintaining cellular organization and facilitating
avariety of cellular processes.'® As such, when condensate regu-
lation goes awry cells can enter a diseased state, and this has
been identified as a driver of various age-related diseases like
neurodegeneration, cancer, and cardiovascular disease.’®?
Carefully controlled material properties are paramount to a con-
densates’ ability to perform its intended functions.'®?>>*
Condensates are typically dynamic in nature and form through
multivalent physical interactions between biomolecules but can
vary from more liquid-like to more gel or solid-like states.?® How-
ever, solid-like condensates are often disease related, as the less
dynamic state may halt processes that are necessary to maintain
cell health.>**° In other biological systems, liquid-like protein con-
densates can even serve as precursors for formation of solid ma-
terials, such as silk fibers and mussel threads.?”° We have only
just begun to understand the intricacies of condensates. New en-
gineered condensate systems, especially those with triggerable
formation or state changes, are key in better studying the complex
interplay of condensate structure, state, and function.**’

In this work, we sought to create a suite of de novo-designed
proteins whose step-growth heteropolymerization into bulk net-
works could be exogenously controlled through small-molecule
addition. To do so, we utilized a set of de novo proteins designed
to assemble into distinct nanostructures of different valencies and
fused them to a small-molecule-responsive protein pair. Here, we
demonstrate that the resulting two-component systems can be
used to form macroscopic hydrogel materials with different visco-
elastic behaviors. We also show that material properties can be
further controlled by modifying the amount of small-molecule
trigger added to the system. Additionally, inspired by previous ev-
idence of similar materials forming intracellular structures resem-
bling biomolecular condensates,'”*>*! we further characterized
the behavior of the system at low protein concentrations to inves-
tigate its ability to form such structures in a controlled fashion.

RESULTS

Protein design

This platform utilizes de novo protein design to build a library of
material-forming proteins (Figure 1A). We started by identifying
previously de novo-designed proteins that self-assemble with
known valencies. In contrast to previous work, we focused
on low valencies that are more heavily utilized in synthetic
polymer-based materials. We identified existing designed
homo-oligomers with 2, 3, 4, and 12 assembling groups.®*°
Additionally, we used RFdiffusion'® to design a homo-hexamer
to complete the set (Figure 1B). Negative-stain electron micro-
scopy (nsEM) was used to confirm the assembly valency and
overall shape of the selected hexamer design (Figure S1).

To template network-level assembly of these proteins, we
sought to create a two-component system where each multimer
(3, 4, 6, and 12) would be paired with the same dimer core.
Assembly of the multimer/dimer pairs would be driven by
heterodimeric proteins pairs with user-controlled association.
We selected the naturally occurring FK506 binding protein
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(A) This system utilizes self-assembling core proteins expressed as genetic fusions through a flexible linker to one component of a crosslinking protein pair. Upon
expression, these polypeptides self-assemble into multimers of the noted valency. Following small-molecule addition, multimer and dimer species hetero-

polymerize into bulk hydrogels or microscopic condensed phases.
(B) Multimer cores of various valencies used in this system.

(C) FKBP/FRB proteins used as crosslinks for this system. These proteins natively associate only in the presence of the small-molecule rapamycin. Protein data

base: FKBP/FRB—3FAP.

(FKBP)/FKBP-rapamycin binding domain (FRB) protein pair,
whose noncovalent association is controlled by the presence of
the small-molecule rapamycin®' (Figure 1C). We genetically fused
the FRB protein to the dimer-forming polypeptide and the FKBP
protein to the multimer component, including a short flexible 5x
Gly-Gly-Ser linker between each. This results in structures whose
assembly valency is the same as its number of crosslinking pro-
teins and allows for a network of interactions to be initiated be-
tween the two components. For nomenclature, we refer to each
network forming multimer/dimer pair by the valency of the multi-
mer (e.g., 3 or 3mer for materials formed from the dimer-FRB +
trimer-FKBP proteins). All polyhistidine-tagged proteins were indi-
vidually recombinantly expressed in E. coli, purified by immobi-
lized metal affinity chromatography, and concentrated as needed
for the formation of 10 wt % bulk materials. The identity of each
protein was confirmed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and mass spectrometry
(Figure S2).

Impact of valency on bulk hydrogel properties
We first sought to characterize the bulk materials formed by all
combinations of these proteins. When each multimer/dimer
pair is combined with equal FRB:FKBP stoichiometry and
10 wt % total protein concentration, the mixture persists as a
liquid as expected. However, when rapamycin is added to the
mixture at an equimolar concentration, a hydrogel-like material
forms, facilitated by FKBP/FRB association. Each valency was
characterized by rheology to determine sample storage modulus
and viscoelastic properties (Figure 2A). We hypothesized that
materials formed from higher valency multimers would result in
stiffer constructs given the increased potential interconnected-
ness of these networks.

Rheology revealed that increased multimer valency generally
results in increased material stiffness, up to a certain point. Atrend

of increasing stiffness is seen between the 3, 4, and 6mers, at
which point the stiffness levels off, with the 6mer and 12mer dis-
playing very similar stiffnesses. We hypothesize that at a certain
valency threshold, steric hinderance due to the highly colocalized
crosslinking points may prevent many crosslinks from forming,
leading to greater defects in the network and offsetting the ex-
pected increase in stiffness. We were encouraged to see these
trends despite the additional complexities of the structures we
are comparing. It is challenging to untangle the contributions of
various properties other than valency that may also affect the ma-
terial stiffness, such as differences in protein molecular weights,
relative rigidity of the multimer structures, and possible variation
in the position (axial vs. equatorial) of crosslinking domains relative
to the multimer core (Figure S3). Despite these complexities, this
library of proteins covers many intermediate stiffness in the
0-1 kPa range, which is typical for protein-based materials and
overlaps with that of many soft tissue environments.*?

In addition to stiffness, we also characterized the frequency-
dependent behavior of these materials (Figures 2B and 2C). As
the rapamycin-mediated association of FKBP/FRB is noncova-
lent, these physically crosslinked materials exhibit a frequency
crossover point—at low frequencies, the loss modulus (G”) dom-
inates and the material exhibits a viscous state; at high fre-
quencies, the storage modulus (G’) dominates and the material
exhibits an elastic state. This crossover occurs regardless of
the multimer used, with the crossover frequency decreasing
consistently with increased construct valency. The trend in
decreasing frequency crossover holds between the 6mer and
12mer despite their similar stiffnesses, though it is not statisti-
cally significant.

Controlled hydrogel stiffness using rapamycin

The ability to select multimer valency provides an initial level
of versatility to this system. However, since multimer/dimer

Cell Biomaterials 2, 100239, January 20, 2026 3




https://doi.org/10.1016/j.celbio.2025.100239

Please cite this article in press as: Gregorio et al., Stimuli-triggered formation of de novo-designed protein biomaterials, Cell Biomaterials (2025),

¢? CellPress

OPEN ACCESS

Cell Biomaterials

—3G =4 G =G ==12G
A _ 1000- = _ 10007 -=3G"-=4G"==6G"==12G" c 5.0
<
800+ —
E g
3 o
S 6004 9
= =
o 4004 3
g =
o L]
£ 200
o T ~
5> % o L, 12
Valency Frequency (s™)
05X 0.75X 1X
D E E
o 100903 T 1.07 - 1XRapa ohr ‘ { ‘
o %% - ®- 0.75X Rapa b -
@ 10004 g os 0.5X Rapa TR TR
2 I o S 24 hr ‘
° 2 0.6 3
s} 2 )
£ 1001 a \ \
o 5 0.4 96hr| |
© ©
5 104 S o \
S o 4
s I_I_().2L *i{i ii{i 192 hr
d.
H——— 0.0 Mdii=i-® . : YU
0X 05X 075X 1X 15X 0 100 200 300 stehe | 0|
Equiv. of Rapamycin Time (hrs) :

Figure 2. Characterization of the viscoelasticity and stability of bulk materials

(A) G’ determined from oscillatory rheology time sweeps at 25°C, 1% shear strain, and 5 s~ angular frequency with 10 wt % FKBP/FRB crosslinked gels at an
equimolar concentration of rapamycin to FRB/FKBP. Bars represent the mean + SD of three independently formed gels. Significance testing was performed using
Tukey’s multiple comparisons test.

(B) A representative frequency sweep test at 25°C with fixed 1% shear strain for 10 wt % FKBP/FRB crosslinked gels at an equimolar concentration of rapamycin
to FRB/FKBP.

(C) Frequency crossover points determined from frequency sweep data. Bars represent the mean + SD of three independently formed gels. Significance testing
was performed using Tukey’s multiple comparisons test.

(D) G’ determined from oscillatory rheology time sweeps at 25°C, 1% shear strain, and 5 s~ ' angular frequency with 6mer 10 wt % FKBP/FRB crosslinked gels at
varying ratios of rapamycin to FRB/FKBP. Bars represent the mean + SD of three independently formed gels. Significance testing was performed using Tukey’s
multiple comparisons test.

(E) Extent of gel degradation over 14 days under ambient conditions with varied rapamycin. Each point represents the mean + SD of three independently formed

gels.

(F) Images of representative gels at time points throughout the degradation study.

association is mediated through small-molecule addition, we hy-
pothesized that overall material state and viscoelasticity could
be dynamically altered using varying amounts of rapamycin. To
characterize the responsive behavior of the system, additional
rheological studies were performed on the 6mer system held
at a fixed protein concentration while varying rapamycin relative
to FRB/FKBP (Figure 2D). Adding sub-stoichiometric rapamycin
concentrations resulted in significantly softer materials, as ex-
pected; under these conditions, an insufficient amount of rapa-
mycin is present to saturate all available FKBP/FRB pairs, result-
ing in a less-crosslinked network with increased defects. At
excess rapamycin no additional gains in stiffness are seen, and
there is potential to saturate FKBP/FRB sites, preventing proper
interaction. As such, rapamycin both initiates material formation
and modulates the final stiffness of the material that is formed.
Despite increased defects at sub-stochiometric rapamycin
concentrations, gel erosion studies show that gels formed with
rapamycin equivalents of 0.75x or greater are highly stable
over 14 days. Only ~20% of the material eroded at this point
and minimal differences in the degradation profile are observed
as compared with 1x rapamycin (Figures 2E and 2F). At 0.5x ra-
pamycin, erosion is more rapid; up to 60% of the material is

4 Cell Biomaterials 2, 100239, January 20, 2026

eroded by day 14 and an immediate burst release of >20% of
protein is observed, likely as a result of a high fraction of
completely unbound protein.

Impact of valency on condensate formation

Next, we aimed to utilize the same set of proteins to create
microscopic condensate-like structures. To do so, we first per-
formed phase diagram analysis of each pair in the presence of
equimolar rapamycin to determine the conditions necessary for
condensate formation (Figures 3A and 3B). We screened a vari-
ety of protein concentrations (0-5 pM) alongside differing
amounts of a molecular crowding agent— poly(ethylene glycol)
(PEG, 0-5 wt %). All valencies led to formation of microscale
structures, with the conditions for formation and morphology
varying for each. For the 3mer and 4mer, 2 wt % PEG was
required for clear condensation to occur. Higher valencies
were capable of forming condensed structures at 1 or even
0 wt % PEG. While changes in the protein concentration did
not make the difference between condensation or no condensa-
tion, the number and morphology of condensates did vary. Most
notably, the 3mer and 4mer showed more rounded, droplet-like
morphologies at high protein and PEG concentrations, as
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Figure 3. Characterization of phase separation behavior
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(A) Phase diagrams of each valency. Dimer protein is fluorescently tagged with FAM for tracking. Images represent maximum projections of z stacks over 10 pm.

Scale bars, 20 pm.
(B) Mean fluorescence intensity of phase diagram images quantified in Fiji.

(C) Comparison of condensed phase morphology across valencies at 5 wt % PEG and 5 pM total protein. Scale bars, 20 pm.
(D) FRAP in condensed phases formed at 5 wt % and 5 pM total protein. Bleaching was carried out for 200 ms with a 405-nm laser, and samples were monitored at
1 sintervals for 120 s after bleaching. Each line represents the mean of three separate bleaching events, and the shaded area represents the SD. Scale bars, 2 pm.

(E) Zoom in of shaded area of graph from (D).

opposed to more aggregated structures at lower concentrations.
Similar changes in condensed phase morphology occurred with
differences in valency, where under the same conditions lower
valencies formed droplet-like structures and higher valencies
formed aggregated structures (Figure 3C). We also performed
phase diagram analysis on the dimer protein alone, identifying
low levels of aggregate-like structures (Figure S4). However, all

dimer-only conditions gave fewer and less bright condensed
phases than any of the multimer/dimer pairs. This may indicate
that there is some background aggregation of the dimer protein
that is mostly overcome in the presence of a multimer.

We hypothesized that these morphological differences may be
reflective of differences in the material properties of these
condensed phases. Other work in the condensates space has
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demonstrated that spherical morphologies often indicate more
liquid-like material states, whereas irregular morphologies are
indicative of more gel or solid-like states.®"** To test this, we
performed fluorescence recovery after photobleaching (FRAP)
analysis on each of these valencies under the same conditions
(Figure 3D; Videos S1, S2, S3, and S4). While FRAP does not pro-
vide a direct readout of the stiffness of these materials, it pro-
vides a measurement of the diffusivity of the dye-labeled mole-
cule, which often correlates with the physical state of the
material when a condensate scaffold protein is labeled.* ¢
We opted to tag the dimer-FRB protein with fluorescein (FAM)
for tracking, as this protein is used with all valencies and should
provide us with a direct look at the rearrangement of the struc-
tures. Multimer-FKBP proteins were left unlabeled. For all valen-
cies, <15% fluorescence recovery was detected over the span of
2 min, indicating minimal rearrangement within these conden-
sates. While increased valency appears to result in slight gains
in the fluorescence recovery, which would indicate higher diffu-
sivity, it is likely that these small differences are a result of the
morphological differences between samples rather than repre-
sentative of actual differences in material properties. Extended
FRAP over 10 min as well as single-particle tracking data on
the 3mer corroborated that minimal rearrangement is seen on
this timescale (Figure S5; Video S5). This was unexpected due
to the noncovalent nature of the crosslinks, and the ability of
bulk materials to show frequency-dependent changes in
behavior. However, it is worth noting that the rapamycin-FRB-
FKBP complex is known to be exceptionally stable, with a disso-
ciation constant of ~12 nM.*" As such, rearrangement of these
protein complexes may occur on a much longer timescale than
is detectable by these methods. For example, centrifugation of
3mer condensates immediately after rapamycin addition al-
lowed for these structures to be more easily tracked as they
developed (Figure S6). Over the first 20 h of formation, significant
changes in the morphology of the condensed phase are seen
alongside nearby condensate fusion, indicating some level of re-
arrangement over these longer timescales.

6 Cell Biomaterials 2, 100239, January 20, 2026
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Figure 4. Dependence of condensate for-
mation on rapamycin

(A) Comparison of each multimer/dimer pair with
and without rapamycin. Multimer proteins are
NHS labeled with Cy5 and the dimer with FAM for
tracking. All mixtures are prepared at 5 wt % PEG
and 5 pM total protein.

(B) Individual proteins prepared as in (A) for iden-
tification of background aggregation. All images
represent maximum projections of z stacks over
10 pm. Scale bars, 10 pm.

Multimer
Dimer

Controlled condensate formation
using rapamycin

As with the bulk materials, we wanted
to demonstrate the ability to trigger for-
mation of this condensed phase with
small-molecule addition. We see a clear
difference in the condensed phases
when rapamycin is included or excluded
(Figures 4A and S7). With rapamycin, all valencies show colocal-
ization of the multimer, labeled with Cyanine5 (Cy5), and dimer
indicating their interaction, whereas without rapamycin colocal-
ization is mostly lost and the morphology of the condensed
phase changes. In comparison with the multimer and dimer pro-
teins individually (Figure 4B), we observed that multimer/dimer
protein mixtures without rapamycin resemble the morphology
of their respective individual proteins, further indicating that ra-
pamycin is necessary for interactions between proteins to occur.
It is notable that there is some level of apparent condensed
phase formation resulting from aggregation of these proteins
with themselves.

We also tracked condensate formation after rapamycin addi-
tion in real time to further demonstrate the triggerability of this
system (Figure 5A; Videos S6, S7, S8, and S9). Condensates
appear to form rapidly after the addition of rapamycin but take
additional time to settle to the bottom of the sample for imaging.
Comparison of condensate morphology at 60 min versus over-
night (as in Figure 3C) reemphasizes the long timescale at which
these structure fuse and rearrange.

Finally, we aimed to identify changes in condensed phase
structures with varied amounts of rapamycin. Similarly to bulk
materials, we anticipated that lower amounts of rapamycin
would result in more liquid-like condensates. However, conden-
sate morphology for the 3mer was only minorly affected by such
changes (Figures 5B and S8). We noticed the appearance of
some smaller condensates with decreased rapamycin, particu-
larly in the 0.1x condition. Similar characterization of the other
valencies also resulted in few noticeable differences in the over-
all morphology across rapamycin concentrations (Figure S9). We
also performed FRAP analysis on 3mer condensates with varied
amounts of rapamycin, finding that all conditions displayed
similar minimal recovery (Figure 5C; Videos S10, S11, S12, and
S13). These results indicate that either changes in material prop-
erties in response to varied rapamycin are outside of the range of
detection of these methods, or that these changes simply do not
translate to the microscopic scale. For example, it may be
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Figure 5. Control of condensates through rapamycin addition
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(A) Triggered formation of a condensed phase via addition of rapamycin to the protein mixture. Rapamycin is added at 0 min.
(B) Comparison of condensed phase morphology for the 3mer at varying ratios of rapamycin. Allimages represent maximum projections of z stacks over 10 pm.

Scale bars, 10 pm.

(C) FRAP in 3mer condensed phases with varying ratios of rapamycin. Bleaching was carried out for 200 ms with a 405-nm laser, and samples were monitored at
1 sintervals for 120 s after bleaching. Each line represents the mean of three separate bleaching events. All mixtures are prepared at 5 wt % PEG and 5 uM protein

and the dimer protein is NHS labeled with FAM for tracking.

possible that rapamycin accumulates in the condensed phase
over time, resulting in similar extents of crosslinking across var-
iable concentrations, and that protein in excess of the amount of
rapamycin stays in the dilute solution phase.

Finally, we aimed to replicate rapamycin-triggered formation
of condensates within cells (i.e., in cellulo). To do so, we created
HEK293T cells with doxycycline-inducible stable expression of a
green fluorescent protein (GFP)-tagged dimer and transient
expression of an mCherry-tagged 6mer via transfection. Treating
these cells with rapamycin resulted in the appearance of bright
puncta with colocalized red and green fluorescence, similar to
what we observed when combining purified versions of these
proteins (Figure S10). In contrast, cells expressing both proteins
but not treated with rapamycin show evenly distributed fluores-
cence throughout the cell body, with no clear condensation as
expected. This promising result highlights the unique advantage
of working with entirely protein-based systems for their ease of
translation into biological systems.

DISCUSSION
In this work, we demonstrated the utility of de novo-designed

proteins as novel building blocks for triggered protein-based
material formation at the macro- and microscopic scales. Our

strategy utilizes self-assembling de novo proteins designed to
form multimeric and dimeric cores fused to crosslinking protein
pairs, enabling multimer/dimer binding upon bridging small-
molecule addition. This simple approach is modular, where the
multimer, dimer, and crosslinking pair can all be swapped out
to result in new materials with unique physical and responsive
properties. Here, we demonstrate that by selecting multimers
of different valencies, each equipped with small-molecule
responsiveness, we can control the physical properties of bulk
hydrogels and modify condensate morphology. De novo protein
design provides a unique opportunity to rapidly iterate and rede-
sign systems such as these to suit a given application, some-
thing that is difficult to achieve using rational design approaches.

Notably, this work builds on previous efforts in this space’” by
newly implementing a responsive crosslinking protein pair,
FKBP/FRB. In doing so, we demonstrate that these materials
can be programmed to respond to user-controlled stimuli; spe-
cifically, this approach permits controlled initiation of material
formation and extent of crosslinking through the variable addi-
tion of the small-molecule rapamycin. New protein-based hydro-
gels, such as these, may have utility as 3D cell culture or delivery
platforms. Especially, given the ability to control material gela-
tion, encapsulation of cells would be straightforward. However,
rapamycin is known to bind to native FKBP in mammalian cells,
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activating FKBP’s allosteric inhibition of mammalian target of ra-
pamycin (MTOR), a key kinase in a master regulator pathway that
controls cell growth and metabolism. Since the mTOR pathway
is dysregulated in many diseases, including cancer and neuro-
logical diseases, rapamycin has been used as a drug to treat
such diseases, often in combination with other therapies.*” As
such, it may be useful to identify alternative chemically inducible
dimerizers if this system is to be implemented in a biological
context. While FKBP/FRB is by far the most well-studied chem-
ically induced dimerizer, alternatives such as Pyl/ABI and GID1/
GAI, both of which are derived from plants, may be useful for
increasing bioorthogonality.*®*® Furthermore, de novo design
has shown potential for designing novel chemically inducible di-
mers based on pre-selected small molecules.*®

Finally, we show that these de novo protein nanostructures
can be triggered to form condensate-like structures at low con-
centrations and inside cells. Due to the use of rapamycin-induc-
ible crosslinking, these condensate structures form only in
response to the addition of this small molecule, as was seen
with bulk materials. Additionally, previous studies have shown
that increasing multivalency in condensate-forming biomole-
cules increases their propensity for phase separation.¢:°'~%°
Thus, we expected that higher valencies would result in conden-
sate formation at lower molecular crowding conditions than
lower valencies, which was demonstrated in our phase diagram
analysis. While we aimed to show that changes to multimer va-
lency and rapamycin concentration resulted in modification of
condensate materials properties, we found that we were unable
to recapitulate the trends seen in bulk materials. While changes
in valency and rapamycin concentration had some impact on
condensate morphology, all condensates showed little propen-
sity for protein rearrangement. This could be a result of the
exceptional low dissociation constant of the FKBP/FRB/rapamy-
cin complex, deficiencies in the techniques utilized for such
characterization, or could represent a differential impact of multi-
valency and network defects at the microscopic scale.

The ability of these proteins to form condensate-like structures
may prove useful for further investigation into the role and impact
of condensates in cells. Protein-based systems can be easily im-
plemented in cells, and, as we have demonstrated, external
application of rapamycin can induce intracellular condensation.
While the use of rapamycin may obfuscate any conclusion about
the direct impact of these condensates, we see this work as a
steppingstone to such applications. Utilization of de novo pro-
teins for intracellular condensate formation may prove particu-
larly useful in achieving a level of biorthogonality that is not
possible when utilizing known condensate-forming proteins in
the mammalian proteome.®"** Thus, we may be better able to
isolate the effects of condensate material properties for
example, as these de novo proteins are less likely to impact other
essential biological pathways within the cell. Future work to
develop de novo proteins that have more varied physical proper-
ties, including those that display more liquid-like states, might
provide a useful comparison.

While beyond the scope of this initial report, we anticipate that
the protein pair used for crosslinking of these materials could
easily be replaced with other stimuli-responsive protein pairs
to modify the responsive behavior. For example, the recently
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introduced light-activated SpyLigation (LASL) could be used to
more spatiotemporally control formation of these protein-based
biomaterials as well as their final viscoelasticity.>>° Emerging
protein engineering techniques, including de novo design, could
even be used to create new responsive protein pairs, which may
similarly prove useful for the aforementioned applications.®”

Ultimately, we believe that this work provides evidence that de
novo design has the potential to change the way that protein-
based materials are created and exponentially expand the diver-
sity of such materials. Most notably, we have demonstrated that
de novo materials can be created with triggerable behaviors, like
small-molecule-induced material formation. While we believe
our modular system of design is a useful starting point, there
are surely a multitude of alternative design approaches achiev-
able through de novo design that could result in materials with
variable responsive behaviors. De novo design has the potential
to create protein-based materials with properties we have not
seen or imagined before.

METHODS

6mer design and validation

Denoising diffusion model RFdiffusion was used to design novel
protein oligomers with 6-fold (C6) symmetry. From 100 diffusion
runs generating C6-symmetric structures with 100 amino acids
per chain, 22 scaffold designs were selected based on visual in-
spection for desirable secondary structure, oligomeric interac-
tions, and overall geometry. Unstructured termini were trimmed
to improve design quality. For each of the 22 selected protein
oligomer scaffolds, ProteinMPNN model was used to generate
20 sequence designs. These sequences were then predicted
for their folding and oligomer assembly using Superfold
(github.com/rdkibler/superfold), a convenience wrapper for
AlphaFold2,°® with an initial structure guess protocol.”® Designs
were filtered using a predicted local distance difference test
(pLDDT) threshold of 90 and a tolerance of 0.2, resulting in 20
high-confidence candidates. These were visually inspected,
and 3 top designs were chosen for experimental validation.

Each of the top designs was expressed and purified as
described in the following section. Protein expression and purity
were assessed by SDS-PAGE. Soluble designs with correct mo-
lecular weights were further purified by size-exclusion chroma-
tography (SEC) on a Superose 6 Increase 10/300 column (Cytiva)
using running buffer (25 mM Tris, 150 mM NaCl, and pH 8.0).
SEC-purified proteins were concentrated using 10 kDa molecu-
lar weight cutoff centrifugal filters (Amicon) and quantified by
NanoDrop (A280) prior to downstream assembly and character-
ization. Out of the three, two designs expressed solubly and
showed monodisperse peaks by SEC.

Oligomeric assembly was confirmed by nsEM. 6 pL of protein
sample was applied on negatively glow-discharged, formvar/
carbon-supported 400-mesh copper grids (Ted Pella) for more
than 2 min. The grid was blotted and stained with 3 pL of
0.75% uranyl formate, blotted again, and stained with another
3 uL of uranyl formate for 20 s before final blotting. Imaging
was performed on a 120 kV Talos L120C transmission electron
microscope (TEM; Thermo Scientific). For image data process-
ing, nsEM datasets were processed by CryoSPARC software.
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Micrographs were imported into the CryoSPARC web server,
and the contrast transfer function was corrected. Around 100
particles were manually picked and classified in two dimensions.
Selected classes were used as templates for particle picking in
all images. All the picked particles were two-dimensionally clas-
sified for 20 iterations into 50 classes. Particles from selected
classes were used for building the ab initio initial model. The
initial model was homogeneously refined using C6 symmetry.
The design with the higher soluble expression yield was selected
for further hydrogel development.

Protein expression and purification

Cloned plasmids were designed in house and purchased from
GenScript. All plasmids are available through Addgene (Dimer-
FRB: 239847, 3mer-FKBP: 239848, 4mer-FKBP: 239849,
6mer-FKBP: 239851, and 12mer-FKBP: 239852), and amino
acid sequences can be found in the supplemental text. These
plasmids were transformed into electrocompenent BL21(DE3)
E. coli for protein expression.

BL21(DE3) E. coli containing the plasmid of interest were
grown overnight in Lysogeny broth (LB). Fresh Terrific broth
(TB) medium was combined with kanamycin and inoculated at
1:10 with overnight culture. The culture was grown at 37°C and
200 rpm for 4-5 h until the optical density (OD)600 was 0.7-
1.0, at which point 0.5 mM isopropyl $-D-1-thiogalactopyrano-
side (IPTG) was added, and the culture was moved to 18°C,
200 rpm overnight. Cells were harvested by centrifugation at
4,000 x g for 20 min at 4°C. Cell pellets were frozen at —80°C
prior to purification.

Cell pellets, each derived from ~500 mL of culture, were re-
suspended in 40 mL of lysis buffer (300 mM NaCl, 25 mM Tris,
5 mM imidazole, and pH 8) supplemented with 1 mM phenylme-
thylsulfonyl fluoride (PMSF). Resuspended cells were placed in
an ice-water bath and sonicated at 80% amplitude for 2 min of
total on time in 1-s on, 1-s off intervals (Fisherbrand, Model
505 Sonic Dismembranator, 0.5-in probe). Cell lysate was centri-
fuged at 10,000x g for 45 min at 4°C, and the supernatant was
collected for purification. Ni-NTA HisTag affinity chromatog-
raphy was conducted using an AKTA Pure 25 L with a HisTrap
column (Cytiva). Cell lysate was loaded onto the column, then
it was thoroughly washed (300 mM NaCl, 25 mM Tris, 40 mM
imidazole, pH 8) and the protein eluted (300 mM NaCl, 25 mM
Tris, 500 mM imidazole, and pH 8.0). Collected elution fractions
containing protein were buffer exchanged into Tris-buffered sa-
line (TBS, 50 mM Tris, 200 mM NaCl, and pH 7.4) using a 10 kDa
molecular weight cutoff spin concentrator and finally concen-
trated to ~100 mg mL~" by NanoDrop (A280). Concentrated
stocks were flash frozen in liquid nitrogen and stored at —80°C
until use.

Hydrogel formation

All hydrogels were formed at 10 wt % total protein and with 1:1
matched FKBP:FRB stoichiometry. Rapamycin was purchased
from LCLab, and stock solutions were prepared by dissolving
in dimethyl sulfoxide (DMSO). The amount of rapamycin to add
was determined by ensuring that the rapamycin:FKBP molar ra-
tio was 1:1. For testing with less than 1 equiv of rapamycin,
amounts were adjusted such that 0.5x rapamycin means rapa-
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mycin:FKBP is 0.5:1. The total DMSO concentration in the gels
was held constant at 3.3% v/v by compensating for additional
volume needed after rapamycin addition with pure DMSO. Due
to the low solubility of rapamycin in water, the following order
of addition to form gels was followed to minimize precipitation
during formation: multimer, TBS, DMSO, rapamycin, and dimer.
Gelation occurs rapidly after addition of the dimer.

Rheological characterization

Rheology was performed on an Anton Paar Physica MCR 301
using an 8-mm-diameter parallel-plate geometry with a 0.5 mm
gap, at 25°C. 30 pL of gel was pre-formed for 1 h on a coverslip
in a humidified chamber. The coverslip was then taped to the
Peltier plate of the rheometer, the probe was lowered until the
gel filled the geometry, and the edges were covered with mineral
oil to prevent evaporation. The following testing routine was per-
formed on each gel: time sweep (5 rad s~, 1% strain, 10 min);
frequency sweep (0.1-200 rad s~', 1% strain); time sweep
(5 rad s™', 1% strain, 10 min); strain sweep (5 rad s~', 1%-
200% strain). G’ values were determined by averaging the last
10 measurements in the second time sweep. Three indepen-
dently formed gels were measured for each condition.

Gel erosion

30 pL 6mer gels were formed in triplicate at the bottom of 1.5 mL
microcentrifuge tubes with varying equivalents of rapamycin.
Gels were allowed to form for 1 h at room temperature, then
covered with 1 mL of TBS. Gels remained under ambient condi-
tions throughout the course of the study and were sampled by
removing 150 pL of TBS from each tube and replacing it with
150 pL of fresh TBS. Photos of the gels were also taken at
each time point. After 14 days, a Pierce bicinchoninic acid
(BCA) assay was performed on all samples to determine the
amount of protein in each. A standard curve was constructed us-
ing known concentration of the dimer/6mer mixture at a 1:1
molar ratio, as was present in the gels. Protein content was
adjusted to account for sample removal and replacement with
fresh TBS and used to determine the extent of degradation of
the gels at each time point.

Condensate formation

Dimer and multimer proteins were fluorescently labeled for
tracking during condensate imaging. To do so, dimer protein
was buffer exchanged via a spin concentrator into PBS with
100 mM sodium bicarbonate until the protein concentration was
~1 mg mL™". The protein solution was then combined with 12x
molar excess of fluorescein N-hydroxysuccinimidyl ester (FAM-
NHS) 6-isomer (Broad Pharma) dissolved in DMSO. The mixture
was protected from light and left rocking at room temperature
for 2 h for the labeling reaction to proceed. Finally, the mixture
was buffer exchanged via spin concentration to remove excess
dye, and we returned the protein to TBS before flash freezing in
liquid nitrogen and storing at —80°C until use. The multimer pro-
teins were labeled following a similar protocol but using Cy5-
NHS (Lumiprobe) at a 3x molar excess. For use in condensate for-
mation, these labeled proteins were combined with unlabeled
protein at no more than a 1:20 molar ratio to ensure that labeling
minimally affected condensation. Prior to use, fresh protein stocks
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were thawed and centrifuged at 16,000 x g for 3 min to remove
any aggregates. The solution was then adjusted to the necessary
concentration by NanoDrop (A280).

Condensates were formed in 384-well glass bottom black
plates (Cellvis) by addition of components in the following order:
buffer (25 mM Tris, 100 mM NaCl, and pH 7.4), deionized water,
PEG (3,350 Da), DMSO, rapamycin, multimer, and dimer.
Amounts each of protein, rapamycin, and DMSO were determined
as noted in the hydrogel formation section. The total concentration
of protein is 5 pM, PEG is 5 wt %, and DMSO is 6% v/v unless
otherwise noted. Well plates were then sealed with parafiim to
prevent evaporation and protected from light while condensate
formation was allowed to proceed for 20 h prior to imaging.

Allimaging was completed on a Leica Stellaris 5 confocal mi-
croscope with a 40x oil immersion objective. FAM-labeled dimer
was visualized with an excitation wavelength of 488 nm and an
emission detection range of 493-638 nm. Cy5-labeled multimers
were visualized with an excitation wavelength of 633 nm and an
emission detection range of 638-779 nm. Images represent a
maximum projection in z through ~10 pm of the sample at
0.5 pm increments starting from the glass surface.

FRAP

FRAP was performed on a Leica Stellaris 5 confocal microscope
with a 40x oil immersion objective and a 405-nm laser for
bleaching. FAM-labeled dimer was visualized with an excitation
wavelength of 488 nm and an emission detection range of 493—
638 nm. Bleaching time was 200 ms at 90% laser power and re-
sulted in a bleached area ~2 pm in diameter. Images were
collected at a 1 s interval for 120 time points and analyzed using
Fiji to measure the fluorescence within the bleached areaand ina
reference spot within an unbleached condensate at each time
point. This was used to correct for photobleaching due to
repeated imaging. Three independent bleaching events were
imaged for each condition.

Condensate formation time courses

Time courses were captured on a Leica Stellaris 5 confocal mi-
croscope with a 40x oil immersion objective. FAM-labeled dimer
was visualized with an excitation wavelength of 488 nm and an
emission detection range of 493-638 nm. Images were collected
every 3 min for a total of 75 min, with rapamycin added after
12 min. Each frame represents a maximum projection in z
through ~10 pm of the sample at 0.5 pm increments starting
from the glass surface.

In cellulo condensate formation

Condensates were formed inside HEK293T cells stably express-
ing an EGFP-tagged dimer protein and transiently transfected
with plasmid encoding an mCherry-tagged 6mer protein as fol-
lows. Sleeping Beauty transposon plasmids containing the
EGFP-tagged dimer under a doxycycline-inducible promoter
were cloned (Genscript) and transformed into NEB10 (New En-
gland Biolabs) for maintenance and expansion. After prepping,
the transposon plasmid was co-transfected into HEK293T
alongside SB100x, a gift from Mark Groudine (AddGene
#127909), in a transposon:Sleeping Beauty ratio of 5:1. After
3 days, HEK293T were selected using puromycin (Fischer). Cells
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were expanded under selection for two weeks until 10-15 million
cells were present. Then protein expression was induced with
doxycycline (Fischer) for 24 h prior to confirmation of fluores-
cence signal via confocal microscope. Upon observation of
fluorescence signal, cells were dissociated using TrypLE
(ThermoFisher), pelleted at 500 x g for 5 min, resuspended using
FACS buffer (Hanks Buffered Saline Solution, 10 mM HEPES,
and 1% BSA) to a final density of 10 million cells mL~", and
passed through a cell strainer (Corning) into a 5 mL FACS
tube. FACS was performed to capture the highest expressing
cells (top 10%). After sorting, cells were centrifuged and plated
into warmed DMEM (ThermoFisher, 10% FBS, 1x PenStrep)
and allowed to expand.

After expansion, cells were plated in 35-mm glass bottom
dishes (Cell Vis) coated with 100 pL of 1% gelatin at 75,000 cells
per dish. After allowing cells to attach overnight, media was re-
placed to remove non-adherent cells. In a separate tube, plas-
mids encoding the mCherry-tagged 6mer were diluted into
Opti-MEM and combined with P3000 (ThermoFisher) according
to manufacturer protocols. Plasmid was then mixed with diluted
Lipofectamine 3000 (ThermoFisher) and allowed to incubate for
30 min to allow for nanoparticle formation. After incubation, the
transfection mix was applied to plated cells. Immediately
following transfection, cells were induced with doxycycline to
trigger expression of the dimer protein. After 24 h, expression
of both proteins was confirmed via confocal microscopy. Then
rapamycin prepared at 3 mM in DMSO was diluted 1:1,000
into PBS and added to the media at a 1:10 ratio for a final con-
centration of 300 nM. 24 h after rapamycin addition, confocal im-
aging on intracellular condensates was carried out.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Dr. Cole A. DeForest
(profcole@uw.edu).

Materials availability

All plasmids for protein expression are available through Addgene—dimer-
FRB: 239847, 3mer-FKBP: 239848, 4mer-FKBP: 239849, 6mer-FKBP:
239851, and 12mer-FKBP: 239852.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.
Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.
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