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Abstract

Heterogeneities in hydrogel scaffolds are known to impact the performance of cells in cell-laden
materials constructs, and we have employed the phase separation of resilin-like polypeptides
(RLPs) as a means to generate such materials. Here, we study the compositional features of resilin-

like polypeptides (RLPs) that further enable our control of their liquid-liquid phase separation



(LLPS), and how such control impacts the formation of microstructured hydrogels. Evaluation of
phase separation of RLPs in solutions of ammonium sulfate offers insights into the sequence-
dependent LLPS of the RLP solutions, and atomistic simulations, along with 2D NOESY and
COSY 'H NMR, suggest specific amino acid interactions that may mediate this phase behavior.
Acrylamide functionalization of RLPs enables their photo-crosslinking into hydrogels and also
enhances the phase separation of the polypeptides. A heating-cooling protocol promotes the
formation of stable emulsions that yield different microstructured morphologies with tunable
rheological properties. These findings offer approaches for choosing RLP compositions with phase
behavior that can be easily tuned with differences in temperature and time, to control the resulting
morphology and mechanical behavior of the heterogeneous hydrogels in regimes useful for

biological applications.

1. Introduction

Since the establishment of the central dogma of structural biology,' an enormous body of work
has confirmed the key role of three-dimensional protein structure on protein function. It has only
been in the past few decades that the in vivo functions mediated by intrinsically disordered proteins
(IDPs), which lack such three-dimensional structure, has been appreciated.>> IDPs have a critical
cytoplasmic role in forming membraneless organelles such as nucleoli, Cajal bodies, stress-
granules, and P-bodies, among others, ®® enabled by their liquid-liquid phase separation (LLPS),’"
" which can be regulated by local environmental changes such as pH, ion concentrations, and/or
binding of ligands.!>'> This LLPS-mediated concentration of molecules mediates the function
16-18

attributed to the organelle itself.

LLPS of IDPs has also been leveraged in materials science applications for many decades, for a

19,20 17,21

variety of purposes such as hydrogel formation, cargo recruitment and delivery, and



assembly of artificial membraneless organelles.?”** Most of this work has been established with
elastin-like polypeptides (ELPs), although more recently the use of resilin-like polypeptides
(RLPs) has emerged. ELPs are among the most studied resources for these applications due to
their easily accessible and tunable lower critical solution temperature (LCST).?*?% Control of ELP
phase separation by manipulation of temperature, composition, and time has facilitated the
production of scaffolds with unique architectures such as bead-string microstructures®* and

multilayered cylinders,?

and special features such as self-healing, high elasticity, and self-
adhesion can be incorporated by manipulation of the peptide sequence.?>?’ Other IDPs that have
been used in materials applications exploit different structural properties. For instance, repeat-in-
toxin (RTX) elastomeric proteins have the ability to change from a disordered to an ordered (B-
roll) conformation upon addition of Ca**, and have found application in shrinkable/swellable
hydrogels.”®* Phenylalanine-glycine-rich nucleoporins are IDPs involved in the permeability
barrier of nuclear transport. The phenylalanine content of their sequence has been shown to control
the crosslinking of pH-sensitive hydrogels for in vitro models of nuclear transport systems.>* RLPs
have also found applications in materials due to their outstanding mechanical properties and upper
critical solution temperature (UCST).3!"3 Chemical modifications and temporal control over the
phase separation of RLPs have been used to tune the final characteristics of hydrogels;
microstructure size and micromechanical properties, for instance, with an impact in cell-guided
proliferation.>*3

Resilin is an elastomeric, insect-derived IDP, which exhibits exceptional resilience with

31,36,37 or

potential value in the regeneration of mechanically active tissues (e.g., vocal folds
cardiovascular tissue*®*?). Among the variables that can promote the LLPs of IDPs, temperature,

concentration, molecular weight, pH, ion type and incorporation of molecular crowding agents



such as poly(ethylene glycol) (PEG) are the most common.!>#** For intrinsically disordered
proteins and polypeptides, control of amino acid composition also provides a sensitive variable for
modulating LLPS, which has been used to great effect in the engineering of myriad types of ELPs.
The UCST-like LLPS in IDPs is driven by interactions between polar, ionic, and aromatic residues
by means of charge-charge, cation-m, dipole-dipole, m-n stacking, and m-sp? interactions. %4446
More specifically, literature reports evidence of interactions between positively charged amino
acids as arginine and lysine and aromatic amino acids as tryptophan, tyrosine and phenylalanine.*’-
4 In contrast, the LCST-like phase separation of IDPs is driven by loss of hydration and a
subsequent increase of hydrophobic interactions between non-polar residues.’’>?

Early work on RLPs illustrates that the native sequence derived from the first exon of Drosophila
melanogaster ~ CG15920 gene, which comprises 18 repeats of the amino acid repeat
GGRPSDSYGAPGGGN, has both UCST and LCST.?*™> It has been shown that the former
transition is due to the polar and aromatic interactions of the GGRPSDSY sequence,'>* while the
latter is due to hydrophobic interactions of the GAPGGGN sequence, as in the case of ELPs. 3%
To date, RLPs are the only IDP reported with dual-phase behavior.’” RLP sequences developed
previously in our laboratories are based on the native resilin sequence of Drosophila melanogaster,
with differences including that 12 repeats of the putative sequence are employed instead of 18 and
the central tyrosine on each repeat has been substituted with phenylalanine or methionine. This
change in the natural sequence resulted in a lack of a UCST transition, and LCST behavior was
the only LLPS observed in these sequences.*! In this work, new RLP sequences were produced
with substitutions in the central amino acid in the RLP domain to different aromatic (tryptophan,

tyrosine, phenylalanine) and aliphatic (leucine, valine, alanine) residues. These substitutions

enable the investigation of the impact of these key amino acids on the UCST transition, with an



aim to use sequence to control microstructures in cytocompatible hydrogels. Turbidity
measurements were performed to determine the effect of the amino acid substitutions and
acrylamide functionalization on the transition temperatures of the RLP. All-atom computer
simulations and 2D '"H NMR experiments were conducted to identify amino acid residues likely
to mediate the phase transition. Polypeptides with favorable transition temperatures were used to
fabricate microstructured hydrogels via a heating-cooling induction of phase separation, followed
by photo-crosslinking of the emulsion. Confocal microscopy was employed to characterize the
microstructures, and oscillatory rheology studies were performed to evaluate the bulk mechanical
properties of the microstructured materials, which were shown to be correlated with the hydrogel
microstructure.
2. Material and methods
2.1. Materials

The plasmid DNA encoding the different RLP sequences in pQE80 was purchased from
Genscript Corporation (Piscataway, NJ). Chemically competent cells of E. coli strain M15-
[pPREP4] (for transformation of recombinant plasmids) and RNAse (for protein purification) were
purchased from Qiagen (Valencia, CA). Deuterium oxide and NMR solvents were purchased from
Cambridge Isotope Laboratories (Tewksbury, MA). All other chemicals were obtained from
Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Waltham, MA) and were used as received
unless otherwise noted.
2.2. Protein Expression and Purification

Each DNA plasmid was transformed into the E. coli M15 [pREP4] strain by heat shock to
generate the expression cell stocks employed in protein production. RLP-X (based on the repeat

GGRPSDSXGAPGGGN, see Figure S1 for the detailed sequence) protein expression and



purification were conducted as previously reported by our laboratories.>**¢ In brief, a single
colony of E. coli M15[pREP4] containing the desired RLP construct was inoculated in 150 mL of
sterile LB media containing 100 pg mL™' antibiotics (ampicillin) and grown overnight. Overnight
culture media (150 mL) was used to evenly inoculate 6x750 mL of 2xTY media (yeast 10 g L™,
NaCl 5 g L', and tryptone 16 g L") for protein expression. The 750 mL cultures were grown in a
shaker at 37°C until the OD600 reached 0.6—0.8, and then isopropyl -D-1-thiogalactopyranoside
(IPTG) was added to a final concentration of 1 mM to induce protein expression. After 4 h of
culture for protein expression, cells were harvested by centrifugation (5000 rpm for 15 min at 4°C),
and cell pellets were stored at —20 °C. The frozen cell pellets were lysed by freeze—thaw cycles,
and the lysed cell pellets were suspended in pH 8.0 native lysis buffer (50 mM NaH2PO4, 300 mM
NaCl, and 10 mM imidazole) with 0.45 g of lysozyme. Lysed cells were further disrupted via
sonication on ice, using a Fisher Scientific model 500 Sonic Dismembrator (10 mm tapered horn)
for 20 min with a 10-s recovery time and subsequently incubated with RNAse (10 ug mL!) and
DNAse (5 ug mL") for 30 minutes. The supernatant from centrifugation (20,000 rpm for 15 min
at 4°C) of cell lysate was collected and heated to 80 °C for 5 min to remove hydrophobic proteins
by centrifugation (4000 rpm for 60 min at 4°C). The supernatant was filtered, and pH was adjusted
to 8.0, followed by incubation with Ni-NTA resin overnight at 4°C. The protein-loaded resin was
then loaded into a gravitational flow column, washed with native lysis buffer, native wash buffer
(50 mM NaH2POs4, 300 mM NacCl, and 20 mM imidazole, pH 8.0), and finally eluted with native
elution buffer (50 mM NaH2PO4, 300 mM NaCl, and 250 mM imidazole, pH 8.0). 75 mL elution
fractions were carefully transferred and dialyzed (MWCO 10 kDa) against deionized water (5 L)
at 4 °C with at least 6 changes of water before sterile filtration and lyophilization. The protein

yield was approximately 30—50 mg per liter of cell culture.



2.3. Acrylamide Functionalization and Characterization

The RLP proteins were functionalized with acrylamide groups via modification of regularly
positioned lysine residues of the polypeptide chain. First, the RLP proteins were dissolved in PBS
(5 mg mL™"). NHS-activated acrylic acid (NHS-Ac) was dissolved in dimethyl sulfoxide (DMSO)
in 50 mg mL ™! separately and drop-wise added into the RLP solution. The ratio of NHS-Ac to
lysine was varied depending upon the desired functionality of the conjugate. The reaction was
stirred at room temperature for =4 h. This reaction solution was diluted eight times with DI water
to prevent precipitation and dialyzed (Snakeskin, 3.5 kDa, Thermo Scientific) against DI water at
4 °C (in a cold room) to remove byproducts and DMSO. The purified RLP-X-Ac was filtered and
lyophilized and stored at —20 °C prior to experiment. The functionality of the RLP-X-Ac was
characterized via 1H NMR spectrometry. The purified RLP-X-Ac (=2 mg) was dissolved in (600
ul) D20 (Cambridge Isotope Laboratories, Tewksbury, MA) and analyzed using an AVIII 600
MHz NMR spectrometer (Bruker Daltonics, Billerica, MA). The protons from the thirteen
aromatic residues per RLP molecule were used as an internal reference for the quantification of
acrylamide group functionality. The integration of the aromatic protons of phenylalanine ("H NMR
(600 MHz, D20, §): 7.15-7.40 (m, 5H)) tyrosine ('"H NMR (600 MHz, D20, §): 6.67 (m, 2H),
6.98 (m, 2H)), or tryptophan ('H NMR (600 MHz, D20, §): 7.00-7.60 (m, 5H)) was compared to
the integration of the vinylic protons of the acrylamide that resulted from the reaction of the
acrylamide and lysine amine groups (‘H NMR (600 MHz, D20, §): 5.65-6.30 (d, 3H)).
2.4. General Characterization of RLPs

Amino acid analysis was performed by the Molecular Structure Facility at the University of
California, Davis (Davis, CA) using a Hitachi L-800 sodium citrate-based amino acid analyzer

(Tokyo, Japan) to determine the composition of each RLP polypeptide. The purity and molecular



weight of the peptides was confirmed via UPLC and electrospray ionization mass spectrometry
(ESI-MS) (Waters Xevo G2-S Q-TOF MS with Acquity UPLC, Milford, MA), and corroborated
via matrix-assisted laser desorption/ionization-time of flight mass spectrometry (Bruker
MicroFlex MALDI-TOF, Billerica, MA). Samples that showed a small degree of impurities were
purified via reverse-phase HPLC (Waters Inc., Milford, MA) on a Waters Xbridge BEH130 Prep
C-18 column. The mobile phase comprised gradients of degassed deionized water with 0.1% TFA
and acetonitrile with 0.1% TFA, at a flow rate of 30 mL min™'. The peptide was detected by UV
detectors at 214 nm and 280 nm; fractions with product were collected and lyophilized and
confirmed again by ESI-MS. FTIR spectroscopy experiments were performed using a Nexus 670
FTIR spectrometer (Thermo Nicolet, Madison, Wisconsin) with unpolarized light and an MCT
detector to determine the conformational changes on the different sequences. The PIKE
MIRacle™ single reflection ATR with high IR throughput was used as a universal ATR sampling
accessory for analysis of RLP-X solution. 10puL of 80 mg/mL RLP solution in D20 was dropped
on the diamond crystal plate to ensure good contact before collecting the spectra. Spectra were
recorded from 400 to 4000cm™ at a resolution of 4 cm™. Each measurement was obtained by signal
averaging 32 scans and three such measurements were made per droplet. The raw data was
deconvoluted (Gaussian peaks) using the multiple-peak fitting function in Origin Data Analysis
software (OriginLab, Northampton, MA) into peaks corresponding Amide II (1585 cm™), and
Amide I (1600 to 1700 cm1; B sheet (1622 cm™), Random coil (1645 cm™), B turn (1674 cm™)).
2.5. RLP-X Phase Separation

RLP-X or RLP-X-Ac were dissolved in DI water at various concentrations in order to get an 8
mg mL ™' final concentration and the desired salt concentration when mixed with 2M stock

solutions of NaCl, NH4CIl, NaSOs, or (NH4)2SO4 in DI water. The phase diagrams were



determined by measurement of the turbidity of the RLP solutions under various solution
conditions, via UV—Vis spectroscopy with a 10 mm path length quartz cuvette at a wavelength of
600 nm. The measurements were performed by cooling a series of RLP-X or RLP-X-Ac solutions
from 85°C to 5°C at a rate of 1°C min'. The transition point was identified as the inflection point
of transmittance increase from a Boltzmann fitting. UV—Vis spectroscopy was also used to obtain
the temperature vs. composition phase diagram of RLP-W-4Ac in PBS (pH 7.4) by sequentially
diluting 20 wt% solutions to 0.8 wt%.
2.6. Equilibrium Concentrations and NMR Spectroscopy

RLP-W-4Ac was dissolved in d-PBS at concentrations of either 5 wt% or 10 wt% and allowed
to phase separate overnight into two immiscible layers either at room temperature (10 wt%, in
order to corroborate phase separation data obtained via UV-Vis spectroscopy) or 4°C (5 and
10wt%, in order to expand the coexistence curve to lower and higher concentrations than those
measured via turbidimetry). Samples were carefully collected from the top and from the bottom
layer to prevent mixing of the two liquids and were dissolved in deuterium oxide (D20) that
contained 0.01 mg mL™! 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) as an internal reference.
The concentration of each component was calculated from the '"H NMR spectrum acquired (128
scans) with a Bruker AVIII 600 MHz NMR spectrometer (Bruker Daltonics, Billerica, MA) under
standard quantitative conditions. Standard DQF-COSY and NOESY 'H NMR experiments were
performed in the same instrument. The RLP-X samples and their acrylamide-functionalized
analogs were dissolved in D20 at 5 mg mL ™! to obtain a fully-soluble sample, and at 100 mg mL !
to yield a phase-separated sample. The latter were prepared in special Smm tubes with 3mm OD
stem positioned in the sample holder at a height where the condensed phase (bottom phase) was

aligned with the focus of the magnetic field.



2.7. Hydrogel Formation

The RLP-X-Ac was dissolved into PBS at a 10, 15, 20 wt% concentration. A stock solution of
the photo-initiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was prepared in PBS
at a concentration of 13.4 mg mL™!. A 5% volume of LAP solution was added to the RLP-X-Ac
solution and vortex mixed the samples to obtain a final concentration of LAP of 2.2 x 107> M in
the precursor mixture. The solution was warmed up in an Eppendorf 5333 MasterCycler Thermal
Cycler to either 60°C or 80°C for 45s, cooled down in an ice bath for 30s, and transferred to a pre-
cooled silicon chamber (Smm diameter, 0.5 mm thickness) and covered with a coverslip, a process
which requires 30 to 40 seconds prior to initiating UV crosslinking. The sample was irradiated
with UV light (365 nm, =5 mW cm?) for 4 min with a UVP Blak-Ray B-100AP high intensity
UV lamp (UVP, Upland, CA). The UV intensity was confirmed with a radiometer. The cooling
profiles for the two different initial temperatures were determined by warming up DI water, PBS,
and RLP-W-4Ac 20wt% in PBS to 60°C or 80°C and cooled down in an ice bath. The temperature
changes were registered every 10 seconds using a thermocouple system Fisherbrand Traceable Hi-
Accuracy Thermometer (Fisher Scientific, Hampton, NH), and the generated cooling profiles were
used to determine the final temperature of the precursor solutions after 30s in the ice bath. The
microstructure was characterized with a Zeiss 780 multiphoton microscope (Carl Zeiss, Inc.,
Thornwood, NY), exploiting the autofluorescence of the RLP in the hydrogel. A Chameleon
Vision II Multiphoton laser with a 755 nm wavelength was used to excite the autofluorescence of
the RLP, and the NDD detection system was used for imaging the multiphoton fluorescence. The
microstructure area analysis was performed in ImagelJ setting the threshold of the image from50
to 255 in the gray scale to quantify the pixels corresponding to the RLP signal. The total area was

referenced to the signal of a continuous RLP-F-4Ac 20wt% hydrogel.



2.8. Oscillatory Rheology

The oscillatory rheology experiments were conducted on an AR-G2 rheometer (TA Instruments,
New Castle, DE) with an attached UV Light Guide accessory and UV lamp source (OmniCure
S2000 (Excelitas)), with an 8 mm diameter stainless steel parallel-plate geometry. The precursor
solutions were prepared via the warming-cooling protocol described above. The 10 pL hydrogel
precursor solution was deposited on the quartz rheometer stage and the geometry was set at a 200
um gap. Mineral oil was used to seal the geometry and prevented dehydration of the hydrogel. 365
nm UV with 5 mW c¢m? intensity was applied to induce UV crosslinking. The time that elapses
prior to the start of UV crosslinking is 30 to 40 seconds, consistent with the time required to prepare
microscopy samples. The mechanical properties of the hydrogels were measured in the linear
viscoelastic regime where the modulus is independent of the level of applied stress or strain. The
gelation of hydrogels was monitored using a time sweep conducted in the linear viscoelastic
regime at 1% strain and an angular frequency of 6 rad s™!, followed by a frequency sweep from
0.1 to 100 rad s™! conducted at 1% strain and amplitude sweep from 0.1% to 1000% strain.
Experiments were repeated on three samples for each condition and the shear modulus reported as
the simple mean. The error is reported as the standard error of the samples tested.
2.9. Simulation Details
All atom single chain simulations were conducted using the Amber99SBws-STQ force field in the
GROMACS®! software package. Simulations were conducted using parallel tempering in the well-
tempered ensemble (PT-WTE)®? with 16 replicas at a range of temperatures of 300-518.4K. Initial
configurations were generated by conducting 5 ns serial simulations at each temperature used in
the parallel tempering and the production simulations were done for ~200ns. Simulations were

analyzed at 300K. VDW contacts are defined as two groups having at least one heavy atom from



each group within 6 A of each other. Hydrogen bonds are considered using the donor acceptor
convention implemented in MDAnalysis, with a 3 A distance and 120 degree angle cutoff. n-n
contacts are defined as the COM of mass distance between the side chain atoms of the aromatic
rings of Tyr, Trp and Phe with a 6 A distance cutoff. Cation-r interactions are defined as the
distance between the Guanidinium group of Arg/NH*" group of Lys with the COM of the side

chain atoms of the aromatic rings of Tyr, Trp and Phe with a 6 A distance cutof.

3. Results and Discussion
3.1. Polypeptide Design

The RLP sequence utilized in these studies is a 24 kDa polypeptide with 12 repeats of the amino
acid sequence (GGRPSDSF/MGAPGGGN) based on the putative consensus sequence
(GGRPSDSYGAPGGGN) of Drosophila melanogaster, five repeats of lysine-rich domains
(GGKGGKGGKGQG) useful for RLP functionalization purposes, an MMP-sensitive domain
(GPQGIWGQQG) derived from o(I) collagen relevant for cell remodeling in hydrogels, and an
integrin-binding domain (GRGDSPG), derived from fibronectin, for promoting cell adhesion to
the polymeric biomaterial.*® This polypeptide was designated as RLP-F/M (where F/M indicates
that phenylalanine and methionine are alternated over the 12 repeats). In contrast to the RLP
sequence designed by Dutta, which preserves the putative Y-containing consensus sequence from
Drosophila melanogaster with 18 repeats and showed a characteristic UCST-like transition,> the
RLP-F/M lacked such a transition,*' probably due to the substitution of the native tyrosine (Y)
with phenylalanine (F) and methionine (M) in the consensus repeat. Supported by research
claiming that cation-n and -7 stacking interactions are important for driving phase separation,'**+

46 this evidence suggests that not only the inclusion of an aromatic amino acid is key to triggering

the UCST-like transition, but also the identity of such residue has an impact and can be used to



tune the transition temperatures of the RLPs. Computational studies show that a key residue is
arginine, being able to donate hydrogen bonds in addition to interacting with aromatic side
chains.*”®3 Of the aromatic amino acids, tyrosine exhibits more contacts with arginine than
phenylalanine due to the hydroxyl group that enhances the interaction, although tryptophan is the
residue most often found in cation-m interactions compared with the other two aromatic residues.*®
In order to understand how the substitution of aromatic amino acids can be used to tune the phase
transition in our RLPs, a set of new sequences (GGRPSDSXGAPGGGN; designated as RLP-X)
was designed, where the central amino acid (X) is either an aromatic residue: tryptophan (W),
tyrosine (Y), or phenylalanine (F); or an aliphatic residue: leucine (L), valine (V), or alanine (A).
3.2. Expression and Purification of RLPs

The RLP-X constructs (Figure S1) were expressed following protocols commonly used in the
Kiick laboratories.****®" The composition of the different constructs was determined by amino
acid analysis to be within 5% of the expected amino acid composition (Table S1). SDS-PAGE
results (Figure S2) confirm the presence of single species for which molecular weight (23.94,
24.27,24.44, 24.85, 25.04, and 25.32 kDa for the RLP-X sequences where X stands for A, V, L,
F, Y, and W respectively) was confirmed by UPLC and ESI-MS (Figure S3) and MALDI-TOF
(Figure S4) with a purity greater than 99.9% indicated for all sequences by both methods. Further
purification by HPLC was performed on sequences that showed a small amount of impurities in
the UPLC, with subsequent analysis via ESI-MS (Figure S3). A comparison between the
theoretical molecular weights and those obtained by MALDI-TOF and ESI-MS is shown in Table
S2, corroborating the expression of the target RLP sequences. The yield of each RLP construct per

liter of cell culture is 30-50 mg. Conformational analysis of the amide peak in FTIR shows that



the amino acid substitutions in the RLP-X constructs have the expected minimal effect on their
random coil character, which was indicated to be 75% to 80% in all cases (Figure S5).
3.3. Salt-Induced Phase separation of RLP-Xs

RLP-F/M solutions at 8 mg mL™! were used to assess the effect of different Hofmeister ions in
the phase separation of the polypeptide. Stock solutions of 2M sodium chloride (NaCl), ammonium
chloride (NH4Cl), sodium sulfate (Na2SO4), and ammonium sulfate ((NH4)2SO4 ) in DI water were
prepared and mixed with a concentrated RLP-F/M solution in order to obtain a final RLP
concentration of 8 mg mL™! and a final salt concentration of 1.55M. The final ionic strength of
each salt solution is 1.55 M for NaCl and NH4Cl and 4.65 M for Na2SO4 and (NH4)2SO4. The
turbidity of these solutions was measured in a temperature range of 5°C to 85°C to determine the
presence of any phase transition (Figure 1A). The polypeptide in the different salts exhibits an
LCST-like transition upon heating which is consistent with our previous results.*'*>%* However,
ammonium sulfate was the only salt in these investigations that promoted an UCST-like transition
upon cooling (Figure 1A), and was thus used to studyi the phase behavior of all the RLP-X
constructs. Ammonium sulfate has been used previously for purifying purposes of the first
recombinant RLP sequences®>® due to its salting out effect. In the context of the studies of UCST
here, interchain interactions (e.g., hydrogen bonding) can be enhanced in the presence of high

67.68 which increases the UCST and allows its observation at

concentrations of ammonium sulfate,
experimentally accessible temperatures.®=’® There is minimal information on the temperature-
dependence of other interaction modes such as dipolar interactions, ionic interactions, cation-m
interactions, -7 contacts, and m-sp? interactions, and even less knowledge of how salts affect these

interactions. Future research in this area will provide improved understanding of how these

interactions are involved in the UCST transition and could thus be tuned to control UCST.



The changes in turbidity of RLP-X solutions (8 mg mL! in 1.55M ammonium sulfate) show that
only the sequences containing aromatic residues (RLP-W, RLP-Y, RLP-F, and RLP-F/M) became
turbid, indicative of UCST-like phase separation (Figure 1B). These results are consistent with the
literature on proteins such as Fused in Sarcoma (FUS) and LAF-1 RGG, which have aromatic and
arginine residues (present in all our constructs) and display UCST-like transitions.***%"+75 [t is
notable that RLP-W exhibits a transition temperature 15°C higher than those for the phenylalanine
and tyrosine analogues (Table 1). Similar transition temperatures of tyrosine and phenylalanine
constructs are also somewhat surprising, as other studies have shown reduced LLPS propensity
when tyrosine is replaced with phenylalanine,®*’® though the differences in our observations from
these previous reports likely originate from the different solution conditions (ammonium sulfate
vs. PBS buffer). Previous computational studies have shown that interactions between arginine
and the aromatic amino acids Trp, Tyr, and Phe are possible and favored for Trp.**4*"7 Recent
studies on related RLPs support that arginine interactions are stronger with tryptophan than other
aromatic residues.”® The sequences with aliphatic mutations (RLP-L, RLP-V, and RLP-A) lack
any UCST-like transition and exhibit LCST-like transitions only (Figure 1C) which have similar
transition temperature values in the three cases, suggesting that the aliphatic mutations have
minimal effects on interactions that promote the LCST-like transition in the reported RLPs. We
attribute the large increase in absorbance that we observe in the UCST transitions to a
homogeneous distribution of larger liquid droplets that form during the coacervation process. In
contrast, the LCST transitions of our constructs result in smaller aggregates instead of droplets,

and these aggregates tend to precipitate. The distribution of the aggregates in the light path is likely

more heterogeneous as well, resulting in the lower turbidity.
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Figure 1. UV-Vis turbidity measurements of RLP-X at 8 mg mL-!. A) RLP-F/M in different

salts at 1.55M; ammonium sulfate is the only salt that promotes a UCST-like transition in the

polypeptide solution. B) Aromatic RLP-X in ammonium sulfate 1.55M; all the sequences show

UCST-like transition. Only the constructs containing Phe have evidence of an LCST-like

transition. C) Aliphatic RLP-X in ammonium sulfate 1.55M; no evidence of UCST-like

transition is observed. Only LCST-like transitions are evident in these constructs. Only one of

three replicates are shown in this figure.

Tablel. Transition temperatures of RLP-X in ammonium sulfate 1.55M

UCST (°C) LCST (°C)
RLP-W 64.6 + 5.8
RLP-Y 50.3+3.5
RLP-F 537403 71.8+0.3
RLP-F/M 30.6+2.1 65.8+0.2
RLP-L 62.0 0.2
RLP-V 62.5+ 0.4
RLP-A 62.842.2

3.4. Molecular Level Insight into Interactions of RLP Peptides by Atomistic Simulations



To gain insight into the molecular modes of interactions in the RLP X peptides, we have performed
all-atom molecular dynamics (MD) simulations of a 45-residue peptide, (GGRPSDSXGA
PGGGN)3, with three aromatic (Y, F, W) and three aliphatic (A, L, V) substitutions at the position
X. The amino acid composition of the simulated peptide is shown in Fig. 2A I for the RLP W
peptide and highlights the prevalence of Gly residues. These single-chain simulations were
conducted with an explicit solvent model and used a metadynamics-based enhanced sampling
technique to facilitate the convergence of equilibrium averages (see methods). As shown in
previous work’®, single-chain properties are highly correlated to the protein phase behavior,
thereby, supporting the suitability of these simulations for studying the role of different atomic
interaction modes in the phase separation propensity. A similar approach was used successfully in
our previous work on other proteins of interest to the LLPS community, such as LAF-1 RGG and

FUS LC.%6:63

First, we compute the average number of non-specific contacts (referred to as vdW contacts
hereafter) formed between all residue pairs, excluding the ones (i, i+2) which are in close proximity
due to bonding constraints, to assess if certain regions of the peptide are more or less prone to
interact. As shown in Fig. 2A II for RLP W, the contacts formed between different parts of the
peptide chain are relatively well-distributed with both local and non-local interactions present
within the equilibrium structural ensemble. As our primary interest is to understand the differences
in interactions for different RLP X variants, as suggested by the mutagenesis experiments, we also
compute the total number of vdW contacts formed between each amino acid type (Figure 2A 1II).
Consistent with the high abundance of glycine residues in the RLP sequence (Figure 2A 1), the
contact map shows dominant interactions of glycine with itself and other residues. Similarly, other

residues such as proline and serine with higher abundance within the simulated sequence also form



higher number of contacts. Such contacts within low-complexity sequences are expected to be
invariably present within the protein-rich condensed phases due to the prevalence of specific amino

acids and may contribute to the stability of the dense phase.

Next, we want to compare the prevalence of contacts between different residue type pairs
independent of the peptide sequence composition. To accomplish this, the contact map values in
Figure 2A III were normalized with the maximum number of possible contacts that can be
observed between a specific residue pair, based on the sequence composition. The normalized
contact maps in Figure 2A IV now show high interaction propensity for the tryptophan residue
with itself and with the other residues such as proline and arginine. In addition, a higher number
of contacts are also formed between oppositely charged arginine and aspartic acid residues, driven
by electrostatic attraction. We present the contact maps for the other RLP X sequences in SI Figure
S6, which also highlights the importance of interactions involving aromatic residues. We also see
significant interactions between arginine residues, which can be due to the guanidinium ions

pairing reported in the literature, further contributing to the stability of the protein-rich phase.

The RLP X constructs show the ability to tune the phase transition behavior form LCST to USCT
like phase transitions depending on the identity of residue X. To better understand how the number
of contacts formed by each residue are affected by changes in residue X, we calculate the number
of vdW contacts formed by each residue with any other residue and normalize it with respect to
the number of such residues (X) in the simulated RLP X sequence (Figure 2B). This is akin to
summing all the pairwise contacts shown in Figure 2A TV along either of the axis. Notably, all the
sequences with aliphatic X substitutions show similar contact propensities for different residues,
with only arginine residue showing a slightly higher value, which is also consistent with the

pairwise contact maps in SI Figure S6. In contrast, the sequences with aromatic substitutions show



a relatively higher number of contacts formed by the residue X (Figure 2B). Interestingly, more
contacts are formed by the tyrosine and tryptophan residues as compared to the phenylalanine,

further highlighting differences among the aromatic residues in modulating the phase behavior.

Beyond the sequence-dependent changes, there is also significant interest in understanding the role
of atomic interaction modes that are responsible for the observed differences in the contact
propensity. Recent work has highlighted the importance of hydrogen bonding, hydrophobic

interactions,*® planar interactions between aromatic m groups,®

and cation-m interactions (in
particular between tyrosine and arginine).®®> As most of these interactions can be captured in
modern atomistic simulation models, we compute the number of contacts formed by residue X that
can be described as hydrogen bonds, m-mt, or cation-m interactions (see methods for calculation
details). As shown in Figure 2C, the number of hydrogen bonds formed by the aliphatic residues
and phenylalanine are similar and make a relatively modest contribution (~10-13%) toward the
observed vdW contacts formed by these residues. The tryptophan and tyrosine residues instead
form twice as many hydrogen bonds owing to the presence of hydrogen bond donor/acceptor
sidechain atoms (—OH group in Tyr and the -NH group in Trp). In terms of aromatic n-m contacts,
tryptophan contacts are formed twice as often as the tyrosine or phenylalanine contacts. Also,
tyrosine residues form a higher number of cation-n contacts as compared to the phenyalanine and
tryptophan residues. Taken together, this analysis may help explain the differences in the reduced
LLPS propensity in mutagenesis experiments when tyrosine residues are replaced with
phenylalanine residues due to the loss of sidechain hydrogen bonding and reduced cation-n

74,79

interactions . Our analysis also suggests that tryptophan substitutions should either slightly

enhance LLPS or keep it similar to the tyrosine residues, which is consistent with recent work’S.



_.
=
=
=
<

RLP W
My TDF w w 040
wf | Fl m ' g g
anm il -f;',-_ Eogs 2w nk
o N - J 1Rz 2° é R 03
J o P | P 2
Sl il og S i
2 S L] B oG
s P‘P"’ k3 1 {1 ©s . B Be i
e || o= B8, uf
: ‘_';.*— Vsl © a v A wv
¢ 12 0 %2 @ G ADGNPRSW ADGNPRSW
Residue ID Residue type Residue type
# 10 RLPA mmm RLPL mmm RLPV mm RLPF WEW RLPW  mmm RLPY WG
-
g8 | :
E :
8 6
5a
I
-
g 2
-

hydrogen bond pi-pi cation-pi

* 1.2
kv}
@ 1.0
s
S 0.8
v
@ 0.6
o
@ 0.4
£
9 0.2-
<

0.0-

A L v F W Y

Figure 2. Atomistic intramolecular contacts. A) (I) Amino acid composition of the 45-residue
long RLP W peptide that was simulated using an all-atom model (see methods) is shown as a pie
chart. (IT) The number of average intramolecular VDW contacts formed between each residue pair
is plotted as a contact map. The interactions between residues close to each other in the protein
sequence (between residues i and i£2) are excluded. (IIT) The total number of intramolecular VDW
contacts formed between each residue type pair is computed based on (II), reflecting the abundance
of each pair type in the RLP W sequence. (IV) The contact propensity in (III) is normalized to the
number of possible interaction pairs of a given type in the RLP W sequence to obtain insights into
their intrinsic interaction strengths. B) The average number of Intramolecular VDW contacts for

each residue type normalized to their relative abundance in the RLP X sequence is shown as a



function of residue type. A dashed box highlights the contacts formed by the residue type X
substituted by different amino acids (A, L, V, F, W, or Y). C) The number of intramolecular VDW
contacts formed by residue type X (A, L, V, F, W, or Y) are further analyzed in terms of important

known modes, hydrogen bond, n-n, and cation-m interactions.

3.5. Acrylamide Functionalization Induces LLPS

Polypeptides used for manufacturing hydrogels via photocrosslinking methods generally rely on
acrylamide (or acrylate) functionalization, post-purification, to enable subsequent UV-
crosslinking.’*3>#%% The effect of such chemical modifications on the phase transitions of the
aromatic RLP-X and on the capability of RLP-W to differentiate from its analogue sequences was
assessed via turbidimetry assays. N-acryloxysuccinimide was reacted with the lysine residues of
the aromatic constructs in order to get RLP-X-Ac as detailed in the experimental section (Figure
3A). The functionalization was confirmed via '"H NMR. The three vinylic peaks between § 5.65—
6.30 ppm®! confirm the successful functionalization, and comparison of the peaks area to that of
the aromatic protons from phenylalanine (6 7.15-7.40 ppm), tyrosine (6 6.67, 6.98 ppm), or
tryptophan (6 7.00-7.60 ppm), allowed determination of the degree of acrylamide functionalities
on the RLP-X (Figure 3B). The ability of these RLPs to undergo UCST was confirmed at high salt
concentrations, (although those concentrations and salt identity are not suitable for applications
involving cells), and the transition temperatures showed an increase as the content of acrylamide
groups was raised (Figure S7). As the salt concentration was reduced, RLP-W-Ac was the only
sequence shown to undergo LLPS in DI water (at all acrylamide contents); LLPS in DI water was
observed in the other sequences only for RLP-Y-6Ac and 8 Ac and was not observed for RLP-F in
any case. These data suggest that the acrylamide functionalization yields sequences prone to LLPS

and that tryptophan is a key feature to promote such transitions. The assessments of phase



separation and hydrogel formation were conducted primarily with RLP-W-Ac, because of the
higher transition temperature for the RLP-W relative to the other RLP sequences. This resulted in
a greater range of conditions that yielded phase separation and a wider range of hydrogel
morphologies. RLP-F-Ac was chosen as the non-phase-separating control. The use of the RLP-W-
-4Ac sample was preferred for further characterization (see below) because the reaction conditions
required for producing the 6Ac and 8Ac RLP-W-xAc resulted in the formation of insoluble
aggregates during the chemical modification, reducing the amount of total polypeptide recovered

after purification.
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Figure 3. Acrylamide functionalization of RLP-Xs. A) Schematic of functionalization. Amide
bound coupling is carried out between the lysine groups of the polypeptide chain and acrylic
acid N-hydroxysuccinimide ester. B) NMR spectrum of RLP-W and its functionalized
analogues. The vinylic peaks (6 5.65—6.30 ppm) increase in intesity compared to the tryptophan

peaks (6 7.00-7.60 ppm) as the acrylamide content increases.

3.6. NMR Spectroscopy Reveals RLP-X Specific Amino Acid Interactions
To characterize the possible amino acid interactions responsible of the RLP-W-Ac phase

separation, DFQ-COSY and NOESY '"H NMR experiments of soluble (5 mg ml™!, Figures S8 and



S9) and condensed (100 mg mL™!, Figures 4 and S10) samples were performed in a Bruker AVIII
600 MHz NMR spectrometer. Signals that appear in NOESY but not in COSY represent
interactions through space due to the tertiary structure and are described here as NOESY-unique
signals.

RLP-W and RLP-W-4Ac in solution have NOESY-unique signals of interactions between
aromatic tryptophan protons (6 7.00—7.60 ppm) with Ha tryptophan, (& 4.60 ppm), Ho arginine (6
3.23 ppm), Ha glycine (6 3.91 ppm), HP arginine (6 1.86 and 1.58 ppm), and Hy arginine (6 1.21
ppm) (Figure S8).8%% These results suggest tryptophan-tryptophan and tryptophan-arginine spatial
proximity consistent with the atomistic simulations reported above (Figure 2A 1V). The former
interactions are likely to happen through m-m interactions and the later through cation-n and
hydrogen bonding interactions as shown in Figure 2C and in accordance with reports of similar
interactions between arginine and tyrosine in other IDPs such as FUS and LAF-1.4446747 RLP-F
and RLP-F-4Ac samples show NOESY-unique signals between the phenylalanine aromatic
protons (& 7.15-7.40 ppm) and Ha and HP from phenylalanine (6 3.00, 3.15, 4.56 ppm; Figure
S9)82# which is consistent with the our computational studies where phenylalanine has the most
contacts with itself (Figure S6E 1V) and are more likely to happen through n-n interactions (Figure
20).

For the NMR studies of condensed samples, a higher concentration (100 mg mL™") of RLP-W
and RLP-W-4Ac was used. The samples were allowed to phase separate and both the top (RLP-
poor) and bottom (RLP-rich) phases were characterized. Figures 4 shows the NMR spectra of the
RLP-rich phase. The COSY spectra reveals protons less than three-chemical bonds away in the
tryptophan aromatic region for RLP W and RLP-W-4Ac (& 7.00-7.60 ppm; Figures 4A and 4B)

and in the acrylamide vinylic region for RLP-W-4Ac (8 5.65-6.30 ppm; Figure 4B). Meanwhile



the NOESY spectra reveals the same unique signals described above for the soluble samples but
with higher intensity (Figures 4C and 4D). Interestingly, new sets of NOESY-unique signals in
RLP-W-4Ac reveal acrylamide protons interactions (6 5.65-6.30 ppm) with aromatic tryptophan
protons (8 7.00-7.60 ppm) and Hp arginine (8 1.86 and 1.58 ppm) (Figure 4D, dashed boxes).?>%3
These results suggest that the acrylamide groups interact with both the aromatic ring of tryptophan
and the arginine potentially through aromatic-sp? and sp?-sp? contacts.*®’> and support the results
observed in the phase diagrams in Figure S7, where the inclusion of acrylamide functionalities
promotes the increment of RLP-W transition temperatures. The NMR spectra of RLP-poor phases
of RLP-W and RLP-W-4Ac (Figure S10), show low intensity signals in the same region, consistent
with the 5 mg ml"! samples (Figure S8) and the much lower RLP concentration expected in the

RLP-poor phases.
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Figure 4. COSY and NOESY spectra of RLP W and RLP W-4Ac. A, B) 2D-COSY spectrum
of RLP W (A) and RLP-W-4Ac (B). Cross peaks show that the aromatic protons observed in
NOESY belong to a same tryptophan (A, B) and the same acrylamide (B). C) 2D-NOESY
spectrum of RLP W. Cross peaks between 1 to 5 ppm suggest interactions between tryptophan
aromatic rings with other tryptophan, glycine, and arginine residues. D) 2D-NOESY spectrum
of RLP-W-4Ac. Besides the interactions described in (C), interactions between acrylamide
protons with arginine and tryptophan are suggested. The blue boxes show regions where the

intensity had to be increased to observe the cross peak.

3.7. RLP-W-Ac Undergoes Phase Separation in PBS

While the acrylamide groups in RLP-W-Ac induce LLPS in water potentially through sp?
interactions with tryptophan and arginine, buffers such as PBS are needed for maintaining a
suitable environment in cell culture applications. Because PBS contains ca. 150mM NaCl and this
salt is known to promote the solubility of RLPs,*' the phase separation capabilities of the
acrylamide-functionalized polypeptide under conditions suitable for cell culture hydrogels was
tested. While the trends in phase separation temperatures determined via turbidity were determined

12,41

with 0.8 wt% RLP solutions for comparisons with literature reports, polypeptide

concentrations of at least 8.8 wt% (88 mg mL") are essential for effective interchain crosslinking



of RLPs, so our additional characterization of phase separation and hydrogel formation was
conducted at higher concentrations.** A phase diagram of temperature vs. composition of RLP-W-
4Ac in PBS was therefore generated (Figure 5A). The coexistence curve was constructed from
turbidity measurements of RLP-W-4Ac dissolved in PBS in a range of concentrations from 20
wt% to 0.8 wt%, upon cooling from 85°C to 5°C, and was complemented with the equilibrium
concentrations of phase separated RLP-W-4Ac solutions (overnight at room temperature and 4°C)
at initial concentrations of 5 and 10 wt%. These equilibrium concentrations were determined from
the top and bottom phases via quantitative NMR using an internal standard as reference and can
be found in Table 2.

Table 2. Equilibrium concentrations of RLP-W-4Ac in PBS

Icrg;[lij.l Temperature  Top phase Bottom phase
(Wt%) (°O) (Wt%) (Wt%)
10 25 1.9+0.1 23.6+0.2
10 4 0.8+0.1 272+1.1
5 4 02+0.1 266 +2.4

As presented in Figure 5A, the UCST of RLP-W-4Ac ranges from 18.8 £ 2.1°C at low
concentrations (0.8 wt%) to 46.6 £ 3.7°C at higher concentrations (10 wt%), and 33.6 + 0.2°C at
concentrations of 20 wt%. The equilibrium concentrations at 25°C complement the phase
coexistence curve obtained by turbidimetry measurements, while the equilibrium concentrations
at 4°C show that a minimum of 0.2 wt% and no more than 27.2 wt% of RLP-W-4Ac in PBS are
required for observing phase separation above freezing. The RLP-rich phase, isolated after
macroscale phase separation overnight, forms a continuous hydrogel upon crosslinking, while the
RLP-poor phase fails to form hydrogels. These observations suggest that in the microstructured

RLP hydrogels (see below), it is only the higher-concentration RLP phase that comprises a



crosslinked, percolated polymer network. As expected, the phase diagram (Figure 5A) has the

typical shape of a polymer with UCST transition®> and is consistent with other proteins that

86,87 76,88

undergo LLPS upon cooling as is the case of y-crystallins or other RLP constructs.
Interestingly, in such proteins, the LLPS transition is enhanced with increasing the content of both
arginine and aromatic amino acids as we have shown here in our atomistic simulations (Figure
2A). The transition temperatures shown in the coexistence curve suggest conditions suitable for
cell culture applications, as the solutions phase separate close to physiological conditions and at
concentrations required for effective crosslinking as detailed above.
3.8. Control of Phase Separation Modulates Microstructure and Macroscale Mechanical
Properties of Hydrogels

To optimize the properties of these materials for cell encapsulation, both the microstructure and
mechanical properties should be tunable depending on the application and cell requirements. By
employing the phase diagram (Figure 5A) as a guide, conditions under which the RLP-W-4Ac
solution will phase separate can be selected, and the microstructure generated during LLPS can be
arrested during photo-crosslinking. In order to generate more stable emulsions, a heating-cooling
protocol (Figure 5B) was developed, based on literature precedent showing that such treatment
can favor formation of bicontinuous structures that jam the system and delay the phase
separation.®®°? To assess such affects in the RLP hydrogels, the RLP-W-4Ac emulsions were
warmed above the transition temperature (80°C and 60°C) and immediately cooled for 30 seconds
in an ice bath. The final temperatures were determined from the cooling profiles (Figure S11), and
were 19.5 £0.95 °C and 15.1 £ 0.5 °C, respectively. Completely opaque hydrogels were obtained
upon UV crosslinking. RLP-F-4Ac was used as a non-microstructured control; these solutions

were always transparent at any temperature when warmed for fewer than 45 seconds.



Two types of morphologies can be observed in Figure 5C for RLP-W-4Ac (20 wt%, 80°C):
buffer spherical domains, characteristic of nucleation and growth (black circles in Figure 5C)
dispersed in an RLP-rich matrix (white signal surrounding the black circles in Figure 5C) and,
inside the large buffer domain, a dispersed RLP-rich network with a structure akin to that of
spinodal decomposition induced by the quenching process.3? RLP-W-4Ac (20 wt%, 60°C)
resulted in different morphological features: spherical RLP-rich domains dispersed in the RLP
network (Figure 5E), perhaps formed by a percolation-to-cluster mechanism where bicontinuous
domains break, forming stable spheres.”>™* The bicontinuous networks shown in Figures 5C and
5E can be better observed in the 3D projection of the complete z-stack in Figure S12. In contrast,
both 80°C and 60°C RLP-F-4Ac 20 wt% samples show no microstructure at all (Figures 5D and
5F) which was expected owing to the lack of a UCST transition for this construct. These confocal
results confirm not only that tryptophan substitutions are essential to generate microstructures in
RLP hydrogels but also the thermal treatment of the precursor emulsions can be easily exploited

to generate different hydrogel microstructures.
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Figure 5. Hydrogel formation and characterization. A) The transition temperatures of RLP-
W-4Ac are close to physiological conditions in a range of concentration of 0.8 to 20 wt%. The
phase diagram was complemented with equilibrium concentrations measured of completely
phase-separated emulsions through quantitative H' NMR with an internal reference. B)
Schematic of hydrogel formation by heating-cooling protocol. C, D) Autofluorescence images
of photo-crosslinked RLP-W-4Ac 20wt% (C) and RLP-F-4Ac 20 wt% (D) cooling from 80°C.
E, F) Autofluorescence images of photo-crosslinked RLP-W-4Ac 20wt% (E) and RLP-F-4Ac
20 wt% (F) cooling from 60°C. The white signal corresponds to the RLP-rich phase. Scale bar

20 pm.

The impact of the microstructure on the hydrogel mechanical behavior was preliminarily
evaluated by in situ crosslinking of the emulsions in a rheometer. All samples for both microscopy
and rheometry were heated and cooled before loading into the rubber mold or onto the rheometer,

respectively. In both cases, the time that elapses prior to the start of UV crosslinking is 30 to 40



seconds. This reproducibility of the ‘lag’ time between the mixing and the crosslinking of the
various samples (in both microscopy and rheometry) allows us to compare the relative differences
in hydrogel structure and their potential contribution to rheological properties. The storage
modulus (G’) of RLP-W-4Ac and RLP-F-4Ac hydrogels (Figure 6), shows a concentration
dependance common in hydrogels.”®” However, the G’ for the RLP-W-4Ac (80°C) samples is
always lower than the G’ for RLP-F-4Ac (80°C) at the same concentration (e.g., 92,47.7, and 55.5
% lower at 10, 15, and 20 wt% respectively). In regard to the cooling gradients, Figure 6A reveals
that G’ for RLP-W-4Ac (60°C) is 87.5% lower compared to the 80°C sample at 15 wt% and 58%
lower at 20 wt%. Since the RLP-W-4Ac 20wt% (60°C) comprises largely RLP spherical domains
(rather than in a continuous network) (Figure 5E), the decrease in the shear storage modulus of the
bulk hydrogel suggests that these spherical domains do not contribute substantially to the
mechanical properties of the network. In contrast, RLP-F-4Ac samples are independent of the
thermal treatment with no more than 5% difference in G’ for any case (Figure 6B); this behavior
is consistent with the lack of microstructure (Figures 5D and 5F).

The microstructure-mechanical correlation is consistent with that expected from poroelastic
constitutive behavior, a model describing a system where a fluid flows through a viscoelastic
porous solid. The permeability of the network, can be determined from the effective pore size, and
is related to the square of a characteristic length scale, typically the fiber diameter.”® For the
purposes of this discussion, because the RLP concentration is the same across the comparison
samples here, hydrogels comprising RLP regions with smaller dimensions should yield smaller
pore sizes, and hence would be expected to show lower permeability. The mechanical behavior of
hydrogels is inversely proportional to the permeability of the system, because the viscous

performance of the solvent is intrinsically related to such permeability. Thus, the higher the



permeability, the closer the mechanical performance of the hydrogel is to that of water.’®!%> RLP-
F-4Ac, being a homogeneous system, has ‘fiber’ diameters at a molecular dimension, making the
permeability so small that the overall mechanical behavior is that of a purely viscoelastic system.
In contrast, RLP-W-4Ac should show permeability comprising that of the continuous RLP
molecular network of the crosslinked hydrogel phases, and also that of the microscale phase which
itself is percolated and is a main contribution to the mechanical integrity of the microstructured,
‘bulk” hydrogels. Since the permeability in RLP-W-4Ac would thus be expected to be greater than
that of RLP-F-4Ac, it is consistent that the mechanical performance of the RLP-W-4Ac is lower.
Future results to experimentally determine permeability (via methods such as cavitation” and
nano- and micro-indentation!?®!°! methods) will enable a more quantitative treatment of the RLP

hydrogel permeability and its relationship to observed mechanical properties.
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Figure 6. Mechanical characterization of hydrogels. Time sweeps of hydrogels made of RLP
W-4Ac (A) and RLP-F-4Ac (B) at different concentrations. Two different cooling treatments of

precursors are represented: from 80°C (solid lines) and from 60°C (dotted lines).



Interestingly , the materials here shown develop similar bicontinuous microstructures to those

24,103-105

reported in hydrogels based on ELPs, where the characteristic LCST transition is used for

promoting the microstructure formation with pH,?* temperature,?*!03:104

or amino acid charge
density changes'® as the handles to control the process. Although our approach has similarities
with the strategies reported in these bicontinuous ELP hydrogels, such as phase transition control
through sequence design and temperature-induced generation of microstructure, our approaches
are slightly different in that they do not require partial chemical crosslinking before phase

103,104 or the

separation,?* the inclusion of order-inducing domains that connect ELP aggregates,
inclusion of charged blocks to drive assembly from micelles to interconnected networks.!% The
correlation of mechanical behavior with microstructural features of our materials are consistent
with those previously reported; overall, the storage modulus increases as the expected permeability
decreases. While the hydrogels in the present report exhibit continuous biopolymer phases that are
generally not observed the ELP-based hydrogels, both the RLP materials we report and the
previous ELP materials exhibit shear storage moduli of ~1-4 kPa (or greater when stabilized with
order-inducing structures (~12 kPa)).!%® This type of polypeptide-based microstructured materials
have been proven to be successful in drug delivery systems>* and as injectable scaffolds with rapid
tissue integration.!®® Similar applications are expected for the materials reported here.

4. Conclusions

We investigate the impact of amino acid mutations on the microstructure formation of RLP-X
hydrogels, where various substitutions are made in the X position in order to modify the ability of
the RLPs to phase separate. Experimental evidence indicates that the aromatic moieties are more

prone to promote UCST and that tryptophan is more potent than tyrosine and phenylalanine, which

show similar behavior in ammonium sulfate. The types and number of interactions of the aromatic



residues with other residues in the polypeptide chain have been elucidated via atomistic
simulations. The simulations show that tyrosine, tryptophan, and arginine have a higher propensity
to form contacts than the other residue types, and that these contacts involve hydrogen bonding
and - contacts both of which are occur to a greater extent for Tyr and Trp over Phe. The
simulations also suggest that Tyr can form more cation- m contacts than the other two aromatic
residues, highlighting the importance of arginine and tyrosine interactions, as proposed in the
recent literature.

The functionalization of the RLP-X constructs with acrylamide groups further promotes the
LLPS of the polypeptides, potentially by m-sp? interactions with tryptophan and sp>-sp’
interactions with arginine, which makes both tryptophan and acrylamide functionalities good
candidates for adjusting the phase transition of RLP-hydrogel precursors in PBS solutions into
physiologically relevant temperature windows. In demonstration of this possibility,
microstructured hydrogels were produced from RLP-W-4Ac emulsions in PBS; the morphology
and mechanical performance of the hydrogels are correlated and can be tuned by the cooling
gradients and duration of phase separation of the hydrogel precursors prior to photocrosslinking.
Overall, our results demonstrate that amino acid substitutions and chemical modifications of RLPs
can be used to tune their UCST, which in turn can be synergistically combined with variations in
cooling gradients and other processing conditions to tune the final microstructure and mechanical
properties of RLP-based hydrogels.
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