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ABSTRACT: Biomolecular condensates provide a mechanism for compartmentalization of
biomolecules in eukaryotic cells. These liquid-like condensates are formed via liquid−liquid
phase separation, by a plethora of interactions, and can mediate several biological processes in
healthy cells. Expansions of dipeptide repeat proteins, DPRs, in which arginine rich DPRs like
poly-proline-arginine (PR), and poly-glycine-arginine (GR), partition RNA into condensates can
however induce cell toxicity. Here, we use (GR)20 as a model for biological poly-GR and
condense it using either excluded volume interactions with polyethylene glycol (PEG) as a
crowder or direct electrostatic interactions with RNA oligomers. Using two-dimensional infrared
(2D IR) spectroscopy, we observe that (GR)20 condensed through an excluded volume forms β-sheet structures, whereas (GR)20
condensed with RNA forms loops. We also investigate local hydrogen-bond dynamics in the condensate and compare the
measurements with molecular dynamics simulations. Hydrogen bond lifetimes undergo a marked slowdown compared to dynamics
in the dilute phase. This is representative of confined water within the percolated networks inside the condensate due to the
interaction present in the condensate disrupting H-bond networks. Overall, our results show that both protein structure and
dynamics are inherently dependent on the type of interactions that stabilize the condensates.

■ INTRODUCTION
Biomolecular condensates provide a mechanism to impart
spatiotemporal control over biochemical processes in the cell.1

Self-assembled via liquid−liquid phase separation, condensates
can be described as dense nanometer-scale droplets containing
primarily proteins and nucleic acids.2−5 Due to the lack of an
impermeable barrier, biomolecular condensates, BMCs, have a
uniquely dynamic environment wherein biomolecules can
rapidly exchange with the cytosol.6−8 The balance of complex
interactions result in the formation of nanometer-scale
percolated networks within the droplets.9−12 The driving
forces involve a combination of direct biomolecule interactions
including electrostatic forces, cation-π, and π stacking; in
addition to hydrogen-bonding.4,12−15 Water molecules mediate
many of these key interactions, and characterizing the complex
balance of these interactions and the local solvation environ-
ments is critical to understanding the fundamental forces that
dictate the local morphologies, stabilities, and dynamics of
biomolecular assemblies.16−18

Phase separating proteins often contain low-complexity
domains, in addition to arginine-rich dipeptide repeats
(DPRs), exhibiting high phase-separation propensities.19−22

DPRs are the result of expansion mutations in the C9orf72
gene which produces several different sequences although
arginine-rich sequences such as poly-GR, glycine-arginine, and
poly-PR, proline-arginine, are particularly cytotoxic.23−28 This
arginine-rich sequence phase separates in a variety of
conditions; however, to our knowledge, their microscopic
structure, and local environments have not been character-
ized.24,29 Poly-GR and poly-PR phase separate under a variety

of environments: under the influence of a crowder, such as
polyethylene glycol (PEG), through electrostatic interactions
with RNA oligomers, or by crowding with other biomole-
cules.29−31 Considering the flexibility of the peptide backbone
as well as the complex nature interactions that lead to phase
separation, it is important to uncover the role of the
environment on the residual secondary structure of the
peptide.32−34 Many BMC studies are carried out with artificial
crowders, such as polyethylene glycol (PEG), but in vivo
condensates contain a range of biomolecules including RNA.
Therefore, characterizing the structure and dynamics of BMCs
formed under different conditions is fundamental to evaluating
the complex forces that stabilize the condensates and
uncovering the underlying in vitro versus in vivo differences.
Much of the focus on BMCs has been on understanding

thermodynamic conditions that stabilize assemblies, but little is
known about the secondary structure of proteins in the
droplets because measuring secondary structure remains a
challenging when using conventional biophysical techni-
ques.29,35−38 Two-dimensional infrared (2D IR) spectroscopy,
in the amide I region (backbone carbonyl stretches) can
directly access secondary structures of proteins in a variety of
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environments.32,39−44 Additionally, as an ultrafast technique,
2D IR measures molecular motions on the picosecond time
scale, yielding a local view of the dynamic environments within
the condensate.16,18,45,46 Using 2D IR spectroscopy on a model
DPR, (GR)20, prepared through either crowding with PEG, or
by electrostatic interactions with an RNA oligomer, we are able
to characterize the differences in residual secondary structure
as well as changes in the local environment around the peptide
(Figure 1).

■ RESULTS AND DISCUSSION
2D IR of (GR)20 Peptides in Different Environments.

Microscope images of (GR)20 show approximately 3 μm
diameter droplets, confirming phase separation under the
experimental conditions used for spectroscopy (Figure 1A).
Diameter distribution histograms for both types of condensates
are included in Figure S2. Measured 2D IR spectra in the
1620−1680 cm−1 amide I region of the spectrum, consist
primarily of carbonyl stretches. These 2D IR lineshapes report
on the secondary structure of the peptide backbone.45,47,48

Additionally, the evolution of lineshapes with waiting time
report on the dynamics of the local environments around the
peptide backbone.49 Three different samples were studied
(Figure 1B): 1. Dilute (GR)20 consisting of the peptide in a
buffer solution, which does not undergo liquid−liquid phase
separation, this sample serves to measure the “bulk” dynamics
when the peptide backbone is fully exposed to water; 2. (GR)20
in a buffer solution with 30 volume% PEG as a crowding agent
to induce droplet formation, and 3. (GR)20 with RNA (poly-A)
that undergoes liquid−liquid phase separation as a result of
strong electrostatic interactions between the positively charged
peptide side-chains and the negatively charged RNA backbone.
Poly-A was used due to the relatively simple infrared features
that can be readily subtracted from the amide region;
furthermore, other RNA sequences and structures would
require more advanced subtraction techniques to isolate the
contribution from the protein amide band.29,50 The high
concentration of PEG is to maintain comparable conditions to
previous studies with similar systems to (GR)20.

22,32 There is
evidence to show that in similar systems, PEG interactions do
not dominate over protein−protein interactions and that PEG,

in addition to crowding through excluded volume effects,
modulates the hydrogen bonding environment further altering
stability of proteins within the crowded environment.51−53 The
general features of proteins that determine favorable PEG-
protein interaction is poorly understood and is worth future
studies; however, while PEG may interact with the peptide in
the condensate phase, direct interactions likely do not
dominate over peptide−peptide interactions, thus it is
expected that PEG behaves primarily a crowding agent.45,51,54

Spectra of the three (GR)20 samples (Figure 2) exhibit a
positive peak elongated along the diagonal centered around

1650 cm−1 associated with the random coil like disordered
structure of (GR)20 and labeled amide I arising from the broad
distribution of structures associated in addition to the H-
bonding environments of (GR)20.

55 Additionally, the spectra
contain two low-frequency diagonal peaks centered around
1608 and 1584 cm−1 labeled Arg and Arg’, respectively. These
correspond to the arginine side chains C�N symmetric and
asymmetric stretching modes from the guanidinium group.56,57

Off diagonal features in the spectra are also attributed to
intramolecular coupling of the two arginine peaks and grow
with increasing waiting time delay (Figure 2).56 Upon phase
separation induced by PEG, the amide band center shifts from
1650 to 1644 cm−1 and contains the same lower frequency
diagonal peaks assigned to the arginine side chains. However,
in these spectra, these peaks are overlapped with a peak
centered around 1605 cm−1 associated with an overtone of the
PEG CH2 wagging mode. This is a strong band due to the high
concentration of PEG in the sample. Additionally, this
spectrum also contains higher intensities in the lower and
higher frequency regions, as indicated by the blue arrows in
Figure 2. Upon phase separation with poly-A, the amide band
remains centered near 1650 cm−1 showing only a slight 2 cm−1

Figure 1. (A) Phase-contrast images of 500 μM (GR)20 in dilute
phosphate buffer, 30 volume% PEG (Excl. Vol.), and 2 mg/mL poly-
A for a charge ratio of 1.97 (GR)20:poly-A. (B) Schematic illustration
of (GR)20 peptides, in gray with positive charges from the arginine,
subjected to dilute phosphate buffer, purple ions, 30% PEG and 2
mg/mL of poly-A with PEG shown on the outside as a crowder and
poly-A shown in pink with pink ions representing the negatively
charged phosphate backbone. (C) Molecular structures of (GR)20 and
poly-A.

Figure 2. Experimental 2D IR spectra of (GR)20 in dilute buffer, 30%
PEG, and 2 mg/mL of poly-A along with PSAs of each spectra on top
to highlight changes in lineshapes between each system. Spectra were
measured at a waiting time of 150 fs. For clarity, noise below 20% of
the maximum is cut off. Differences in line shape are highlighted with
arrows. The structure of (GR)20 in PEG seems to exhibit higher
intensities near the edges of the amide I band. The structure of
(GR)20 in poly-A shows a distinct feature in the higher frequency
region.
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shift to ∼1648 cm−1 similar to the dilute phase, representative
of a largely disordered structure inside the condensate phase in
addition to a similar H-bonding environment as in the dilute
phase. Despite the amide band remaining centered around
1647 cm−1 the band has a new distinct feature arising around
1674 cm−1 (pink vertical arrow). In addition to this new
feature in the amide band, there are two more diagonal features
centered around 1624 and 1572 cm−1 representative of the
poly-A adenosine ring modes labeled A-ν and A-ν’
respectively.50 Moreover, the ring mode at 1624 cm−1 in the
condensate phase is notably shifted from the ring mode in the
dilute phase centered around 1629 cm−1, shown in Figure S6.
likely a result of the cation-pi interaction with the poly(GR)20
arginine side chains. Due to overlapping cross peaks from the
arginine side chain and ring mode coupling, any possible
vibrational coupling between the arginine side chain and the
adenine moiety may be difficult to uncover.
The differences between spectra in Figure 2, can be more

clearly observed by subtracting the dilute spectrum features
from both the PEG and poly-A spectra; the resulting difference
spectra are shown in Figure 3A. In the PEG sample, two
distinct positive features are centered around 1633 and 1682
cm−1. To quantify changes in secondary structure induced by
phase separation through crowding with PEG or electrostatic
interactions by poly-A, we analyzed one-dimensional pump-
slice amplitude (PSA) spectra extracted from each 2D IR
spectrum. Briefly, PSA analysis involves computing the
difference between the minimum and maximum amplitudes
at each excitation frequency.58 The resultant spectrum can be
interpreted similarly to an FTIR but with higher sensitivity to
subpopulation changes. PSA spectra benefit from a combina-
tion of background suppression and nonlinear signal scaling of
2D IR.58,59 PSA has previously been used to extract peptide
structure in solution.60,61 The PSA spectra were then analyzed
by band fitting as described in Section S3.62,63 In brief,
populations of each secondary structure are calculated as a
ratio of the different Gaussians to the cumulative area of the
amide I band. Final Gaussian peaks were computed as an
average of one-hundred independent fits with random starting
points for peak positions, amplitudes, and widths (Figure 3B−
C) with the uncertainties included in Section S3. The results
show a marked decrease in random coil content in either the
PEG or poly-A condensates compared to dilute (GR)20. These
results indicate that the peptide becomes more structured in
the condensate phase. Interestingly, PEG tends to have a
higher population, 28% of the amide area β-sheet modes
labeled as β−ν⊥. This lower frequency mode is associated with
coupling across different sheet strands and has a higher
population compared to the poly-A condesnate spectrum with
only 18% of the amide I band area attributed to β−ν⊥.

41,64,65

This difference in populations attributed to a difference in
secondary structure. Additionaly, there is a small increase in
the higher frequency populations attributed to the loop and
β−ν∥ bands. Previous studies had shown that these peaks
exhibited by the difference spectra could be attributed to
various poly proline structures; however, the system of interest
is another alternate DPR, (PR)20. The high concentration of
proline in (PR)20 could prevent structures involving hydrogen
bonding like the aforementioned β-sheet we believe is present
in (GR)20.

32 To further validate the interpretation of the
observed spectral differences based on predicted structures, we
performed structure-based spectral simulations on high-
confidence structures produced by AlphaFold 3 of a single

(GR)20 peptide as well as a (GR)20 interacting with a single
poly-A RNA oligomer (Section S4).55 While the peptides are
disordered, and the conformational ensemble may cannot be
represented by any single structure, AlphaFold366 structures
give some confidence that (GR)20 has high β-sheet formation
propensity while the (GR)20 poly-A structure shows a primarily
looped structure surrounding the poly-A strand likely a result
of favorable elecrostatic interations between the poly-A and
(GR)20. Generally, these simulations are consistent with the
fittiing results that indicate more β-sheet prevalence in the
PEG condensate while the condensate formed with poly-A is a
looped structure with a strong high-frequency peak.

Dynamics of GR20 in the Dilute and Condensate
Phases. To investigate the picosecond dynamics of the amide
backbone, center line slope analysis (CLS) was performed on
the amide I band of the peptide in the dilute and condensate
phases. In short, this analysis reports on frequency fluctuations
of the vibrational probe as a result of the local environment
(Figure 4A, Section S5).67−69 Moreover, while the amide band

Figure 3. (A) Difference spectra of (GR)20 in the condensate phase of
both Excl. Vol. and poly-A. In both cases, the features of GR20 in the
dilute phase subtracted out each at t2 = 150 fs. Distinct peaks emerge
along the diagonal in the case of Excl. Vol. intensity emerges around
1633 and 1676 cm−1, respectively. A distinct peak around 1676 cm−1

emerges upon phase separation with poly-A. (B) Fitting results shown
under the amide. Gaussians correspond to the different secondary
structures. The poly-A spectra have the nucleotide ring mode
subtracted for clarity. (C) Fitting results highlighting the percentage
population of the different secondary structures. Error is produced by
the upper and lower bounds of the fitting results and shown in Section
S3.
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is delocalized across peptide backbones, previous studies show
that despite delocalized vibrations, reported dynamics are
largely a result of local environment fluctuations.70−72 The
CLS decay (Figure 4B) is fit to an monoexponential decay and
the lifetime is shown in (Figure 4C). A marked slowdown in
dynamics is observed in the condensate phases compared to
the dilute phase. The CLS decay constant is 1.40 ps for the
dilute phase, compared to 4.87 and 4.06 ps for the Excl. Vol.
(PEG) and RNA condensates respectively, though the 2 ps
waiting-time measurement window, limited by the vibrational
lifetime, does not allow for accurate determination of longer
decay times in the condensate phase. Similar slowing of
dynamics have been reported for other peptides in the
condensate phase, and has been attributed to trapped water
resulting in slower hydrogen bond dynamics in the
condensate.16,18 To gain insight into these differences in the
dynamics and a more atomistic interpretation, MD simulations
were performed on (GR)20 subjected to each of the different
conditions.
Hydrogen-Bonding dynamics from MD Simulations.

Molecular dynamics (MD) simulations provide a molecular
description of the dilute and condensate environments
allowing for the extraction of H-bond populations and H-
bond dynamics which can be directly compared with
experimental measurements. Here we constructed three
systems: 1. A “dilute” peptide system consisting of a single
(GR)20 peptide in the simulation box; 2. An “excluded volume”
system which consists of ten randomly packed peptides in a
box with a concentration that mimics the condensate phase,
this simulation is representative the experimental PEG-induced
condensate systems, hereby referred to as the “excluded
volume” or “Excl. Vol” system; 3. The (GR)20-RNA system
consisting of ten (GR)20 peptides with 19 poly-A molecules.
All the systems include additional ions to charge balance and
to mimic the phosphate buffer concentration used in

experiments: 3.8 mM of monobasic and 6.1 mM dibasic
phosphate ions. Additionally, K+ and Cl− ions were added as
much as to neutralize the system. However, it is important to
note that folding and secondary structure formation is difficult
to reproduce in MD given the long time scales of these
processes. Here the simulations were carried out assuming
disordered structures, and thus any changes in the environ-
ment due to secondary structure are not captured, instead the
changes in dynamics observed in simulations is attributed to
changes in water dynamics in the condensate compared to the
dilute phase. The simulation results primarily illustrate how
interactions between poly-A and the peptide influence water
dynamics in the condensate. In contrast, the condensate phase
with PEG in the experimental section, designed to show only
the excluded volume effect, demonstrates the crowded
environment in the condensate system isolating effects of the
condensate on the local dynamics. In many cases, PEG acts as
an inert crowder and is generally excluded from condensates;
however, in cases like the NPM1-RNA condensate, PEG has
been shown to partition into the condensate.73,74 Currently, it
is unclear as to the sequence-dependent manner that PEG may
partition into some condensates but be excluded from others.
As PEG is amphiphilic, it may be possible that a balance of
charge and hydrophobic sequences is required for PEG
partitioning into the condensate.75 Moreover, highly charged
species, like that of coacervates formed from poly-U and
spermine, tend to exclude PEG. Given the high charge of
poly(GR)20, we expect PEG to be generally excluded from the
condensate phase, acting primarily as a crowder.53,74

The H-bond autocorrelations for the backbone carbonyl
groups of the amide I vibrational modes in all three systems
indicate a general slowdown in both condensate phases (Figure
5B), consistent with experimental data. The amide C�O H-
bond lifetime is 2.6 ps in the dilute phase, while in the Excl.Vol
condensate phase, it increases to 3.5 ps, representing an
approximate 33% slowdown. Similarly, the H-bond lifetime of
the amide mode in the RNA condensate phase is around 5.09
ps, indicating a 93% increase. The charge interactions between
poly-A and the arginine side chain primarily influence the H-
bond networks within the solvation shells of the peptide. For
the C�O groups, the observed slowdown in H-bond lifetimes
can primarily be attributed to the disrupted H-bond networks
as a result of the localization of poly-A around within the
solvation layer of the peptide; moreover, the strong electro-
static interaction of the arginine side chain and phosphate
backbone may play also a role in the slowdown. The slowdown
in the Excl.Vol system is attributed to the crowded
environment of the condensate which disrupts H-bond
configurations.76 Examining the H-bond network in greater
detail, the histogram results indicate that the number of H-
bonds remains consistent across each system (Figure S11).
This consistency suggests that the slowdown in both
condensate systems is not due to desolvation. The number
of water molecules in the hydration shell remain stable and do
not disrupt the balance of H-bond donors and acceptors.
As discussed above, the simulations not fully account for the

impact of the protein’s secondary structure on the H-bond
dynamics of the system, nor do they accurately capture the
interactions between PEG and the protein under experimental
conditions. Consequently, the degree and order of the system
slowdown differs from the experimental data observed in
(GR)20. However, the MD results effectively capture the
general slowdown by tracing the electrostatic interactions and

Figure 4. (A) Example center-line-slope analysis for GR20 in the
dilute phase. Blue circles are the selected frequencies that are used for
the fit indicated by the red line. (B) Fitting results for the
experimental dynamics. The parameters extracted from the CLS
analysis are tabulated in Section S5.
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excluded volume effects, elucidating their impact on the
dynamics of the solvation shell in the condensate phase.
To further characterize the slowdown in water dynamics

within the condensate phase observed in the simulations, we
computed histograms of the diffusion coefficients extracted
from short MD trajectories. Figure 5D shows the diffusion
constants of interfacial water (<5 Å) and free water (>5 Å).
The 5 Å cutoff for interfacial water is representative of the first
two solvation layers surrounding the peptide. The cutoff is
arbitrary but guided by a combination of previous literature of
amide to water radial distribution functions as well as our own
shown in Figure S12. The total distribution in the dilute phase
differs from that in the condensate phases, exhibiting increased
populations with faster diffusion. In contrast, both Excl.Vol and
RNA condensate phases show increased populations with
slower diffusion rates for interfacial water, implying that water
is more tightly bound or “trapped” within the condensate
phase compared to the dilute phase, causing a slowdown in
water dynamics. Figure 5E displays the percentage of interfacial
water with a diffusion constant (D) below 0.5 × 10−5 cm2/s.
This result indicates the presence of confined water molecules
in the condensate systems, particularly the RNA condensate
system, which exhibits confined water due to strong electro-

static and H-bonding interactions between the arginine side
side chains and the backbone phosphates in RNA. These
interactions result in different dynamics in the two condensate
systems and likely account for the differences in H-bond
lifetimes observed.

■ CONCLUSION
In summary, we have shown that the dipeptide repeat (GR)20,
known to cause cyto-toxicity within cells, has distinct
secondary structures depending on how the condensate is
formed. (GR)20 forms a primarily β-sheet structure in a
condensate formed by excluded volume effects (PEG) while it
forms looplike structures when interacting with RNA. As the
mechanisms of cytotoxicity of these dipeptide repeats is
believed to be competitive binding for RNA within the cell in
combination with mislocalization of similar proteins outside of
the nucleolus into protein-rich regions within the cytoplasm,
this result offers insight into the molecular structure of phase-
separating proteins containing similar sequences such as the
mutation caused by C4G2 expansion and the RGG-rich domain
of FUS protein.25,28,30,31,77,78 In the context of DPR-related
phase separating systems, these results provide a spectroscopic
view of the structural differences of condensates formed
through protein−protein interactions, and those condensates
formed with a RNA or other macromolecular biomolecules.
While both regimes see a decrease in the random coil content,
the excluded-volume condensate formed through likely form
transient β-sheets. Of note, previous studies of similar DPR
peptides had shown a length dependence to their cytotoxicity
with around 30 repeats found to be toxic to cells; moreover, it
is known that longer phase separating peptides form denser
condensates.79,80 These results, in concert with previous
cytotoxic studies, could indicate that formation of β-sheet-
like character in glycine rich sequences could serve as a
nucleation event for condensate aging leading to the
aggregation seen in similar biological systems.77,81,82 Fur-
thermore, we found evidence that in the condensate formed
through excluded volume interactions, wherein (GR)20 is
experiencing an increase in peptide−peptide interactions, the
increase in β-sheet character could hint that when similar
sequences mislocalize outside of the condensate, the peptides
quickly age into an aggregate phase due to the protein-rich
environment. Furthermore, as RNA has been shown to prevent
FUS from aggregating, we believe that our findings hint that
the looped structure of (GR)20 in the RNA condensed phase
could be important in retaining condensate fluidity and
preventing further aggregation due to lack of a nucleation
site.83

The dynamics in the condensate also differ from that of the
dilute phase. In both cases, we have shown that 2D IR spectra
show a slowdown in the local dynamics around the peptide
backbone carbonyls which correlates with the water-C�O
hydrogen bond lifetimes computed from MD simulations. We
believe this difference in the dynamics surrounding the amide
backbone is largely due to the crowded nature of water
confined to nanoscale regions formed through the percolated
network of interactions between condensate constituents.
Though we are unable to experimentally access longer time
scales associated with water diffusion, from the MD
simulations, water dynamics are perturbed the most in the
condensate formed through attractive interactions between
two different biomolecules such as (GR)20 and poly-A. This
could be due to a combination of the different structures found

Figure 5. (A) Snapshots of equilibrated MD boxes for each system.
(B) Hydrogen bond autocorrelations for the amide backbone,
extracted from the MD trajectory and fitted to an exponential
curve. (C) H-bond decay times of all three systems are shown, with
error bars produced by the second derivative value of each hydrogen
bond lifetime computed from each trajectory. (D) A histogram of the
water diffusion constants, computed from a mean-square displace-
ment analysis of each simulated system. (E) The population of
interfacial water with diffusion coefficients (D) under 0.5 cm2/s. Error
bars represent the second derivative value of the extracted interfacial
mean-square displacement values from each trajectory.
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within these condensates along with stronger interactions than
that of the condensate formed through excluded volume
crowding. The combination of strong interactions forming a
tight percolated network, and different structures may cause an
increase in the population of “bound” water wherein confined
water is less dynamic. This higher population of confined water
may be the cause of mesoscopic properties of some
condensates such as a high viscosity, deformed shapes and
slow diffusion.
We have shown that the DPR (GR)20 shows interaction-

dependent secondary structure formation and dynamics. These
differences may hint at the fact that the stability of condensates
can be dependent on how the condensate is formed (i.e.,
through direct interaction vs excluded volume) and potential
microscopic differences in biological condensates that contain
combinations of biomolecules.29 Within the context of the
(GR)20, the fact that there is both experimental and
computational evidence for transient β-sheet character in
similar poly-GR peptides might suggest that aggregation of this
DPR is dependent upon self-interactions and is perturbed by
other biomolecules like nucleic acids likely resulting from
interactions between the protein side chains and RNA
backbone.34,84 This hypothesis is also supported by similar
systems which show reentrant phase behavior with varying
concentrations of RNA and preventing aggregation, suggesting
that this looped structure is important for the condensate to
remain dynamic.85

■ MATERIALS AND METHODS
Sample Preparation. (GR)20 was purchased from Genscript

(Piscataway, NJ, USA), and was acid lyophilized three times in D2O
with 1% DCl to remove residual TFA from synthesis. Poly-A was
purchased from Sigma-Aldrich (MW ranging from 700 to 3500 kDa)
with an average of 6 residues per chain. Poly-A, KH2PO4 and K2HPO4
were lyophilized three times in pure D2O for the exchange of any
protic hydrogens. A 10X Phosphate stock buffer, PBS, was prepared
by combining 385 μL of 1 M KH2PO4 with 615 μL of 1 M K2HPO4
both previously dissolved in D2O similar to previous studies on
similar systems.32 This stock was brought to a final pH of 7.4 and was
not corrected for the deuterium effect.86 Measurements were done on
peptides at a concentration of 500 μM, or approximately 2 mg/mL in
1X PBS. To form the condensates of (GR)20 and PEG, the peptide
was measured at 500 μM in 30% v/v PEG and 1X PBS. To form the
condensates of (GR)20 and poly-A, the peptide was measured at 500
μM in 1X PBS and 2 mg/mL poly-A.
2D Infrared Spectroscopy. 2DIR spectra were measured using a

custom-built spectrometer described in detail previously.59 In short,
the spectra were obtained by generating a sequence of three 100 fs
pulses centered around 6 μm. The two excitation pulses are used to
resolve the excitation frequency axis, and the detection pulse is
directly measured using a dispersive spectrometer equipped with a
128 × 128-element MCT array. The excitation pulses are generated
using a pulse shaper (Phase Tech Inc.), and the excitation frequencies
are generated by Fourier transforming the time delay between the two
pulses. The excitation and detection pulses were in perpendicular
polarization to suppress scatter. Spectra were measured at waiting
times ranging from 150 to 2000 fs with a negative time delay spectra
taken for scatter subtraction from the condensate spectra due to heavy
scattering from the sample.
Molecular Dynamics Simulations. Initial (GR)20 peptide

conformations were generated using the IDPConfGen software,
which produces random conformations based on a distribution of
backbone angles extracted from sequence analogues within a PDB
database.87 A total of ten disordered (GR)20 peptide configurations
were generated and protonated, with each peptide carrying a + 20
charge from the arginine side-chains.

To generate random poly-A RNA conformations, a six-residue
poly-A RNA structure was generated using RNA Composer, which
designs 3D RNA models based on machine translation principles.88,89

A single poly-A structure, with each backbone phosphate carrying a
−1 charge, was randomly packed with 2809 water molecules, and 5
potassium ions were added to neutralize the system using PackMol
software.90 The CHARMM 36 force field was applied to all
components, with water molecules modeled using CHARMM-
TIP3P.91 The initial system conformation was energy-minimized
and equilibrated in an NVT ensemble for 1 ns using the Nose-Hoover
thermostat at 300 K with a 1 fs integration time-step. Subsequent
equilibration was performed in an NPT ensemble for 1 ns using the
Nose-Hoover thermostat and the Parrinello−Rahman barostat, with a
2 ps integration time-step.92 Bonds with hydrogen atoms were
restricted by using the LINCS algorithm. The 10 ns production
trajectory was generated with the same settings as the NPT
equilibration. From the final trajectory, 19 poly-A residues were
generated for the condensate system simulation.

Three systems were constructed for the (GR)20 MD simulations for
comparison to the experimental conditions: the dilute phase, the
condensate phase with RNA, and the condensate phase with protein
only (solely (GR)20). In the dilute phase system, a single (GR)20
peptide was packed using PackMol software, along with 20 chloride
ions to neutralize the peptide charge and 4000 water molecules to fill
the box. To replicate experimental buffer conditions, phosphate ions
were added, including two monobasic phosphate ions, one dibasic
ion, and five potassium ions.

For the second system, which included (GR)20 and poly-A residues
in a 1:1.9 ratio, ten (GR)20 peptides (+20 charge each) were
generated using the IDPConfGen software. Nineteen Poly-A residues
(−5 charge each) were extracted from the poly-A MD production
trajectory. Phosphate ions were added to mimic the buffer solution,
including 12 monobasic (H2PO4

−) and 19 dibasic phosphate
(HPO4

2−) ions. To balance the system’s charge, 200 chloride ions
and 195 potassium ions were added. This system underwent the same
conditions as the poly-A MD simulation process.

The third system simulates an excluded volume effect by omitting
poly-A molecules to maintain conditions similar to the (GR)20 with
the poly-A condensate phase, instead of simulating a system with
PEG. The trajectory from the (GR)20 with poly-A condensate phase
after the NPT equilibration step was used as a starting point. All 19
poly-A molecules and 95 potassium ions neutralizing the molecules
were removed from the. pdb file. As the starting system was already
energy minimized and NVT equilibrated, a 1 ns NPT equilibration
step was performed with a 2 fs integration time step, followed by a
100 ns MD production run under the same conditions as the previous
simulations. For further analysis, snapshots were saved every 10 ns
from the final trajectory of all three systems. All simulations were
performed using the GROMACS 2021.3 package.93−95

To conduct further H-bond analysis of the system, snapshots saved
previously served as starting points for 2 fs time step short production
run. H-bond analysis was then performed using the MDAnalysis
package, with a donor−acceptor cutoff distance of 0.3 nm and a
donor−acceptor-hydrogen cutoff angle of 150 degrees.96,97 The H-
bond lifetimes were extracted from the MD production results by
computing the autocorrelation of the H-bond trajectory for each short
run. This analysis includes the C�O groups from the peptide
backbone. The autocorrelation data were then fitted to a multi-
exponential model using MATLAB R2022.b.

Water diffusion constants for each short run were obtained by
linearly fitting the mean-squared displacement of the TIP3P water
over 10 ps windows, utilizing the “msd” tool in GROMACS 2021.3.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
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Microscope images of each (GR)20 system tested, size
distributions of the condensates, 2D IR spectra of each
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system including a poly-A spectrum, overlapped PSAs
along with a detailed description of PSA, detailed
description of the secondary structure fitting analysis and
fitting results, AlphaFold3 predicted structures and
predicted spectra, detailed description of CLS and the
CLS fitting results, MD simulation boxes, MD H-bond
autocorrelation results, amide H-bond histograms, and
amide oxygen to water oxygen radial distribution
functions (PDF)
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