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Biomolecular condensation is involved in various
cellular processes; therefore, regulation of condensation is crucial
to prevent deleterious protein aggregation and maintain a stable
cellular environment. Recently, a class of highly charged proteins,
known as heat-resistant obscure (Hero) proteins, was shown to
protect other client proteins from pathological aggregation.
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However, the molecular mechanisms by which Hero proteins g-\*_.__\/\/\‘ ke ?
protect other proteins from aggregation remain unknown. In this g ' -~ el
study, we performed multiscale molecular dynamics (MD) P NN
simulations of Heroll, a Hero protein, and the C-terminal low- E_ /\///\/. _____ /d\SlrIbUUon » Herm\r_ -
complexity domain (LCD) of the transactive response DNA- #]
binding protein 43 (TDP-43), a client protein of Heroll, under " concentration of Hero11 '

various conditions to examine their interactions with each other.

We found that Heroll permeates into the condensate formed by the LCD of TDP-43 (TDP-43-LCD) and induces changes in
conformation, intermolecular interactions, and dynamics of TDP-43-LCD. We also examined possible Heroll structures in
atomistic and coarse-grained MD simulations and found that Hero11 with a higher fraction of disordered region tends to assemble
on the surface of the condensates. Based on the simulation results, we have proposed three possible mechanisms for Heroll’s
regulatory function: (i) In the dense phase, TDP-43-LCD reduces contact with each other and shows faster diffusion and
decondensation due to the repulsive Herol1—Herol1 interactions. (ii) In the dilute phase, the saturation concentration of TDP-43-
LCD is increased, and its conformation is relatively more extended and variant, induced by the attractive Hero11—TDP-43-LCD
interactions. (iii) Herol1 on the surface of small TDP-43-LCD condensates can contribute to avoiding their fusion due to repulsive
interactions. The proposed mechanisms provide new insights into the regulation of biomolecular condensation in cells under various
conditions.

biomolecular condensation, liquid—liquid phase separation, highly charged protein, molecular dynamics,
multiscale MD simulation, coarse-grained model

the molecular mechanisms underlying the regulation of
biomolecular condensation in cells is crucial in both basic
cellular biology and medical science fields.

Experimental studies have revealed several general molecular
features of biological LLPS. Multivalency,'® usually driven by
the low complexity intrinsically disordered regions (IDRs) of
proteins, is one of the central principles underlying LLPS.'*™"
The C-terminal prion-like domain of TDP-43 is a typical IDR
that plays an essential role in TDP-43 phase transitions.”””'
Changes in environmental conditions such as pH,””> muta-

Proteins and nucleic acids can form biomolecular condensates
via liquid—liquid phase separation (LLPS)." LLPS is observed
in many cellular processes and is considered a general
mechanism for the compartmentalization of biomolecules.”
Biomolecular condensation can be either functional or
dysfunctional. The functional condensation facilitates genome
organization,”* assembly of transcription machinery at super-
enhancers,” cellular signaling,6 and response to environmental
stress,” whereas the dysfunctional condensation is involved in

. 332 . P
the assembly of pathogenetic ribonucleoprotein granules that tions,””*" and  post-translational modifications, such  as
leads to irreversible liquid-to-solid transitions.® For example,

the transactive response DNA-binding protein 43 (TDP-43)° November 28, 2022

can form a dysfunctional condensate via LLPS, whose February 9, 2023

consequent aggregation is associated with several neuro- February 9, 2023

degenerative diseases,” ' including limbic-predominant age- February 24, 2023

related TDP-43 encephalopathy,'” amyotrophic lateral scle-
rosis,”> and frontotemporal dementia."* Thus, understanding
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acetylation®>* and phosphorylation,”’ can regulate biological

LLPS. Liquid droplets formed by RNA-binding proteins and
RNAs can be modulated by the RNA—protein ratio and the
length of RNA.***’ Interestingly, short-bait RNAs composed
of TDP-43 target sequences have been used to prevent
neurotoxic aggregation of TDP-43.”' Similarly, a recent
experimental study identified a class of highly charged
intrinsically disordered proteins (IDPs), known as heat-
resistant obscure (Hero) proteins, which can protect proteins
from pathological aggregation.”® TDP-43 aggregation can be
suppressed by coexpressed Hero proteins in cells.”® Interest-
ingly, shuffling of the amino acid sequence in Hero proteins
does not change their activity if the amino acid composition is
maintained.”” The experimental results suggest the importance
of charged residues in the antiaggregation functions of Hero
proteins; however, their detailed molecular mechanisms
remain unknown.

Theoretical and computational studies have been conducted
to examine the phase behavior of IDPs to understand the
formation of LLPS in atomic detail.>"** The stickers-and-
spacers model provides a framework for describing the
composition and interactions among multivalent mole-
cules.’**** Random phase approximation theory is used to
determine the connections between the charge patterning and
phase transition of IDPs.***® However, most studies of
charged IDPs or polyampholytes focus on the promotion of
phase separation due to the attractive interactions between
proteins or between proteins and RNAs.** ™’ Improvements in
all-atom force fields"*™* and residue-level coarse-grained
(CG) models™™* have proven to be effective tools for
investigating biomolecular interactions in dilute and dense
phases. Notably, the hydrophobicity scale (HPS) CG model*
has shown great potential for capturing sequence-specific
thermodynamic properties.”’ ~>' Multiscale molecular dynam-
ics (MD) simulations have been used to study the effects of a
transient a-helical secondary structure’””” in the TDP-43 C-
terminal IDR. The a-helical structure promotes the formation
of a dense phase and induces a higher critical temperature for
TDP-43.°” Despite these results of TDP-43 phase separation,
how other proteins regulate the TDP-43 condensate still needs
to be fully understood.

In this study, we performed multiscale MD simulations of
biomolecular condensates while targeting the antiaggregation
functions of Hero proteins. We selected the C-terminal IDR of
TDP-43 as a protein that forms high-density condensates and
examined the mechanism by which Heroll regulates the
physical properties of condensations. We found that the
electrostatic repulsion between Hero proteins could be a key
factor, which prompted us to carry out simulations of a mixture
of TDP-43 C-terminal IDR and a Heroll mutant with all
positive residues mutated to glycine. The repulsive interactions
between Heroll proteins and the attractive interactions
between TDP-43 and Heroll regulate the formation of
TDP-43 droplets and kinetics of the protein. The secondary
structure dependence of the antiaggregation function was
examined using atomistic and CG MD simulations. Based on
our results, we propose three possible molecular mechanisms
for the antiaggregation function of Heroll and discuss their
general applicability to other Hero proteins as well as highly
charged biomolecules, such as RNAs.
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To understand the phase behavior of TDP-43 and the
antiaggregation regulation function of Heroll, we performed
atomistic and CG simulations of the low-complexity domain
(LCD) of TDP-43 (residues 261—414, hereafter referred to as
TDP-43-LCD for convenience) and the full-length Herol1 of
wild-type (WT) and mutants (sequences listed in Table S1).
Previous studies have identified a short a-helical piece in TDP-
43-LCD and shown that this secondary structure facilitates the
phase separation of TDP-43-LCD.”**” Interestingly, Alpha-
Fold2*’ predicts the structure of TDP-43 containing an a-helix
in the same region. For Heroll, however, there are
discrepancies in its secondary structure predictions between
AlphaFold2 and the IDP-predicting tools IUPred3,>* IDPnn,*®
and PONDR.> AlphaFold2 suggests two a-helices located in
regions 17—25 (confidence score < 70) and 38-72
(confidence score > 90) of Herol1, whereas IUPred3, fIDPnn,
and PONDR anticipate the whole chain with IDR propensities
> 0.5 (Figure S1).

To examine the secondary structure of Heroll, we
employed the CHARMM36m force field*' and performed
atomistic simulations of full-length Heroll in an explicit
solvent (see the Computational Methods section for detailed
simulation conditions). We started with two different initial
structures: one with two a-helices obtained from the
AlphaFold Protein Structure Database’® (entry Q9UNZS),
and the other as a random coil reconstructed from a short CG
simulation using the HPS model (Figure S2A,B). After energy
minimization and equilibration, we performed ~1 pus
simulations for each system. In the simulations starting from
the AlphaFold2-predicted structure, the first a-helix (residues
17-25) unfolded after ~0.6 us, while the second a-helix was
only partly sustained (residues 38—S55; Figure S2A). In the
simulation starting from a random coil, a short piece of a-
helical structure at residues 44—50 emerged in the early stage
and was preserved until the end (Figure S2B). The structures
sampled from these two simulations were quite different,
suggesting that the 1 ys simulation is insufficient to achieve
equilibrium. To obtain statistically more reliable results, it may
be necessary to perform much longer MD simulations (>100
us) or use an enhanced conformational sampling algorithm to
explore the protein conformational landscapes.”” " Regardless
of the initial structure, a short region (residues 44—50) was
predicted as a helical structure in all MD simulations,
suggesting that Heroll is neither completely random nor
stably folded in solution.

Next, we used CG simulations to explore the conformations
of Heroll and TDP-43-LCD. Because our atomistic
simulations with a classic force field did not provide a concrete
conclusion about the secondary structure of Heroll, we
decided to model two extreme cases: one harboring the two a-
helices predicted by AlphaFold2, and the other with the entire
peptide as an IDP. Note that our all-atom simulations suggest
that only part of the helical structures are formed in a single
chain of Heroll. Particularly, residues 17—25 seem to be
totally unfolded. However, these results do not guarantee the
exact conformation of Herol11 to be observed in more crowded
environments such as biomolecular condensates. Therefore, in
CG simulations, we considered the two extreme cases of
secondary structures of Heroll to cover more possibilities.
Here, we employed the HPS potentials*® and the HPS-Urry
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parameter set’’ to define the interactions in the IDR. For the
a-helical regions, we used the AICG2+ model® to restrain the
folded secondary structures (Figure 1).

We first conducted simulations of single-chain TDP-43-LCD
at temperatures ranging from 250 to 350 K. At all
temperatures, the a-helices were well-maintained during the
simulations (Figure S3B). The IDR tails of TDP-43-LCD were
flexible, and the whole structure showed an increase in the
radius-of-gyration (R,) as the temperature increased (Figure
S3C). These results show that the combination of AICG2+
and HPS models provides a way to simulate proteins consisting
of both folded domains and IDRs, although its accuracy should
be validated by comparison with experimental data such as
small-angle X-ray scattering (SAXS) profiles. Using the same
method, we simulated a single-chain Heroll-WT with a-
helical structures (named Heroll-WT-a) or without any a-
helical structure (named Herol1-WT-noa). Contact analysis
demonstrated that when applied, the AICG2+ potentials
preserved the folded structures of the a-helices (Figure S4B).
Interestingly, we found that Hero11-WT-a had larger R, values
than Herol1l-WT-noa at all simulated temperatures (Figure
S4C). This result showed that the a-helical secondary
structures resulted in relatively extended conformations of
Herol1l-WT.

We further validated our method using a multiple-chain
system of TDP-43-LCD. Following the slab simulation
strategy,”’ we generated a system composed of 100 chains of
TDP-43-LCD in a 180 A X 180 A X 3000 A box with periodic
boundary conditions. The system was simulated at different
temperatures from 260 to 350 K. During the simulations, we
monitored the protein density distribution along the z-axis (the
longest dimension). We divided the z-axis into small bins of
size Az = 30 A and computed the local density of TDP-43-
LCD molecules in each bin (see Computational Methods
section for details). Based on the density analysis, we
determined the dense and dilute phases at temperatures
lower than the critical temperature (T.). The time evolution of
TDP-43-LCD density shows that TDP-43-LCD forms a stable

836

B TDP-43 low-complexity domain (TDP-43-LCD)
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Figure 1. Sequence and CG modeling of the heat-resistant obscure protein 11-wild type (Herol1-WT) and transactive response DNA-binding
protein 43 LCD (TDP-43-LCD). (A) Sequence and CG modeling of Herol11-WT. (B) is same as (A) but for TDP-43-LCD. Each amino acid
residue is represented by one bead in the simulations. Particles are shown in different sizes to represent different treatments: small particles are
modeled with the HPS, and large particles are modeled with AICG2+ to maintain the a-helical structures based on AlphaFold2 predictions.

condensate at 295 K (Figure 2A). In the dense phase, TDP-43-
LCD forms extensive intra- and intermolecular interactions
(Figure 2B). In the dilute phase, TDP-43-LCD chains are
primarily free and seldom form contact with each other. The
density data at different temperatures were then used to plot
the phase diagram of TDP-43-LCD, as shown in Figure 2C
(solid line and dots). As a control, we built a model of TDP-
43-LCD without holding the a-helical structure and carried
out the same simulation and analysis. Our results showed that
the a-helical secondary structures raised the critical temper-
ature of TDP-43-LCD by ~5 K (Figure 2C). Detailed contact
analysis revealed that the a-helical region contributed more to
interchain interactions than the IDRs (Figure SS). These
results are consistent with those of a previous study,” even
though the modeling methods and parameters differ. Because
the existence of the a-helix had already been proven,’” we kept
the TDP-43-LCD model with the a-helical structure for the
rest of the simulations in this study.

Previous simulation studies have investigated the R, of IDR
in the condensate and its relationship with conformational
entropy gain during phase transition.”"®” Inspired by these
studies, we also calculated the R, values of TDP-43-LCD from
our simulations (Figure S6). Consistent with earlier find-
ings,él’62 TDP-43-LCD had larger R, values in the condensate
than in the dilute phase. While dilute phase R, grows
monotonically with temperature, dense phase R, is almost
independent of temperature (Figure S6A). We also computed
the standard deviation of the Ry values (sp ) and found that the

dense phase R, has larger standard deviation (ng,deme = 7.479
A) than the dilute phase Ry (sg giue = 7-043 A) (Figure S6B).
These results show that the structure of TDP-43-LCD in the
dense phase is not an elongated and trapped conformation due
to restraining intermolecular interactions. Instead, larger SR,

value suggests higher conformational fluctuations of TDP-43-
LCD in the condensate.
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Figure 2. Multitemperature slab simulations of homotypic TDP-43-LCD and Herol1-WT. (A) Time evolution of the local density of TDP-43-
LCD along the z-axis (longest dimension of the simulation box). In each simulation, 100 chains of TDP-43-LCD were put in a box of 180 X 180 X
3000 A®. The z dimension is divided into 100 bins with length Az = 30 A, and local density is calculated in each 180 X 180 X 30 A® bin. Intensity of
the blue color represents local density, as indicated by the color bar. (B) Last structure of a 5 X 10”-step slab simulation of TDP-43-LCD at 295 K.
For clarity, we only show the region around the condensate of TDP-43-LCD. Chains are shown in different colors to distinguish them. (C) Phase
diagram of TDP-43-LCD with (solid line and dots) and without (dashed line and empty dots) the a-helical structure modeled by AICG2+. Circles
represent the simulated densities, and triangles represent the fitted values (see Computational Methods for details). Error bars represent standard
deviations. (D) is same as (A) but for Hero11-WT-a. Density is represented by the intensity of red, as indicated by the color bar. (E) Part of the
last structure of a § X 107-step slab simulation of Hero11-WT-a at 295 K. Chains are shown in different colors. (F) is same as (E) but for Hero11-
WT-noa. In (E,F), Herol1-WT-a and Herol1-WT-noa means Herol1-WT modeled with and without a-helix, respectively.

Next, we conducted CG simulations for the multiple chains of
Herol1l-WT-a and Herol1-WT-noa. Heroll-WT contains
many positively charged residues (Figure 1A), and the net
charge of a single chain is +23. Experiments have shown that
Herol1-WT has a lower tendency to form condensates than
typical LLPS or aggregation-prone proteins, such as TDP-43-
LCD.* Consistently, our simulation results demonstrated the
same property of Hero11-WT and connected the Herol1-WT
sequence with its phase behavior. The density profile of
Herol1-WT-a simulated at 295 K showed that Hero11-WT-a
did not assemble into a stable concentrated phase (Figure 2D)
as TDP-43-LCD did at the same temperature (Figure 2A).
Similarly, Hero11-WT-noa did not form condensates at 295 K.
A snapshot of the Hero11-WT-a (Herol1-WT-noa) structure
at 295 K is shown in Figure 2E,F, demonstrating an
unconsolidated structure with rare interchain contacts.

The simulation temperature was then tentatively decreased
to determine the T. of Heroll-WT. We found that the
Heroll-WT proteins showed no sign of condensation in
simulations at temperatures higher than 200 K (Figure S7). We
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were able to determine an exceptionally low critical temper-
ature using the current model; however, because the
applicability of the HPS and AICG2+ models are yet to be
validated at low temperatures, we want to avoid discussing
those possibly unphysical results here. Nevertheless, our
simulations indicate that Herol1-WT bears a much lower T.
than LLPS-prone IDPs, such as TDP-43.

Mutation experiments have suggested that the positive charges
on Herol1-WT dominate its phase behavior.”” Following the
experimental design, we also simulated several Heroll
mutants, including the “KRless” mutant, where all lysine and
arginine residues are substituted to glycine, and the
“scrambles,” in which the sequence of Heroll is randomly
shuffled.*

Similar to Heroll-WT, we first carried out all-atom
simulations for Heroll-KRless using the CHARMM36m
force field.*' Two initial structures were used: either from
the AlphaFold2 predicted structure or a random coil. During
the 1 ps simulations of the predicted structure, we found that
the a-helix was partially unfolded, and only a short part
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Figure 3. Phase behavior of the Hero11-KRless mutants. (A) Representative graph of the local density of Herol1-KRless-a over time. Intensity of
the orange color represents local density, as indicated by the color bar. Local density has the same definition as Figure 2A. (B) Last structure of a S
X 107-step simulation of Herol1-KRless-a at 250 K. Colors from yellow to orange shade are used to distinguish the different chains. (C) Phase
diagram of Herol1-KRless mutants. Circles represent the simulated values, and triangles represent the fitted values (see Computational Methods

for details). Error bars represent standard deviations.

(residue 43—55) was retained (Figure S2C). In the simulation
from a random coil, some short a-helices and f-strands were
formed transiently but were not stable (Figure S2D). Similar to
Herol1-WT, the Heroll-KRless simulations also did not
present convergent results. Therefore, we consider two
extreme conformations (Heroll-KRless-a and Heroll-
KRless-noa) in the downstream CG simulations.

We performed CG simulations for systems containing 100
chains of Herol1-KRless-a or Herol1-KRless-noa at temper-
atures from 210 to 300 K. Using the same analysis method as
for Hero11-WT, we plotted the time evolution of density along
the z-axis (Figure 3A). Unlike Hero11-WT, Herol1-KRless-a
formed a stable cluster at 250 K, with dynamic dissociation and
association of single chains (see a representative snapshot at
250 K in Figure 3B). We found that a-helical structures still
contributed many interactions in the dense phase of Heroll-
KRless-a, as also indicated by the contact analysis (Figure S8).
We then used the density and temperature data to plot the
phase diagram for KRless mutants (Figure 3C). Removing the
positive charges from the sequence significantly raises the
critical temperature of Heroll (Figures 3C and S7). In other
words, electrostatic repulsion due to the high content of
positively charged residues in Hero11-WT dominates its phase
behavior. To further verify this conclusion, we mutated all
charged residues in Heroll (including 27 positive and 4
negative residues; Figure 1A) to glycine and modeled them as
Herol1-chargeless-a and Herol1-chargeless-noa, respectively.
Compared to the Heroll-KRless mutants, which have a net
charge of —4e, the Herol1-chargeless mutants were neutralized
and showed even higher T, than the Herol1-KRless mutants
(Figure S9). These results supported the hypothesis that
interchain electrostatic interactions between the large amount
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of positively charged residues suppress self-condensate
formation at physiological temperatures.*’

In addition to the KRless and chargeless mutants, in which
the fraction of charges was altered, we also simulated the
mutants in which the sequence was randomly shuffled but
keeping the same amount of net charge. We modeled these
mutants as pure IDPs (named as Herol1-scramble n-noq, n =
1, 2, 3) because there is no reason to assume that the a-helices
are preserved in the randomly shuffled sequences. Simulation
results of these mutants (Figure S9) showed that all three
scrambles tested had similar phase behaviors to those of
Heroll-WT-noa that they do not form condensates at
physiological temperatures. These results agree with previous
experiments showing that the charge content is more crucial
than the amino acid sequence in determining the phase
behavior of Hero proteins.”

Next, we explored the mechanism for the antiaggregation effect
of Heroll on TDP-43-LCD, which was found in previous
experiments.’’ Using the slab method, we simulated a system
consisting of 100 Herol1-WT-a and 100 TDP-43-LCD. We
prepared a consolidated mixture of Herol1-WT-a and TDP-
43-LCD as the initial structure (see Computational Methods
section for details). Simulations were performed at different
temperatures ranging from 250 to 350 K. The time evolution
of the densities of TDP-43-LCD and Heroll-WT-a showed
that the dense region of the two proteins was highly coupled
(Figure 4A,B). At 250 K, TDP-43-LCD and Heroll-WT-a
chains jointly formed high-density condensates, as indicated by
the darkest blue and red regions (Figure 4A). The final
structure of this simulation showed that some Heroll-WT-a
chains joined the well-defined condensate formed by TDP-43-
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Figure 4. Slab simulations of heterotypic systems consisting of 100 TDP-43-LCD and 100 Hero11. (A,B) show representative local density profiles
of TDP-43-LCD and Herol1-WT-a simulated at 250 and 295 K, respectively. Intensity of blue (red) represents the local density of TDP-43-LCD
(Hero11-WT-a), as indicated by the color bars. (C,D) show the last structures of the 250 and 295 K trajectories, respectively. (E) Phase diagram of
TDP-43-LCD in the presence of Heroll-WT-a (cyan) or Heroll-KRless-o (gray). Circles represent the quantities calculated from the
simulations, with error bars representing standard deviations of the densities. Triangles are the fitted critical points (see Computational Methods for
details). Star and dashed line represent the fitted critical point and phase diagram of the homotypic TDP-43-LCD, which is the same as Figure 2C.
(F) Fraction of Heroll located in the condensate of TDP-43-LCD (@ye011) as @ function of the simulation temperature. Error bars represent
standard deviations. In (E,F), only the last one-third of each simulation was used for analysis.

LCD (Figure 4C). In contrast, at 295 K, the dense phase
formed by TDP-43-LCD and Herol1-WT-a began to dissolve
after the beginning of the simulation. The largest cluster
diverged into several smaller clusters in the last ~2.5 X 107
steps (Figure 4B). Herol1-WT-a still formed contacts with
TDP-43-LCD, but a clear boundary between the two phases
disappeared (Figure 4B,D). Compared to the homotypic TDP-
43-LCD system at 295 K (Figure 2A), these results illustrated
how Heroll-WT-a changes the behavior of TDP-43-LCD.
Because no stable condensation was observed at 295 K, we did
not use simulation data at this temperature for the following
analysis. Instead, we used results obtained at 260, 270, 280,
and 290 K, at which two phases can be clearly determined in
the heterotypic systems containing TDP-43-LCD and Hero11-
WT. The phase diagram of TDP-43-LCD in the presence of
Herol1-WT-a (Figure 4E, cyan solid line) showed that the
addition of Herol1-WT-a decreased the T, of TDP-43-LCD.

The mutations from Lys/Arg to Gly drastically changed the
phase behavior of homotypic Heroll (Figure 3). We then
investigated how these mutations affected the cocondensation
of Heroll and TDP-43-LCD. From the simulations of a
mixture of 100 Herol1-KRless-a and 100 TDP-43-LCD, we
found that at 295 K, the dense phase formed by both proteins
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was stably maintained (Figure S10). The phase diagram of
TDP-43-LCD (Figure 4E, gray line) showed that without the
high content of positively charged residues, Herol1-KRless-a
promotes T, of TDP-43-LCD to ~310 K. Removing all
charged residues, Heroll-chargeless-a raises T, of TDP-43-
LCD to a higher value of ~320 K (Figure S11A). Interestingly,
we found that both Heroll-WT-a and Heroll-KRless-a
entered the condensate of TDP-43-LCD, consistent with a
previously proposed “scaffold and ligand” model.*~%°
However, the fraction of “ligand”-Herol1 (@yeo;;) was smaller
in the case of Herol1-WT-a than in Herol1-KRless-@, owing
to the strong interchain repulsion (Figure 4F). These results
show that the electrostatic interactions between positively
charged residues in Heroll-WT-a determine its regulatory
functions in the phase behavior of other proteins.

Next, we investigated the detailed mechanisms of the
antiaggregation function of Heroll by performing simulations
of heterotypic systems composed of 100 TDP-43-LCDs and
variant numbers (101, n = 1, 2, .., 9) of Herol1-WT-a. We
first plotted the binary phase diagram (Figure SA) based on
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TDP-43-LCD is hidden. (E) Radius of gyration of TDP-43-LCD (R rpp.43.1cps upper) and its standard deviation ((sRyTDP_%_LCD, lower) in the
dilute phase as a function of fiy; . wr-- Horizontal dotted lines in (B—E) are corresponding values calculated from homotypic TDP-43-LCD
simulations. Error bars in (B—E) represent the standard errors of the mean. (F) MSD of TDP-43-LCD (MSDpp.43.1cp) in the dense (upper) and
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the MSD values calculated from five independent simulations. Results in (B—F) are based on simulations at temperature 290 K.

the densities of TDP-43-LCD and Herol1-WT-a in different
phases and at different temperatures. In the phase diagram, the
low-density branch (empty circles) shows the saturation
concentration of TDP-43-LCD, whereas the high-density
branch (solid circles) represents the density in the condensate.
As a reference, we also show the density of TDP-43-LCD
analyzed from the simulations of homotypic TDP-43-LCD
(“+” and “X” dots). As the temperature increased, the biphasic
region shrank, suggesting an upper consolute temperature
above which no phase separation occurs (Figure SA).

We then focused on the density changes caused by adding
Heroll-WT-a to the TDP-43-LCD condensate. Compared
with the densities of the homotypic TDP-43-LCD system, the
addition of Heroll-WT-a decreased the density of TDP-43-
LCD in the dense phase, as indicated by the high-density
branches in Figure SA. This effect was more prominent at
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higher temperatures (290 K) than at lower temperatures
(280—260 K). On the other side, our results also showed that
Herol1-WT-a increased the saturation concentration of TDP-
43-LCD, as indicated by the higher TDP-43-LCD densities in
the dilute phase (Figure SA). These results show that Herol1-
WT-a not only results in a lower TDP-43-LCD density of the
concentrated phase but also increases the population of TDP-
43-LCD in the dilute phase. The changes of the dense phase
induced by Heroll-WT-a suggest an essential role of
electrostatic repulsion between the Heroll-WT-a chains,
whereas the effects of Hetoll-WT-a in the dilute phase
imply contributions from attractive interactions between
Herol1-WT-a and TDP-43-LCD.

Given that the coexistence of both repulsive and attractive
interactions complicates the net effect of Heroll on TDP-43-
LCD’s condensation, a more detailed analysis was conducted.
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Because the density changes of TDP-43-LCD induced by
Herol1-WT-a are the most significant at 290 K (Figure SA
purple dots and lines), we focused on this temperature in the
following discussion. We performed five more independent
simulations for every 100 TDP-43-LCD + 10n Herol1-WT-a
(n =1, 2 ., 9) system to obtain more samples. Each
simulation was run for 9 X 10 steps, and the last 3 X 107 steps
were used for the data analysis. At 290 K, dense and dilute
phases were well defined. Thus, we could separately analyze
the physical quantities of the proteins in the two phases. We
first calculated the total (including all TDP-43-LCD and
Hero11-WT-a) particle density in the dense phase (o) as a
function of the number of Heroll-WT-a included in the
simulations (#yo;011.wT-)- We found that py,... was decreased
a$ Myero11.wr- increased (Figure SB). Importantly, compared
with the homotypic TDP-43-LCD system, py.n is lower when
Herol1l-WT-a is involved, showing that Heroll-WT-a
loosens the condensate. We consider this phenomenon to be
nontrivial because the “ligand” proteins do not necessarily
decrease the density of condensates formed by the “scaffold”
proteins.”**”®> On the other side, number of TDP-43-LCD in
the dilute phase increased as fiye .wr.q increased (Figure
SC), consistent with the increased dilute phase concentration
of TDP-43-LCD (Figure SA).

To decipher the regulatory function of Herol1-WT in TDP-
43-LCD condensation at the molecular level, we analyzed the
interchain contacts formed by the proteins. We found that the
total number of all interchain contacts in the dense phase was
decreased when iy .wr.e Was increased (Figure S12),
confirming the loosening effect of Heroll-WT-a on TDP-
43-LCD condensation. Then, more specifically, we counted the
number of contacts formed by every TDP-43-LCD chain
(¢rpp43) With other TDP-43-LCDs (TDP-43-LCD—TDP-43-
LCD) or Herolls (TDP-43-LCD—Herol1). We considered
the average (over all structures simulated at the same
condition) interchain contact number of TDP-43-LCD
(Crpps3.Lep) as a function of My 1 wr-o- Compared with the
Crpp-43-.Lcp Value in the homotypic TDP-43-LCD condensate
(~2800, Figure SD, horizontal dotted line), adding Herol1-
WT-a to the system reduced the number of TDP-43-LCD—
TDP-43-LCD contacts (Figure SD). AS fyeo11-wr-q increased
to 90, the TDP-43-LCD—TDP-43-LCD contact number drops
to ~2200 (cyan dashed line and empty dots in Figure SD).
This phenomenon can be explained by the replacement of
some TDP-43-LCD—TDP-43-LCD contacts by TDP-43-
LCD—Herol1l-WT-a interactions in the condensate. Indeed,
as the number of Hero11-WT-a increased, the TDP-43-LCD—
Heroll contact number increased, which can be interpreted
from the difference between the total and the TDP-43-LCD—
TDP-43-LCD contact numbers (Figure SD, upper panel).
However, our results also show an evident decrease in the total
number of contacts formed by each TDP-43-LCD, which
cannot be solely explained by substituting TDP-43-LCD—
TDP-43-LCD contacts with TDP-43-LCD—Herol1 contacts.
Considering that the repulsive electrostatic interactions result
in an extraordinarily low T. for Heroll-WT-a, it is
straightforward to speculate that the repulsion between
Herol1-WT-a also induces a decrease in the contact number
of TDP-43-LCD. To test this assumption, we analyzed the
contact numbers of TDP-43-LCD from simulations containing
100 TDP-43-LCD and 100 Heroll-KRless-a (Figure S13).
We found that when all positive charges were removed, instead
of reducing the total contact number of TDP-43-LCD,
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Herol1-KRless-a increased Crpp.us..cp (Figure S13), consis-
tent with the higher T. yielded by Herol1l-KRless-a (Figure
4E). These results illustrate the function of Herol1-WT-a in
the concentrated phase of TDP-43-LCD that Heroll-WT-a
replaces some part of the interchain contacts of TDP-43-LCD,
and the strong electrostatic repulsion between Herol1-WT-a
chains “loosen” the whole condensate, resulting in fewer
intermolecular interactions on TDP-43-LCD.

We also analyzed the contact number of TDP-43-LCD in
the dilute phase, as shown in the lower panel of Figure SD. We
found that both the total contact number and the number of
TDP-43-LCD—Heroll contacts increased as fiyeor1-wr-a
increased. This result suggests that TDP-43-LCD has a higher
probability of remaining in the dilute phase due to interactions
with Heroll-WT-a and explains the increased saturation
concentration of TDP-43-LCD in the presence of Heroll-
WT-a (Figure SA the low-density branches, and Figure SC).
We then calculated the radius of gyration of TDP-43-LCD
(Rytpp4sicp) in the dilute phase to evaluate the effect of
increased intermolecular contacts on the conformation of
TDP-43-LCD. We found that Ryrppssicp expanded from
~31.2 to ~31.5 A when ny..;;.wr.o increased from 10 to 90
(Figure SE, upper panel). Notably, all these Ry 1pp-s3-Lep values
were larger than those calculated in the single-chain
simulations (Figure SE, upper panel). In contrast, Ryrpp_43..cp
in the dense phase was independent of the concentration of
Herol1-WT-a and was close to the value in the homotypic
TDP-43-LCD condensation (Figure S14). As discussed earlier
in this work, TDP-43-LCD in the homotypic condensate has a
larger mean value and variance of R, than in the dilute phase,
indicating an entropy gain during phase separation (Figure
56).°"%* Interestingly, we found that Hero11-WT-a induced a
larger standard deviation of TDP-43-LCD’s R; (sg Tpp-43-Lcp)

in the dilute phase (Figure SE, lower panel) and smaller
sg,Top-43-Lcp in the dense phase (Figure S14, lower panel).

Importantly, the difference in SR,TDP-43-LCD i the two phases

was smaller in the heterotypic system than in the homotypic
system, suggesting less conformational entropy gain during
phase separation. Collectively, our results showed that Hero11-
WT-a regulates the thermodynamic behavior of TDP-43-LCD
with both energetic (Figure SD) and entropic (Figure SE)
contributions.

To quantitatively evaluate the effect of Herol11-WT-a on the
kinetics of TDP-43-LCD, we calculated the mean square
displacement (MSD) of TDP-43-LCD (MSDypp431cp) in
dense and dilute phases as a function of 1y wr.o to estimate
the diffusion of TDP-43-LCD (Figure SF). Importantly, the
effects of Herol1-WT-a on TDP-43-LCD MSD in the two
phases were the opposite. In the dilute phase, owing to the
interactions with Hero11-WT-a, TDP-43-LCD is slowed down
compared with its behavior in the homotypic condensate
(Figure SF, lower panel). In contrast, in the dense phase, TDP-
43-LCD diffused faster when more Heroll-WT-a was
involved (Figure SF, upper panel). We also decomposed the
three-dimensional MSD into three one-dimensional MSDs
(MSD,p) in the -, y-, and z-dimensions. Due to the limited
size of the condensate, the z-axis dense phase MSD;, was
smaller than the other two dimensions (Figure S15). However,
all three dimensions showed a consistent feature that the dense
phase MSD,p, was increased as fiyeo11-wr.q increased (Figure
S15). Importantly, the higher diffusion speed of TDP-43-LCD
induced by Heroll-WT-a implies that the condensation of
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Figure 6. Effect of a-helical secondary structures on the distribution of Hero11-WT in the condensate. (A) Final structures of two simulations at T
=260 K, 100 TDP-43-LCD +90 Herol1-WT-noa (upper) or 90 Herol1-WT-a (lower). (B) Densities of TDP-43-LCD (blue) and Hero11-WT
(red) along the z-axis in simulations at T = 260 K (upper) and 290 K (lower), respectively. Solid and dashed lines represent results analyzed from

simulations with Hero11-WT-a and Herol1-WT-noa, respectively.

TDP-43-LCD and Heroll-WT-a is more fluidic than the
homotypic TDP-43-LCD assembly. This result supports the
antiaggregation function of Hero11*° with a molecule-level
kinetic explanation.

As already shown in this study and previous studies, a-helical
secondary structures affect the homotypic phase behaviors of
proteins.”>* We then ask how heterotypic condensation is
affected by secondary structural properties. To answer this
question, we performed MD simulations for the TDP-43-
LCD—Heroll-WT-noa mixture. We find that the “noa”
systems’ phase diagrams are similar to those with a-helices
(Figure S11B). Notably, Herol11-WT-noa also decreased T of
TDP-43-LCD, while Herol1-KRless-noa and Herol1-charge-
less-noar did not have this effect (Figure S11B). We then
calculated the partition coefficient (defined as the number of
Heroll in the dense phase divided by the number of Heroll
in the dilute phase) of Herol1-WT-a and Hero11-WT-noa to
determine the effect of the a-helical secondary structure on the
distribution of Heroll proteins. Interestingly, we found that
there was more Herol1-WT-a populated in the dense phase
than Heroll-WT-noa under the same conditions (Figure
S16). This phenomenon is more evident at relatively lower
temperatures or lower Heroll concentrations. Contact map
analysis showed that in the mixture of TDP-43-LCD and
Heroll-WT-a, a large fraction of intermolecular contacts
between TDP-43-LCD and Herol1-WT-a was contributed by
the a-helices of both proteins (Figure S17). In the TDP-43-
LCD—Heroll-WT-noa system, these secondary structure-
facilitated interactions were missing (Figure S18). Therefore,
intermolecular interactions energetically favor Herol1-WT-a
in the condensate of TDP-43-LCD.
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We further analyzed the distribution of the Heroll
molecules in the simulation boxes. Representative structures
simulated at 260 K for 100 TDP-43-LCD in a mixture with 90
Hero11-WT-noa and 90 Herol1-WT-a show that there seems
to be more Heroll-WT-a than Heroll-WT-noa inside the
concentrated phase (Figure 6A). To quantitatively assess the
distribution of the Herol11-WT chains in the simulation boxes,
we calculated the time-averaged local density of Herol1-WT-a
and Heroll-WT-noa along the z-axis (Figure 6B). At both
260 and 290 K, the local concentration of Heroll-WT-a
chains located in the dense phase was higher than that of
Herol1-WT-noa. Additionally, consistent with the structures
shown in Figure 6A, we found that Herol1-WT-noa had a
high population at the boundary of the TDP-43-LCD
condensate, whereas Herol1-WT-a entered deeper into the
dense phase (Figure 6B). These results can be explained by the
difference in the secondary structure-dependent intermolecular
contacts. Compared with Heroll-WT-noa, the a-helical
regions in Heroll-WT-a contribute more interactions with
the a-helical region of TDP-43-LCD (Figures S17 and S18).
These contacts make Herol1-WT-o easier than Herol1-WT-
noa to permeate into the interior of TDP-43-LCD
condensation. We found that the difference between Heroll-
WT-a and Heroll-WT-noa weakened at relatively higher
temperatures (290 K, Figure 6B, lower panel). We then
calculated the Heroll concentration-dependent thermody-
namic and kinetic quantities of TDP-43-LCD (interchain
contacts, particle density, R, and MSD) in the presence of
Herol1-WT-noa at 290 K and found no substantial difference
compared to the results obtained with Herol1-WT-a (Figure
$19).
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TDP-43-LCD condensation

o

@ TDP-43-LCD changes in dense phase
reduced inter-chain contacts, faster diffusion
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== >
@ TDP-43-LCD changes in dilute phase: ¥
increased inter-chain contacts, larger variance of Ry

droplet fusion

> effects of surface charge
decelerated droplet fusion

Figure 7. Molecular mechanism for the antiaggregation function of Heroll. Top: TDP-43-LCD can form homotypic condensation via
intermolecular interactions formed by IDR (lines) and facilitated by a-helical structures (dots).”> Bottom: Herol1 regulates the phase behavior of
TDP-43-LCD using three different mechanisms: (1) Herol1 joins the condensate of TDP-43-LCD as a ligand and decreases the intermolecular
contacts of TDP-43-LCD. Consequently, the diffusion of TDP-43-LCD is promoted. (2) Herol1 raises the probability for TDP-43-LCD to be in
the dilute phase and induces larger variance in R, of TDP-43-LCD outside of the condensate. (3) In the case of less helical structures, Hero11 tends

to stay at the surface of the droplets, which may have some surface effects such as preventing droplet fusion.

In the current work, we used Heroll as an example to study
the mechanisms of biomolecular condensation regulation. We
found that Herol1 binds to the condensate formed by TDP-
43-LCD (Figure 4A—D), which conforms to the “scaffold and
ligand” paradigm.****®* The stickers-and-spacers model has
been used to show that the formation or dissolution of
condensate can be regulated by the valency and binding
specificity of the ligand.”* However, charges and repulsive
interactions were not considered in the model.** Our results
demonstrate that Heroll destabilizes the TDP-43-LCD
condensate by introducing strong ligand—ligand electrostatic
repulsion in addition to the normally attractive ligand—scaffold
interactions. By analyzing the contact number of TDP-43-
LCD, we showed that Herol1 binds to TDP-43-LCD in both
dense and dilute phases (Figures SD; S17, S18, and S19B), but
the effects of Heroll are different in the two phases, as
explained below.

Specifically, we considered three possible mechanisms by
which Heroll regulates TDP-43-LCD condensation (Figure
7). First, in the concentrated phase, Herol1 forms contact with
the scaffolding TDP-43-LCD mainly via short-range attractive
interactions (modeled by the HPS potential). Simultaneously,
the positively charged residues in Heroll exert long-range
repulsive forces on Heroll. As a result, the Heroll chains
tend to repel each other and loosen the whole condensate,
including the scaffold on which they bind. Accordingly, we
observed lower particle densities (Figure SB), smaller numbers
of contacts (Figure SD), and faster displacement of TDP-43-
LCD (Figure SF) in the dense phase when Hero11 was present
compared to those in the homotypic condensate. Second, in
the dilute phase, Hero11 increased the total contact number of
TDP-43-LCD (Figure SD, lower panel; Figures $17—S19) and
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energetically raised the probability for TDP-43-LCD to stay in
the dilute phase. Heroll also increased both the mean value
and standard deviation of R, of the TDP-43-LCD chains in the
dilute phase (Figure SE). As discussed earlier, Hero11 results
in a smaller difference in the conformational fluctuation of
TDP-43-LCD in the two phases and thus may contribute to
reducing the entropy gain during the phase separation.
Therefore, these results explain the ability of Heroll to
enhance the probability of TDP-43-LCD locating in the dilute
phase.

We also found that as the structural helicity decreases,
Herol1 distributes more on the surface layer of the coassembly
with TDP-43-LCD. Similar results were reported in a previous
MD simulation study of the heterotypic condensate formed by
LAF-1 and RNA.*® Notably, amphiphilic proteins have been
found to form a surface layer that can regulate the structure
and size of condensates.”” Another combined computational
and experimental study revealed that surface charges stabilize
and protect biomolecular condensates against fusion.’® These
observations, in combination with our findings on the surface
distribution of Herol1-WT-noa (Figure 6), suggest a third
possible mechanism for the regulatory function of Heroll, in
which Heroll may contribute to sustaining the condensate of
TDP-43-LCD and prevent droplet coalescence (Figure 7).
Note that this antifusion effect of the surface charge
distribution is still a speculative model. Our current slab
simulations can only provide the concentration profiles of
Herol1-WT proteins in the condensate. A direct validation of
this mechanism may need larger-scale simulations of the whole
droplets. We also propose that these possible mechanisms can
be verified and distinguished by comparing detectable
quantities, such as the radius of gyration and diffusion
coeflicients, using in vitro and in vivo experiments.68_70
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Our results revealed that the net charge is crucial in
determining the thermodynamic properties and regulatory
functions of Herol1. Similar to Herol11, a large absolute value
of net charge, either positive or negative, is a common feature
of other Hero proteins.’” Therefore, we speculate that the
driving force for the antiaggregation function of the other Hero
proteins may also be strong electrostatic repulsion. Interest-
ingly, RNA, which is also highly charged, has been shown to
induce concentration-dependent reentrant phase behaviors in
many RNA-binding proteins.””**”"”* In particular, a recent
computational study showed that a high concentration of RNA
can slow down the aging of condensates formed by proteins
composed of f-sheet secondary structures.”” Although the
computational models and target systems were different, the
results of the RNA deceleration effect were very similar to the
antiaggregation mechanism of Heroll proposed here. One
difference is that Tejedor et al. introduced a time-dependent
model to simulate the maturation procedure of protein
aggregation regulated by RNA,”* whereas in our work, we
focused on the preaged stage of TDP-43 condensation. Our
conclusions can be considered as complementary to Tejedor et
al. in providing a whole picture of the passive regulation of
biomolecular condensation in different maturation stages. In
summary, our results suggest that adding repulsive interactions
to the framework of sticker—spacer or scaffold—ligand models
can extend their applicability to describe the formation,
regulation, and elimination of biomolecular condensation.

We note that our method can be extended to study similar
systems in the future. For example, one question that remains
unanswered is the specificity of the regulatory functions of the
Hero proteins as different Hero proteins have distinct clients.
Hero proteins have different sequences and secondary
structural features whose relationships with their phase
behaviors have not been thoroughly studied. We expect that
our models and simulation results of Hero11-WT-¢ and TDP-
43-LCD in the current study have provided mechanisms that
can be qualitatively applied to explain other similar systems.
For example, we studied two extreme cases of secondary
structures and found differences in their distribution in
condensates, which may help to understand the properties of
some other Hero proteins that have similar structural features.
We also note that the accuracy of our CG model can be
improved by parameter recalibration against experimental
results if they are available, for example, critical points of the
scaffold proteins (such as TDP-43) and circular dichroism
spectra or SAXS profiles of ligand proteins (such as Hero
proteins). Alternatively, all-atom simulations using different
force fields with improved parameters’””’® and advanced
sampling methods®”*®”” can provide more direct information
such as atomic-level residue—residue interactions and motions
of ions and water molecules.

We used AlphaFold2®® to predict the structure of Heroll and
obtained two a-helical regions at residues 17—25 and 38—72. To test
the stability of these secondary structures, we performed all-atom MD
simulations of the Herol1-WT and the Herol1-KRless mutant with
CHARMM36m force field.*' More detailed information on the
atomistic simulations can be found in the Supporting Information
Methods section.
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In the CG simulations, we studied full-length Hero11 (99 amino acid
residues) and the C-terminal fragment of TDP-43 (TDP-43-LCD,
index 261—414). To understand the effect of the charged residues, we
also simulate several mutants of Heroll, including the KRless (all
arginine and lysine mutated to glycine), the charge-less (all charged
residues mutated to glycine), and the “scrambles” (sequence
randomly permuted). The sequences of all simulated proteins are
shown in Table S1.

The HPS CG model was employed for IDRs.*> The HPS model
represents each amino acid residue as a single particle. The potential
energy function is given by™

)

(i,j) Enon-bonded pairs

Eele(rij)

Vips(T) = 2 Ey(b) +
bonds

D)

(i,j) €Echarged pairs

EHPs("ij)

(1)

where T is the conformation of an IDP and E(b,) is the harmonic
potential for every two neighboring CG particles with a bond length b;

Eb(bi) = kb(bi - bi,o)2 (2)
where the reference value of the bond length is b, = 3.8 A and the

2.39 keal A2 EHPS(’?‘;‘) is the interaction
43,78

force constant is k, =

between two nonbonded particles and is defined as follows

Eyps(ry) = {ELJ(Vij) + (1= 2e 1y < 26
1/6
%

Gjj

j’ijEL](rij)J 5 >2

3)

where 4; is the hydropathy and ELJ( r,-j) is the Lennard—Jones potential

12 6
Ojj 0y
By = 4| 2| -2
T Ty

In eqs 3 and 4, € = 0.2 kcal/mol. We used o;; values in the original
HPS model and the 4; values in the recently proposed HPS-Urry
optimization.*” Both o; and A; use an arithmetic combinational rule
for an interacting pair of particles (i;).

For the electrostatic interaction Eele(ri/-) in eq 1, we use the Debye—

(4)

Hiickel term

—1;i/ A
q4;e 7"
Eele(r[j) =

4re ¢,

(5)

where r;; is the distance between the nonbonded charged particles, Ap
is the Debye screening length, and ¢ is the dielectric permittivity of
vacuum. &, is the relative permittivity of the solution and is a function
of the solution temperature T and salt molarity C: ¢, = e(T)a(C),
where ¢(T) = 249.4 — 0.788T + 7.20 X 107*T%,”° and a(C) = 1 —
0.2551C + 5.151 X 1072C* — 6.889 X 10°C%."* The Debye length is

rrl}

kpTege,
Wyell
elementary charge, and I is the ionic strength of the solution.

As described above, AlphaFold2 predicted the a-helical secondary
structural pieces in the conformation of Heroll. However, our
atomistic simulations did not provide convergent results regarding the
stability of these secondary structures (Figure S2). Therefore, in the
CG simulations, we modeled two extreme cases of Heroll, namely,
one with a well-folded a-helical model (Hero11-WT-@) and the other
with pure IDR (Herol1-WT-noa). We used the AICG2+ model® to
maintain folded parts of proteins. The AICG2+ potential energy
function has the following form®

given by A, = , where N, is the Avogadro’s number, e, is the
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(i,j) Enonnative contacts
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(6)

where V), includes all bonded terms, Eca(";‘j) is the Go-type
potential biasing toward the native structure, and Eexv(rij) is the

excluded volume interaction. More details on the potential functions
can be found in the Supporting Information Methods section.
Specifically, residues 17—25 and 38—72 in Herol1 and residues 60—
74 in TDP-43-LCD (320—334 in full-length TDP-43) were modeled
with AICG2+. We used the AlphaFold2-predicted structures as
reference structures for structure-based potentials. We also turned off
the HPS potentials for nonlocal particle pairs that already had
AICG2+ interactions.

All CG simulations were performed using the MD package GENESIS
v1.7.1.%7% Structure and topology files were prepared with the
GENESIS-CG-tool.*® The time-integration step size of the CG
simulations was 10 fs. Nonlocal interactions Eypg and E,;, have cutoffs
of 20 and 35 A, respectively. The potential function forms and cutoffs
are the same as those used in the original HPS model*’ and the HPS-
Urry optimization.47

For both TDP-43-LCD and Heroll, we first simulated single
chains in 2 X 10 steps at different temperatures ranging from 110 to
350 K. For each protein, we simulated two conformations, one with
an a-helical region modeled by AICG2+ and the other with pure IDR.
The final structures of the single-chain simulations were then
duplicated to construct multiple-chain systems, in which we set a
minimum distance of 10 A between neighboring chains. We then
simulated homotypic systems, including 100 chains of TDP-43-LCD
and Herol1. For the heterotypic systems consisting of TDP-43-LCD
and Herol1, we fixed the number of TDP-43-LCD to 100 and added
different numbers of Heroll to the system. From all multiple-chain
structures, we perform “shrinking” simulations to gradually squash the
simulation boxes to 18 nm X 18 nm X z (z is system dependent) in
10° steps. We then extended z to 200 nm for the homotypic Herol1
systems and 300 nm for all others. These systems were equilibrated in
the NVT ensemble for 2 X 107 steps at different temperatures.
Production runs were conducted using Langevin dynamics with a

friction coefficient of 0.01 ps™.

To determine the density of protein particles along the longest
dimension (z), we divided the z axis into my,, = 100 bins. The z
coordinates of the particles were then used to calculate the “local
particle density” in each bin as ppamde(i) = Npamde(i)/ Viin(i), where
Niarticte(i) and Vi, (i) are the number of particles and volume of the i-
th bin, respectively. The protein density in the i-th bin was then
computed as pprotein(i) = pparticle(i)/ Maa proteins where Maa protein 1S the
number of amino acid residues in the considered protein (11,,pp43 =
154 and 1, 1ero11 = 99). The slab, which corresponded to the largest
cluster of proteins, was determined in two steps. We first determined
the largest p,,qein(j) and its bin index j. Then, from this local density
peak, we scanned in the +z and —z directions and determined the
boundaries of the slab (b, and b_,) by finding the first bins satisfying

A, rotein(bil) < Pireshold: T8 Pereshold = 3-4 mM, which corresponds

to roughly two proteins in each bin. Practically, we shifted the center
of the slab (calculated as (b_, + b,,)/2) to the center of the
simulation box. The dense phase is defined as the region in (b_,, b,,),
and the dilute phase is defined as the regions [—n;, /2, b_, — by 4]
and [by, + byyg, Mpin/2], where byg = 2 is the buffering distance from
the boundaries of the dense phase. The densities of the dense (py, the
“high” density) and dilute (p, the “low” density) phases were then
defined as the average densities in the dense and dilute regions,
respectively. The current method works only for structures containing
single slabs. Therefore, we only calculated p;, and p; for relatively low
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temperatures, where both the dense and dilute phases could be well
defined. The critical point (g, T,) was computed by fitting the
following equations®*

T p
Ph =P = Aﬂo[l - ;J

c (7)
Pyt 0

2 =p+ AT -T)

(8)
where p. and T, are the critical density and temperature, respectively;
Ap, and A are system-specific fitting parameters; and f# = 0.325.%°

To evaluate the interaction between two protein chains, we
calculated the number of interchain contacts formed by each chain as
follows

1
w= XX oo

i€chain m j¢chain m

(9)

where c,, is the number of contacts of the m-th chain, i is the index of
amino acid residues in the m-th chain, j is the index of residues from
all the other chains, r; is the distance between the i-th and j-th
residues, and ¢ = 15 A. For TDP-43-LCD, we calculated the average
number of contacts formed by each chain as
Crpp-43 = ZmeTDP_43 C/ Nrpp-43, Where nppp4s = 100.

To quantitatively describe the diffusion of proteins, we calculated
the MSD of center of mass (COM) of each chain as a function of time
interval (At): MSD = ((7(t + At) — 7(¢))*). For each chain, we
first extracted its COM coordinates and divided CG MD trajectories
into short pieces, in which the chain of interest stayed in the same
phase. Then, for each phase, we gathered all short trajectory pieces
and calculated MSDs with different At. We also calculated 1D MSDs
(MSD,p) on the «x, y, and z dimensions. For example, for the x

dimension, we define MSD,, = {(x(t + At) — x(¢))*).

All MD simulation files and data to produce the results are
available from https://github.com/RikenSugitaLab/LLPS-
Regulated-by-Highly-Charged-Proteins.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.2c00646.

Details for all-atom and CG simulations, list of protein
sequences simulated, and additional details of all-atom
and CG simulation results and data analysis (PDF)
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